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Interactions between rootstocks 
and compost influence the active rhizosphere 
bacterial communities in citrus
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Abstract 

Background While the rootstock genotype (belowground part of a plant) can impact rhizosphere microbial com‑
munities, few studies have examined the relationships between rootstock genotype‑based recruitment of active 
rhizosphere bacterial communities and the availability of root nutrients for plant uptake. Rootstocks are developed to 
provide resistance to disease or tolerance of abiotic stresses, and compost application is a common practice to also 
control biotic and abiotic stresses in crops. In this field study, we examined: (i) the effect of four citrus rootstocks and/
or compost application on the abundance, diversity, composition, and predicted functionality of active rhizosphere 
bacterial communities, and (ii) the relationships between active rhizosphere bacterial communities and root nutri‑
ent concentrations, with identification of bacterial taxa significantly correlated with changes in root nutrients in the 
rhizosphere.

Results The rootstock genotype determined differences in the diversity of active rhizosphere bacterial communities 
and also impacted how compost altered the abundance, diversity, composition, and predicted functions of these 
active communities. Variations in the active bacterial rhizobiome were strongly linked to root nutrient cycling, and 
these interactions were root‑nutrient‑ and rootstock‑specific. Direct positive relationships between enriched taxa in 
treated soils and specific root nutrients were detected, and potentially important taxa for root nutrient uptake were 
identified. Significant differences in specific predicted functions were related to soil nutrient cycling (carbon, nitrogen, 
and tryptophan metabolisms) in the active bacterial rhizobiome among rootstocks, particularly in soils treated with 
compost.

Conclusions This study illustrates that interactions between citrus rootstocks and compost can influence active 
rhizosphere bacterial communities, which impact root nutrient concentrations. In particular, the response of the rhizo‑
biome bacterial abundance, diversity, and community composition to compost was determined by the rootstock. 
Specific bacterial taxa therefore appear to be driving changes in root nutrient concentrations in the active rhizobiome 
of different citrus rootstocks. Several potential functions of active bacterial rhizobiomes recruited by different citrus 
rootstocks did not appear to be redundant but rather rootstock‑specific. Together, these findings have important 
agronomic implications as they indicate the potential for agricultural production systems to maximize benefits from 
rhizobiomes through the choice of selected rootstocks and the application of compost.
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Background
The rhizosphere is the region around the root character-
ized by high concentrations of plant-derived organic exu-
dates that serve as signal molecules and nutrient sources 
for microbial recruitment [1, 2]. The microbial commu-
nities of the rhizosphere, which constitute the “rhizobi-
ome,” are essential for plant health as they can increase 
plant nutrient uptake and resistance to several biotic and 
abiotic stresses through mechanisms including induced 
systemic resistance, suppression of plant pathogens, and 
solubilization of soil minerals [3–6].

Most fruit tree crops are composed of two parts: the 
aboveground fruit-bearing part, the scion, and the below-
ground part, the rootstock, which provides anchorage 
and is responsible for water and nutrient uptake. The 
scion and rootstock, which are often genetically differ-
ent, are joined through the process of grafting [7, 8]. New 
rootstocks are developed to adapt to soilborne stresses 
and diseases and to modulate the horticultural charac-
teristics of the scion. The history of rootstock use and 
breeding in modern citrus production has been shaped 
by diseases such as Phytophthora root rot, Citrus tristeza 
virus, and more recently huanglongbing (HLB, a.k.a. cit-
rus greening) [9]. The rootstock genotype cannot only 
modulate horticultural traits such as tree size and pro-
ductivity [10] but can also influence the composition of 
the rhizosphere microbial communities [2]. The genotype 
influence on the rhizobiome can even extend to within-
species differences as demonstrated in grapes [11–14], 
apples [15–17], tomatoes [18], and Populus sp. [19, 20].

Root health is a critical factor for tree growth as it 
directly influences a tree’s ability to cope with adverse 
biotic and abiotic stressors. Despite the importance of 
the rhizobiome for plant nutrient availability [21], few 
studies have examined the direct link between the root-
stock genotype-based recruitment of rhizosphere bacte-
rial communities and the availability of root nutrients for 
plant uptake. The potential impacts of plant genotype on 
the rhizobiome composition and nutrient availability are 
particularly relevant because they suggest the potential 
for agricultural production systems to maximize ben-
efits from rhizobiomes indirectly through the choice of 
rootstocks. Just as rootstocks are bred to resist specific 
soilborne diseases, plant genotypes with desired phe-
notypes can be used as a microbiome engineering tool 
to select candidate taxa (e.g., to serve as biofertilizers 
or biocontrol agents) for agricultural microbiome engi-
neering [22–24]. In addition, the study of the host genes 

associated with the selection of microbial communities 
can be used to support microbiome-focused crop breed-
ing [25].

Citrus is a globally important perennial fruit crop, 
but its production faces challenges, particularly from 
the devastating disease HLB [26–28]. Several strategies, 
including the use of selected rootstock genotypes [9, 29], 
ground application of specific nutrients [30], and soil 
amendments (e.g., compost and plant biostimulants such 
as humic substances, seaweed extracts, and microbial 
inoculants) [31, 32], have been proposed to improve root 
health and crop production in citrus. In addition, there 
is increased interest to understand the composition and 
function of the citrus microbiome to help optimize and 
maximize future agricultural microbiome engineering 
solutions [33–35]. In citrus, rootstock selection is essen-
tial for the success or failure of a citrus operation [36], 
and the benefits of using specially selected rootstocks 
has been documented in numerous publications [37–
42]. Recent studies have also shown that the root meta-
bolic composition may differ among citrus rootstocks 
[43–45]. This raises the question of whether different cit-
rus rootstocks may recruit distinct rhizosphere bacterial 
communities that could impact root nutrient cycling.

