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A B S T R A C T   

Plant Growth-Promoting Microbes (PGPM) have the potential to enhance sustainable agriculture, but there is still 
a limited understanding of how the complex interplay between plant genetic variability, the native soil com-
munity, and soil nutrients affects PGPM recruitment. To address this challenge, we investigated the impact of 
bacteria isolates and arbuscular mycorrhizal fungi (AMF) along with their accompany microbiome (AMFc) 
derived from a wild chrysanthemum on the growth of five different commercial chrysanthemum cultivars (Chic, 
Chic 45, Chic Cream, Haydar and Barolo), as well as their rhizosphere microbiomes, within a nutrient-rich 
complex substrate environment. We found 23 bacterial strains capable of producing siderophore, 14 strains 
capable of producing Indole-3-acetic acid, and 18 strains capable of solubilizing phosphate. The AMFc had six 
AMF species, and the bacterial and fungal communities associated with AMF belonged to different phyla. Using 
generalized joint models, we investigated the impact of the three most effective bacterial strains and the AMFc on 
plant growth (shoot and root dry mass) while integrating information on plant genotype, environment, and 
microbes. The impact of PGPM inoculation varied from positive to negative effects depending on the cultivar, 
with Chic Cream showing the highest increase in root biomass after inoculation with both bacterial strain 
SMF006 (57 %) and AMFc inoculation (79 %). Our study demonstrates that PGPM from wild relative can impact 
the growth and assembly of the chrysanthemum root microbiome, but this impact is cultivar-dependent. 
Furthermore, inoculation with a complex AMF containing community (AMFc) induced greater changes in the 
rhizosphere microbiome than with a single bacterial isolate. Our study shows that inoculation of a complex 
community of beneficial microbes results in more effective plant growth promotion.   

1. Introduction 

The use of beneficial microorganisms to promote plant growth and 
health, known Plant Growth-Promoting Microbes (PGPM), is a prom-
ising alternative to reduce the dependence on inorganic fertilizers 
leading to more sustainable agriculture (Basu et al., 2021; Liu et al., 
2022; Naamala and Smith, 2020), but their effective usage faces many 
challenges. First, inoculation of either single or more complex commu-
nities of PGPM in living soil may result in diminished effect because of 
the native soil community resistance and resilience, thus compromising 
the efficiency of the applied PGPM (Armada et al., 2018). Second, even 
when the inoculated PGPM manages to reach and access the plant, its 
efficiency is also not guaranteed since beneficial interactions between 

plants and microbes may have been lost during plant domestication, 
which could be attributed to agricultural practices such as plant 
breeding, fertilizer use, and pesticide application (Chang et al., 2021b, 
2022). Therefore, the effective use of PGPM, such as bacteria and 
arbuscular mycorrhizal fungi (AMF) largely depends on the host pref-
erence and the already established soil community. 

However, the adoption of PGPM further increases the already high 
complexity of plant-microbe interactions in the rhizosphere. As a result, 
researchers have adopted to study simplified versions of this system 
based on two criteria: sterilized environment and/or focus on one spe-
cific plant growth promotion trait. First, in an attempt to detect the 
direct effect of PGPM, studies are often conducted in sterile soils and 
under controlled environmental conditions. Second, the adoption of 
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PGPM often focus on a small number of well-characterized