Florida is one of the largest citrus producers in the 
USA with more than 60 million trees on 143,000 har-
vested ha [46]. Most citrus in Florida is grown on natu-
rally infertile soils that have little organic matter and are 
unable to retain more than a minimal amount of solu-
ble nutrients [47], directly affecting the establishment 
of trees during the early phase when rapid development 
of the tree canopy is critical. This situation is exacer-
bated when trees become infected with HLB and fibrous 
roots start to decline [48]. Increasing soil carbon avail-
ability through the application of compost can provide 
a wide range of benefits for root health and production, 
including improving nutrient and water retention and 
nutrient availability [49, 50]. Application of compost can 
also impact the soil microbiome and increase microbial 
diversity [51, 52], which has been linked to reduced dis-
ease incidence [53, 54]. A recent study showed that com-
post application increased the bacterial diversity in the 
apple rhizosphere of two rootstocks, and that interac-
tions between compost and rootstocks controlled varia-
tions in the rhizobiome composition that may determine 
increases in tree biomass [17]. However, the interaction 
between compost and rootstocks in the citrus rhizobiome 
has not been explored, nor has the relationship between 
rhizobiome taxa and root nutrient concentrations. A 
recent work showed that predicted bacterial functions 
in the rhizobiome of grapes were similar among different 
rootstocks [12]. This suggests that the potential functions 
of bacterial rhizobiomes recruited by different rootstocks 
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of the same crop may be redundant and evenly spread. 
Whether this is the case for other crops such as citrus 
remains to be determined, as well as how the application 
of compost may impact microbial functions in the citrus 
rhizobiome and root nutrient availability.

To date, the study of rootstock effects on the rhizobi-
ome of crops has been predominately performed using 
a DNA-based amplicon sequencing approach. How-
ever, RNA-based estimates can be more accurate for soil 
microbiome studies [55–58] since relic DNA is abundant 
in soil and obscures estimates of soil microbial diversity. 
In addition, highly active microbial taxa may be rare or 
even absent from DNA-based approaches for the study 
of soil microbial communities [55–58]. Therefore, we 
used extracted 16S rRNA from the citrus rhizosphere to: 
(1) examine the effect of different citrus rootstocks and/
or compost on the abundance, diversity, composition, 
and predicted functionality of active rhizosphere bacte-
rial communities, and (2) determine the relationships 
between active rhizosphere bacterial communities and 
root nutrient concentrations and identify potential bac-
terial taxa correlated with changes in root nutrients. We 
hypothesized that the rootstock genotype determines 
variations in diversity and composition of the rhizobi-
ome, and that the rhizobiome bacterial community is 
richer and more diverse in soils treated with compost 
compared to the control, resulting in greater root nutri-
ent concentrations.

Methods
Study site, experimental design, and management
The field study was carried out in a commercial citrus 
orchard in Southwest Florida (Hendry County, FL, USA) 
under HLB-endemic conditions [28]. The soil at the study 
site is a sandy spodosol according to the soil taxonomy 
of USDA [59], consisting of a surface layer, which is low 
in organic matter (< 1.5%) and soil N content [< 10 mg/
kg of ammonium  (NH4

+) + nitrate  (NO3
−)], and a sub-

surface layer with poor drainage [60]. Trees were planted 
in August 2019 in double rows on raised beds separated 
by furrows at a spacing of 3.7 m within rows and 7.6 m 
between rows (358 trees/ha). General management of the 
orchard followed practices determined by the orchard 
operator and included seepage irrigation, insecticide, 
herbicide and fertilizer applications, and other stand-
ard management practices. Trees consisted of ‘Valencia’ 
sweet orange scion (Citrus sinensis) on four different 
rootstocks: (i) X-639 (C. reticulata ‘Cleopatra’ × Poncirus 
trifoliata ‘Rubidoux’); (ii) US-802 (C. maxima ‘Siamese’ 
× P. trifoliata ‘Gotha Road’); (iii) US-812 (C. reticulata 
‘Sunki’ × P. trifoliata ‘Benecke’); and (iv) US-897 (C. 
reticulata ‘Cleopatra’ × P. trifoliata ‘Flying Dragon’). 

Two treatments were assayed: compost and no compost 
(control).

The field experiment was a randomized split-plot 
design with treatment (compost or control) as the main 
plot and rootstock (X-639, US-802, US-812, or US-897) 
as the subplot (Supplementary Fig. S1). Plots were 
arranged in eight blocks (16 beds) across a 9-ha experi-
mental site with each block containing two beds either 
treated with compost or untreated (control). Each bed 
contained 200 experimental trees, 100 per row, arranged 
in sets of 50 trees on each of the four rootstocks (Supple-
mentary Fig. S1). Subplots consisted of one bed contain-
ing compost and one bed without compost. There were 
64 experimental units in total (8 blocks × 2 treatments 
× 4 rootstocks). Two months after planting (November), 
compost was applied at a rate of 12.4 tons/ha and incor-
porated in beds by a shallow till; the other half of the beds 
did not receive any compost. Following this initial appli-
cation, compost was applied every 6 months at the same 
rate (12.4 tons/ha) by broadcast spreading. The locally 
sourced compost (Kastco Agriculture Service, Naples, 
FL, USA) was made from yard waste. The physicochemi-
cal characteristics of the compost were as follows: C:N 
ratio, 24.9; organic matter, 23.6%; pH in water, 7.7; total 
solids, 51.14%; conductivity, 3.1 mS/cm; phosphorus (P), 
0.08%; potassium (K), 0.26%; sulfur (S), 0.09%; calcium 
(Ca), 3.28%; magnesium (Mg), 0.31%; iron (Fe), 2500 
ppm; manganese (Mn), 67.5 ppm; and boron (B), 100 
ppm.

Rhizosphere sample collection
Fibrous roots (≤ 1 mm in diameter) with soil attached 
were collected in August 2021, two years after planting 
and after 4 consecutive compost applications, from eight 
trees from each experimental unit under the canopy, and 
pooled. Roots were separated in the field and used for the 
following: (1) root nutrient analysis (about 50 g of roots) 
and (2) isolation of rhizosphere soil and subsequent RNA 
extraction (about 10 g of roots). Fibrous roots for micro-
bial analyses were placed in 50-mL sterile centrifuge 
tubes, immediately flash frozen in liquid nitrogen, and 
stored at −80° until analysis. Rhizosphere soil for RNA 
extraction was isolated using sterile phosphate-buffered 
saline (PBS) solution as described previously [32].

Root nutrient analysis
Root samples for quantification of macro (N, P, K, Mg, 
Ca, and S) and micronutrients (B, Zn, Mn, Fe, and Cu) 
were sent to a commercial laboratory (Waters Agricul-
tural Laboratories Inc., Camilla, GA, USA) and analyzed 
using inductively coupled plasma (ICP) emission spec-
troscopy [61].
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RNA extraction and reverse transcription of RNA to cDNA
RNA from 1 g of rhizosphere soil was extracted using 
the RNA  PowerSoil® Total RNA Isolation kit (Qiagen, 
USA) according to manufacturer’s instructions. The 
RNA obtained was quantified using the  Qubit™ RNA 
High Sensitivity assay kit (Thermo Scientific, USA), 
treated with DNase I (RNase free) (Qiagen, USA) to 
remove co-extracted DNA following the manufacturer’s 
directions, and kept at −80 °C until analysis. The High-
Capacity cDNA Reverse Transcription Kit was used for 
reverse transcription reactions with RNase inhibitor 
(Thermo Scientific, USA), following the manufacturer’s 
instructions, and using 150–200 ng RNA in a final vol-
ume of 20 μL. Synthesis of cDNA was achieved with the 
use of random primers. The concentration of cDNA was 
measured using the Qubit™ DNA High Sensitivity assay 
kit (Thermo Scientific, USA) and kept at −80 °C until 
analysis.

qPCR assays
The total abundance of active bacterial communities was 
determined by quantitative PCR (qPCR) using the 16S 
rRNA gene as a molecular marker and cDNA as a tem-
plate. Quantitative amplifications were performed fol-
lowing the procedures, primers, and thermal conditions 
previously described by Castellano-Hinojosa et  al. [62] 
and using a QuantStudio 3 Real-Time PCR system (Ther-
moFisher, USA). Calibration curves had a correlation 
coefficient r2 > 0.99 in all assays. The efficiency of PCR 
amplification was between 90 and 100%.

Library preparation and sequencing analysis
The extracted cDNA was sent for sequencing at the DNA 
Services Facility at the University of Illinois, Chicago, IL, 
USA. The V4 region of the bacterial 16S rRNA gene was 
amplified using the 515Fa and 926R primers following the 
Earth Microbiome Project protocol [63]. Raw reads were 
analyzed using QIIME2 v2018.4 following the proce-
dures described in full detail in Castellano-Hinojosa and 
Strauss [64]. Briefly, bacterial rRNA gene sequence reads 
were assembled and dereplicated using DADA2 [65] 
with the paired-end setting into representative ampli-
con sequence variants (ASVs). ASVs were assigned to the 
SILVA 132 database [66] using the naïve Bayes classifier 
in QIIME2 [67]. After quality filtering, denoising, and 
chimera removal, 4743365 16S rRNA sequences (mean 
of 74115 per sample) were obtained from the total of 64 
samples. Rarefaction curves reached saturation for all 
samples, indicating sequencing depth was sufficient (data 
not shown). Raw sequence data were deposited in NCBI’s 
Sequence Read Archive under BioProject PRJNA837574.

Analysis of the diversity and composition of active 
rhizosphere bacterial communities
Alpha (Shannon and Inverse Simpson) and beta-diversity 
analyses were performed on log-normalized data to avoid 
rarefaction errors using the R package “phyloseq” v1.24.0 
[68, 69]. Beta-diversity analysis included a nonmetric 
multidimensional scaling (NMDS) on Bray-Curtis dis-
tance. Differences in community composition between 
rootstocks, treatments, and their interaction were tested 
by permutational analysis of variance (PERMANOVA). 
The nonparametric analysis ANOSIM based on the rela-
tive abundance of the bacterial ASVs was used to exam-
ine similarities between rootstocks for each treatment. 
R values close to 1 indicate dissimilarity between treat-
ments. Differentially abundant bacterial taxa between 
treatments at the phylum and genus taxonomic levels 
were detected using the DESeq2 package [70]. p-values ≤ 
0.05 were considered significant.

Functional characteristics of active rhizosphere bacterial 
communities
PICRUSt2 was used to predict the functional capabilities 
at the category and pathway levels of active rhizosphere 
bacterial communities based on 16S rRNA gene ampli-
con data as described by Douglas et  al. [71]. Significant 
differences in functional characteristics between groups 
of samples were studied using the Welch’s t-test, followed 
by Benjamini–Hochberg-FDR as a multiple test correc-
tion [72].

Quantification of a root multinutrient cycling index
Belowground soil biodiversity has a key role in deter-
mining ecosystem functioning [73]. Because bacterial 
communities perform multiple simultaneous functions 
(multifunctionality), rather than a single measurable pro-
cess, we constructed a root multinutrient cycling index 
(MNC) analogous to the widely used multifunctionality 
index [74–78] using the root nutrients N, P, K, Mg, Ca, 
S, B, Zn, Mn, Fe, and Cu. These nutrients deliver some 
of the fundamental supporting and regulating ecosys-
tem services [74–77] and are essential for crop growth, 
particularly for citrus trees in HLB-endemic conditions 
[79]. For example, two of the most limiting nutrients 
for primary production in terrestrial ecosystems are N 
and P [80]. Potassium, the third essential macronutrient 
for plants, is involved in numerous biological processes 
that contribute to crop growth, including protein syn-
thesis, enzyme activation, and photosynthesis [79]. Cal-
cium (Ca) plays a role in cell division and elongation [81]. 
Magnesium is essential for chlorophyll and an important 
cofactor of several enzymes [79]. Sulfur acts as a  sign-
aling molecule in stress management as well as normal 
metabolic processes [82]. Micronutrients such as B, Zn, 
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Mn, Fe, and Cu are essential to achieve high plant pro-
ductivity [79]. Each of the eleven root nutrients were nor-
malized (log-transformed) and standardized using the 
Z-score transformation. To derive a quantitative MNC 
value for each treatment and rootstock, we averaged the 
standardized scores of all individual nutrient variables 
[74, 76]. The MNC index provides a straightforward and 
interpretable measure of the ability of bacterial com-
munities to sustain multiple functions simultaneously 
[74–78]. It measures all functions on a common scale of 
standard deviation units, has good statistical properties, 
and shows good correlating with previously established 
indices that quantify multifunctionality [83]. Pearson’s 
correlation analysis was used to estimate the relationship 
between bacterial abundance, alpha- and beta-diversity, 
and MNC using the cor.test function in R.

Identification of the active taxonomic and predicted 
functional core rhizobiome
We studied whether the application of compost impacts 
the active taxonomic and predicted functional core 
rhizobiome of citrus. ASVs (at the genus level) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways 
[84] present in at least 75% of the samples were identified 
as the taxonomic and predicted functional core rhizobi-
ome, respectively, in the control and treated soils [64, 85].

Statistical analyses
All statistical analyses were conducted in the R envi-
ronment (v3.5.1; http:// www.r- proje ct. org/). Means of 
bacterial abundance, alpha diversity, and root nutrients 
were compared via linear mixed-effects (LME) models, 
with rootstock (X-639, US-802, US-812, or US-897) and 
treatment (compost or control) considered random fac-
tors and dependent variables, respectively, by using the 
function “lme” in the “nlme” package. Significant effects 
were determined by analysis of variance (ANOVA) (p 
≤ 0.05). A Tukey’s post hoc test was calculated by using 
the function “lsmeans.” We used a multiple regression 
model with variance decomposition analysis to evalu-
ate the relative importance of the differentially abundant 
taxa between treatments for explaining variations in root 
nutrients using the R package “relaimpo” [86]. Structural 
equation modelling (SEM) [87] was used to evaluate the 
relationships between rootstock, compost, MNC, bacte-
rial abundance, alpha- and beta-diversity, and predicted 
functionality. The a priori model is shown in Supplemen-
tary Fig. S2. Path coefficients of the model and their asso-
ciated p-values were calculated [87]. We used bootstrap 
to test the probability that a path coefficient differs from 
zero since some of the variables introduced were not nor-
mally distributed [88]. When these data manipulations 
were completed, we parameterized our model using our 

data set and tested its overall goodness of fit. We used the 
χ2 test (χ2; the model has a good fit when χ2 is ≤ 2 and P 
is ≥ 0.05) [89] and the root mean square error (MSE) of 
approximation (RMSEA; the model has a good fit when 
RMSEA is ∼≤ 0.05 and P is ∼≥ 0.05) [89]. All SEM anal-
yses were conducted using AMOS 20.0 (AMOS IBM, 
USA). Significant differences in the relative abundance 
of ASVs and pathways between taxonomic and predicted 
functional core rhizobiomes in the control vs. treated 
soils were calculated using the Welch’s t-test [90] and the 
Benjamini–Hochberg False Discovery Rate (FDR) multi-
ple-test correction [72] using the R package “sgof.”

Results
Root nutrient analysis
Treatment with compost had a significant effect on root 
K, Mg, and Mn concentrations (Supplementary Fig. S3). 
The K concentration was significantly lower in roots from 
US-897 in treated soils compared to the control. Signifi-
cantly greater Mg concentrations were detected in roots 
from US-802 and US-812 in treated soils compared to 
the controls. For US-802, US-812, and US-897, the Mn 
concentrations were also significantly greater in roots 
from the treated soils compared to the controls.

Rootstock had a significant effect on Ca, S, and Mn 
concentrations (Supplementary Fig. S3). In control soils, 
roots from US-802 had significantly higher Ca con-
centrations compared to US-812. In soils treated with 
compost, significantly higher Ca concentrations were 
detected in roots from US-802 compared to X-639. The 
S concentrations were also significantly higher in roots 
from US-802 and US-812 compared to X-639. Signifi-
cantly higher Mn concentrations were detected in roots 
from US-812 and US-897 compared to US-802. There 
were no significant differences in N, P, S, B, Zn, Fe, and 
Cu concentrations among rootstocks and treatments 
(Supplementary Fig. S3).

Abundance and alpha‑ and beta‑diversity of active 
rhizosphere bacterial communities
Rootstock, treatment, and rootstock and treatment inter-
action had a significant effect on the abundance of rhizo-
sphere bacteria (Supplementary Fig. S4). A significantly 
greater number of bacteria were detected in the rhizo-
biome of US-812 and US-897 compared to US-802 and 
X-639 in treated soils, whereas there were no differences 
in bacterial abundance between rootstocks in the control 
soils (Supplementary Fig. S4).

Alpha-diversity was significantly affected by rootstock, 
treatment, and rootstock and treatment interaction 
(Fig.  1). Compost application significantly increased the 
number of observed ASVs and the values of the Shannon 
and Simpson indices for US-812 and US-897 compared 

http://www.r-project.org/
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to the control soils (Fig. 1A). In the control soils, alpha-
diversity was significantly greater in the rhizobiome of 
X-639 compared to US-812 and US-897 (Fig. 1A). In the 
treated soils, US-802 had significantly lower alpha-diver-
sity compared to US-812 and US-897 (Fig. 1A).

NMDS analysis on Bray-Curtis distance together with 
a PERMANOVA analysis showed significant differences 
in the composition of bacterial communities between 
treatments and rootstock and treatment interaction (p 
< 0.001) and no significant differences between root-
stocks (p = 0.055) (Fig.  1B). A subsequent ANOSIM 
analysis showed there were no significant differences in 
beta-diversity between rootstocks for the control soils, 
but that the composition of the bacterial community sig-
nificantly differed between rootstocks in the treated soil 
except for US-812 vs. X-639 and US-897 vs. X-639 (Sup-
plementary Table S2).

Bacterial community composition and differentially 
abundant taxa between rootstocks and treatments
On average, Proteobacteria (48.25%), Acidobacteria 
(12.9%), Chloroflexi (8.5%), Cyanobacteria (6.4%), Bac-
teroidetes (6.1%), Actinobacteria (5.9%), and Plancto-
mycetes (5.8%) were the most abundant bacterial phyla 
across all rootstocks and treatments (Supplementary 
Fig. S5). Active bacterial ASVs significantly enriched and 
depleted between treatments for each of the rootstocks 
were identified at the phylum (Supplementary Fig. S6) 
and genus (Fig.  2) taxonomic levels. Regardless of the 
rootstock, compost application significantly increased 
the relative abundance of ASVs belonging to the phyla 
Firmicutes, Latescibacteria, Tectomicrobia, and candi-
date phyla GAL15 and FCPU426 compared to control 
soils (Supplementary Fig. S6). However, more abundant 
phyla such as Proteobacteria, Nitrospirae, Cyanobacteria, 
Chloroflexi, Bacteroidetes, Actinobacteria, and Acido-
bacteria had both enriched and depleted taxa within the 
same phyla in soils treated with compost compared to the 
controls, suggesting treatment effects on bacterial taxa 
assigned to these phyla were not phylum-specific (Sup-
plementary Fig. S6).

Significantly enriched (e.g., Acidothermus, Anaero-
myxobacter, Aridibacter, Azohydromonas, Crinalium, 
Lysobacter, Pseudomonas, Nitrospira, Sphingobium, Sphin-
gomonas, Planctomyces, Pedomicrobium, and Woodsholea) 
and depleted genera (e.g., Caldithrix, Cupriavidus, and 

Nevskia) in the treated soils were identified across all root-
stocks compared to the control soils (Fig. 2). Other genera 
had both significantly enriched and depleted ASVs such as 
Acidibacter, Bauldia, Bryobacter, Burkholderia, Devosia, 
Hyphomicrobium, Mesorhizobium, Microvirga, Varibacter, 
and Rhizomicrobium. Overall, US-812 and US-897 showed 
a greater proportion of enriched rather than depleted (78% 
and 22% and 75% and 25%, respectively) ASVs compared 
to US-802 (60% and 40%, respectively) and X-639 (62% and 
38%, respectively).

Potential contributions of differentially abundant active 
taxa to root nutrient concentrations
All differently abundant active bacterial genera contrib-
uted to the variations in root nutrient concentrations 
(Fig. 3). For example, genera belonging to Acidobacteria 
such as Aridibacter, Bryobacter, Candidatus Koribacter, 
and Candidatus Solibacter were found important and 
positively correlated with root Mg and Fe concentrations, 
whereas others such as Streptomyces were important 
for predicting changes in root N, Mg, Ca, S, Zn, and Fe 
concentrations. Genera assigned to Bacteriodetes, such 
as Chitinophaga, Flavisolibacter, Niastella, and Terri-
monas, were important and positively correlated with 
root P concentrations. Callithrix (Calditrichaeota phy-
lum) and Thermosporothrix (Chloroflexi) were positively 
correlated with root K and P, respectively (Fig. 3). Gen-
era belonging to Cyanobacteria, such as Leptolyngbya, 
Nostoc, Oscillatoria, and Microcoleus, were important 
for predicting changes in root N, P, and K concentrations 
and were positively correlated with these root nutrients. 
Bacillus and Fictibacillus (Firmicutes phylum) were posi-
tively correlated with root P, S, and Mn, whereas Nitro-
spira (Nitrospirae phylum) was important for predicting 
changes in root N and Fe (Fig.  3). Genera belonging to 
Planctomycetes, such as Gemmata and Planctomyces, 
were important and positively correlated with Fe and 
Cu, whereas those assigned to Verrucomicrobia phylum 
(e.g., Candidatus Xiphinematobacter and Chthoniobac-
ter) were positively correlated with Zn. Within Proteo-
bacteria, there were 41 genera that were important and 
positively or negatively correlated with all root nutri-
ents (Fig.  3). These included Burkholderia, Dongia, and 
Methylobacterium which were positively correlated with 
root Ca and Hyphomicrobium and Pedomicrobium which 
were negatively correlated with this root nutrient (Fig. 3).

(See figure on next page.)
Fig. 1 A Number of observed ASVs and values of Shannon and inverse Simpson diversity indices of active bacterial communities in the rhizosphere 
of citrus trees on four different rootstocks. Soils were untreated (control) or treated with compost. Different letters above the bars indicate significant 
differences between rootstocks and treatments (linear mixed‑effect model and Tukey’s HSD; n = 8; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). Values are 
expressed as mean with standard error. B Nonmetric multidimensional scaling (NMDS) plot on Bray‑Curtis distance for active bacterial communities 
in the rhizosphere of four different rootstocks. Differences in community composition between rootstocks, treatments, and their interactions were 
tested by PERMANOVA. Stress = 0.124
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Fig. 1 (See legend on previous page.)
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Relationships between microbial diversity and the MNC
The MNC index increased in soils treated with compost 
compared to the controls for US-812 and US-897 (Fig. 4). 
There were significant positive relationships between 
bacterial alpha- and beta-diversity and MNC for US-812 
and US-897 rootstocks (Fig.  4). Concerning each com-
ponent of the multinutrient cycling index, alpha- and 
beta-diversity significantly and positively correlated with 
root Mg and Mn concentrations for all rootstocks and 
with root Zn for US-812 and US-897 (Supplementary 
Fig. S7 A, B). Root K was significantly and negatively cor-
related with alpha- and beta-diversity for US-812 and 
US-897 (Supplementary Fig. S7 A, B). Root N, P, and Ca 
concentrations were significantly and positively corre-
lated alpha- and beta-diversity for US-812. Root Cu was 
positively correlated with beta-diversity for all rootstocks 
(Supplementary Fig. S7B).

Predicted functional traits of active rhizosphere bacterial 
communities
NMDS analysis on Bray-Curtis distance together with a 
PERMANOVA analysis showed significant differences 
in the predicted functionality of bacterial communities 
among rootstocks (p = 0.002) and no significant differ-
ences between treatments (p > 0.01) and rootstock and 
treatment interaction (p > 0.01) (Fig.  5). There were no 
significant differences in the mean proportion of pre-
dicted KEGG categories between rootstocks and treat-
ments, and the categories of energy metabolism and 
biosynthesis of other secondary metabolites accounted 
for more than 60% of the predicted functions (Supple-
mentary Fig. S8A). There were only 5 predicted pathways 
with significant differences between rootstocks and treat-
ments (Supplementary Fig. S8B). Both in the control and 
treated soils, the pathways of biosynthesis of secondary 

metabolites and various plant secondary metabolites 
were significantly more abundant in the rhizobiome of 
US-802 and X-639 compared to US-812 and US-897. 
Carbon and nitrogen metabolism pathways were signifi-
cantly more abundant in the treated soils compared to 
controls for US-812 and US-897. The pathway involved 
in tryptophan metabolism had a significantly greater rel-
ative abundance in soils treated with compost compared 
to control for US-802 and X-639 (Supplementary Fig. 
S8B).

Relationships between rootstock, compost, MNC, bacterial 
abundance, alpha‑ and beta‑diversity, and predicted 
functionality
Our SEM model explained 78%, 63%, 58%, 47%, and 43% 
of the variance found in MNC, beta-diversity, bacterial 
abundance, predicted functionality, and alpha-diversity 
(Fig.  6). Rootstock and compost had significant positive 
effects on MNC and beta-diversity, with compost show-
ing stronger impacts (Fig. 6). Rootstock and compost had 
a significant positive effect on predicted functionality and 
bacterial abundance, respectively. Compost showed a sig-
nificant positive effect on bacterial abundance and alpha-
diversity (Fig. 6).

Identification of the active taxonomic and predicted 
functional core rhizobiome
The taxonomic core rhizobiome was formed by bacterial 
taxa belonging to the same eleven genera in the control 
and treated soils and whose relative abundances did not 
significantly differ between treatments (Supplementary 
Table S3). The predicted functional core rhizobiome 
comprised the same thirteen pathways in the control and 
treated soils (Supplementary Table S4). However, eight 

Fig. 2 Differentially abundant ASVs at the genus taxonomic level between compost and control treatments for each rootstock. The fold change is 
shown on the X‑axis, and genera are listed on the Y‑axis. Each colored dot represents an ASV that was identified by DESeq2 analysis as significantly 
differentially abundant (p ≤ 0.05)
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Fig. 3 Correlations between the relative abundance of differentially abundant taxa and root nutrients. Circle size represents the variable’s 
importance (i.e., proportion of explained variation calculated via multiple regression modeling and variance decomposition analysis). The shading 
from blue to red represents low‑ to high‑positive Spearman correlation coefficients
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of these pathways (tryptophan metabolism, nitrogen 
metabolism, carbohydrate metabolism, lipid metabolism, 
metabolism of other amino acids, metabolism of cofac-
tors and vitamins, and xenobiotics and biodegradation 
metabolism) were significantly more abundant in the 
treated soils compared to the control (Supplementary 
Table S4).

Discussion
We found that the rootstock genotype determined dif-
ferences in the diversity of active rhizosphere bacterial 
communities. The rootstock genotype also impacted 
how compost altered the abundance, diversity, and com-
position and predicted functions of these active com-
munities. Variations in the active bacterial rhizobiome 
were strongly linked to root nutrient cycling, and these 
interactions were root-nutrient- and rootstock-specific. 

Fig. 4 Relationships between bacterial alpha A and beta B diversity and the multinutrient cycling index (MNC) for each rootstock and treatment. 
The bacterial α‑diversity was calculated as the average value of the Shannon index after minimum‑maximum normalization. The microbial 
community composition (β‑diversity) was estimated using the first axis of the nonmetric multidimensional scaling (NMDS) analysis. Solid lines 
denote significant Pearson correlations (p ≤ 0.05)
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Together, these findings have important agronomic 
implications as they indicate the potential for agricultural 
production systems to maximize benefits from rhizobi-
omes through the choice of selected rootstocks and the 

application of compost. Direct positive relationships 
between enriched taxa in treated soils and specific root 
nutrients were detected which will help identify poten-
tially important taxa for development of agricultural 

Fig. 5 Nonmetric multidimensional scaling (NMDS) plot on Bray‑Curtis distance for predicted bacterial functions of active bacterial communities 
in the rhizosphere of four different rootstocks. Soils were untreated (control) or treated with compost. Differences in community composition 
between rootstocks, treatments, and their interactions were tested by PERMANOVA. Stress = 0.112

Fig. 6 Structural equation model describing the relationships between rootstock, compost, MNC, alpha‑ and beta‑diversity, and predicted 
functionality. Numbers adjacent to arrows are indicative of the effect size (bootstrap p‑value) of the relationship. Continuous and dashed arrows 
indicate positive and negative relationships, respectively. The width of arrows is proportional to the strength of path coefficients. R2 denotes the 
proportion of variance explained. Gray lines represent tested, but not significant, paths
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microbiome engineering solutions to improve root nutri-
ent uptake. We also found significant differences in spe-
cific predicted functions related to soil nutrient cycling 
(C, N, and tryptophan metabolisms) in the active bacte-
rial rhizobiome among rootstocks, particularly in soils 
treated with compost. These results suggest that potential 
functions of active bacterial rhizobiomes are rootstock-
specific rather than redundant among citrus rootstocks.

The rootstock genotype determined differences in bac-
terial diversity but not community composition of the 
active bacterial rhizobiome in untreated soils. Previous 
studies have shown that the root metabolic composi-
tion can differ among citrus rootstocks [43–45], which 
may explain the differences in bacterial diversity among 
rootstocks in this study. The finding that composition 
(beta-diversity) remained unchanged among rootstocks 
in untreated soil suggests no or only a minor influence of 
rootstocks on the recruitment of bacterial communities 
in the rhizosphere, which agrees with previously pub-
lished studies [2, 56].

In addition to influencing the bacterial diversity, the 
rootstocks used in this study were found to directly 
influence nutrient cycling through alterations of the 
active rhizobiome. For example, root N, P, and Ca con-
centrations were significantly and positively correlated 
with alpha- and beta-diversity for US-812, but not the 
other rootstocks. Other root nutrients such as Mg and 
Cu were positively correlated with alpha- and beta-
diversity for all rootstocks, suggesting no rootstock 
effect but a key role of the active bacterial rhizobiome 
in driving root nutrient cycling. Magnesium is essential 
for increasing root system and fruit quality as it pro-
motes the reduction of reactive oxygen species (ROS) 
[91] and distribution of sugars in the plant [92]. Cop-
per is required for plant growth and development as it 
is involved in different physiological processes such as 
photosynthesis, respiration, and ethylene [93].

Regardless of the rootstock genotype, compost appli-
cation altered the composition of the active bacterial 
rhizobiome. These compost-driven differences in beta-
diversity could be due to the bacterial community shift-
ing from oligotrophic to more copiotrophic bacterial taxa 
in treated soils, as previously observed in the rhizosphere 
of apple rootstocks treated with compost [17]. For exam-
ple, a proliferation of known fast-growing copiotrophic 
consumers of labile C (e.g., Actinobacteria, Bacteroidetes, 
Chloroflexi, Gemmatimonadetes, and Firmicutes) was 
observed for all rootstocks in soils treated with compost. 
These variations in beta-diversity of the active bacterial 
rhizobiome did not affect core rhizobiome taxa, which 
suggests that other microbes within the rhizobiome were 
more responsive to compost application. However, com-
post application only increased the bacterial abundance 

and alpha-diversity of the rhizobiome of US-812 and 
US-897 but not US-802 and X-639. Significant positive 
correlations between increased bacterial diversity and 
root multinutrient cycling were detected for US-812 
and US-897 rootstocks, suggesting a rootstock-specific 
impact of compost on the rhizobiome community com-
position that in turn influences root nutrient cycling. 
Previous studies have also linked increased soil micro-
bial abundance and diversity to nutrient availability after 
compost application [51, 52]. Interestingly, US-897 and 
US-812 are known for their positive influence on fruit 
quality, whereas US-802 and X-639 are known to pro-
duce lower-quality fruit [36, 41]. Whether this effect will 
be enhanced with compost amendments will need to be 
investigated as the trees become more mature.

The interaction between citrus rootstocks and com-
post was a stronger determinant of changes in bacterial 
abundance, diversity, and community composition of the 
active bacterial rhizobiome than compost or rootstocks 
alone. While recent studies have shown that rootstocks 
[12, 18] and compost [17] can alter microbial diversity 
and community composition in the rhizobiome of dif-
ferent crops, our results provide strong evidence of com-
post and rootstock interactions driving changes in the 
active rhizobiome (alpha- and beta-diversity) with direct 
impacts on root nutrient availability. Although recent 
studies have shown that soil microbial diversity pro-
motes multifunctionality in natural ecosystems [74–78], 
these observations were mainly restricted to nutrient 
cycling in bulk soils. Here, we expand on those find-
ings by showing that these interactions also occur in the 
rhizosphere where they can be controlled not only by the 
rootstock genotype but also the application of compost. 
For instance, we observed a strong positive correlation 
between Zn and Mn root concentrations and alpha- and 
beta-diversity in the rhizobiome of US-812 and US-897 
rootstocks. Zn is a micronutrient with a key role in plant 
defense against pathogens [94], whereas Mn is essential 
for photosynthesis and a limiting factor for plant growth 
[95]. Although our results suggest that the rhizobiome 
composition improves root nutrient cycling, it is uncer-
tain whether this ultimately translates into increased 
plant growth, crop production, and stress and disease 
tolerance in the longer term. At the time of the study, 
no differences in tree growth and health were observed 
with the compost amendment, but US-897 produced the 
most fruit in the first year of production, while US-802 
was the most vigorous rootstock (data not shown). These 
results are expected in this early stage of growth, and it 
may take several years of treatments and until trees reach 
full maturity before increases in productivity due to any 
microbe-induced effect may be observed.
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Specific active genera in the rhizobiome of com-
posted soils were strongly correlated with root nutrient 
concentrations. Some of these genera include known 
plant growth-promoting (PGP) bacteria such as Bacil-
lus, Streptomyces, Pseudomonas, Mesorhizobium, Sphin-
gomonas, and Rhizobium [96, 97] that can solubilize 
nutrients such as P, S, and Ca and produce diverse phy-
tohormones and siderophores. Although correlation does 
not imply causation, we found significant associations 
between several other genera and specific root nutrients 
in the citrus rhizobiome. For example, members of Aci-
dobacteria were correlated with root Fe, which agrees 
with several studies reporting that Acidobacteria are avid 
rhizosphere colonizers and can produce siderophores 
[98]. We also found strong correlations between mem-
bers of Bacteroidetes and root P concentration which is 
in line with previous observations of genera assigned to 
Bacteroidetes playing a critical role in solubilization of P 
in the plant rhizosphere [99]. Cyanobacteria genera such 
as Leptolyngbya, Nostoc, Oscillatoria, and Microcoleus 
were important for predicting changes in root N, P, and 
K concentrations which is not surprising as Cyanobacte-
ria are known to improve the availability of N, P, and K 
through N-fixation and solubilization [100, 101]. We also 
identified genera assigned to Planctomycetes which were 
correlated with Fe, which is in accordance with previous 
studies showing their ability to produce siderophores in 
soils [102]. Together, this knowledge provides valuable 
information for selecting candidate taxa for future agri-
cultural microbiome engineering solutions [22, 23]. For 
example, members of the differentially abundant genera 
in this study may represent candidate taxa for designing 
microbial consortia with a potential to serve as bioferti-
lizers [24].

Most predicted functions in the rhizobiome were 
shared among citrus rootstocks, thus supporting the 
concept of functional redundancy between plant geno-
types of the same crop [103]. However, there were sig-
nificant differences in functional pathways related to 
biosynthesis of secondary metabolites and C, N, and 
tryptophan metabolisms among rootstocks in untreated 
soils, and compost application increased the abundance 
of these potential functions; however, the magnitude 
of the responses was rootstock-specific. Overall, these 
results are different from those of a recent study exam-
ining predicted functions in the rhizobiome of differ-
ent rootstocks for grapevines [12]. That study found no 
differences in predicted functions between grapevine 
rootstocks using the Tax4fun tool to predict functional 
potential. As recently demonstrated, Tax4fun and PIC-
RUSt2 can lead to differences in predicted bacterial func-
tions which could explain the different results between 
rhizobiome studies [104]. While Marasco et al. [12] used 

a DNA-based approach to characterize rhizobiome com-
munities for grapevines, we used RNA-based estimates 
to predict bacterial functions which can be a more accu-
rate and reliable approach for functional predictions in 
rhizobiomes [56]. In addition, it cannot be ruled out that 
genotype-specific root exudates determine rhizobiome 
functions [2]. Interestingly, we detected eight pathways 
within the predicted functional core citrus rhizobiome 
that were more abundant in treated soils compared to the 
control for all rootstocks. These pathways were related to 
key functions for plant growth such as N, carbohydrate 
and lipid metabolisms, and metabolism of cofactors and 
vitamins. While compost had no impact on the core 
taxonomic rhizobiome of all rootstocks, it appeared to 
influence the taxonomic and predicted functional core 
rhizobiomes. Although PICRUSt2 is frequently used 
to predict functions of microbial communities and its 
effectiveness has been established in multiple environ-
mental studies that utilized both amplicon sequencing 
and metagenome sequencing [71], we acknowledge it 
has some limitations [105], and other approaches such 
as shotgun metagenome sequencing can provide more 
accurate functional profiles of microbiomes. However, 
our results provide a good starting place for future stud-
ies of functional differences between rhizobiomes under 
the influence of different rootstock genotypes.

Conclusions
This study showed that the interaction between citrus 
rootstocks and compost can influence active rhizosphere 
bacterial communities with impacts on root nutrient 
concentrations. In particular, the response of the rhizo-
biome bacterial abundance, diversity, and community 
composition to compost was rootstock-specific. Specific 
bacterial taxa therefore appear to be driving changes in 
root nutrient concentrations in the active rhizobiome of 
different citrus rootstocks. Whether rootstock genotype-
specific impacts on rhizosphere microbes also determine 
variations in nutrient concentration in rhizosphere soil 
and other parts of the tree (e.g., leaves and trunk) should 
be explored in future studies. In addition, several poten-
tial functions of active bacterial rhizobiomes recruited by 
different citrus rootstocks did not appear to be redun-
dant but rather rootstock-specific. Longer-term stud-
ies will determine to what extent rhizobiome alterations 
impact aboveground traits, especially tree growth and 
productivity but also resilience to HLB. The study of root 
exudate composition could also help identify associations 
of individual taxa with specific root exudate compounds 
and provide an understanding of how rootstocks and 
compost control these relationships.
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Additional file 1: Fig. S1. Schematic diagram of the field study illustrat‑
ing the experimental design (A); an untreated control plot (left) and a 
compost‑treated plot (right) – trees are arranged in two rows on raised 
beds separated by furrows for drainage (B); a grafted citrus tree composed 
of scion and rootstock that are united at the graft union (C). Fig. S2. A 
priori generic structural equation model (SEM) used in this study. The 
numbers in the arrows denote example references used to support our 
predictions (see References section). Fig. S3. Root nutrient content of 
citrus trees on four different rootstocks. Soils were untreated (control) or 
treated with compost. Different letters above the bars indicate significant 
differences between rootstocks and treatments (linear mixed‑effect model 
and Tukey’s HSD; n = 8; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001). Values 
are expressed as mean with standard error. Fig. S4. Total abundance of 
active bacterial communities in the rhizosphere of citrus trees on four dif‑
ferent rootstocks. Soils were untreated (control) or treated with compost. 
Different letters above the bars indicate significant differences between 
rootstocks and treatments (linear mixed‑effect model and Tukey’s HSD, 
n = 8; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001). Values are expressed as 
mean with standard error. Fig. S5. Relative abundance of bacterial 
ASVs at the phylum taxonomic level in the rhizosphere of four different 
rootstocks. Soils were untreated (control) or treated with compost. Fig. 
S6. Differentially abundant ASVs at the genus taxonomic level between 
compost and control treatments for each rootstock. The fold change is 
shown on the X axis and genera are listed on the Y axis. Each colored dot 
represents an ASV that was identified by DESeq2 analysis as significantly 
differentially abundant (p ≤ 0.05). Fig. S7. Heatmaps of Spearman cor‑
relation coefficients between bacterial alpha (A) and beta (B) diversity and 
root nutrients for each rootstock. The shading from blue to red represents 
low‑to‑high positive correlation. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
Fig. S8. Mean proportion of predicted KEGG categories (A) and pathways 
(B) in the rhizosphere of citrus trees on four different rootstocks. Soils 
were untreated (control) or treated with compost. For each row, different 
letters indicate significant differences between treatments and rootstocks 
(Tukey’s HSD, p < 0.05; n = 8). Table S1. Rootstocks used in this study 
and their parentage. Table S2. Significance and similarity using the non‑
parametric multivariate ANOSIM statistical method. Numbers in bold indi‑
cate significant effect at p < 0.05. R values close to 1 indicate dissimilarity 
between treatments. Table S3. ASVs (at the genus level) present in at least 
75% of the samples in the control and treated soils identified as the active 
taxonomic core rhizobiome and their relative abundances. For each row, 
different letters between treatments indicate significant according to the 
Welch’s t‑test and Benjamini–Hochberg FDR multiple test correction (p 
< 0.05). Table S4. KEGG pathways present in at least 75% of the samples 
in the control and treated soils identified as the active functional core 
rhizobiome and their relative abundances. For each row, different letters 
between treatments indicate significant according to the Welch’s t‑test 
and Benjamini–Hochberg FDR multiple test correction (p < 0.05)
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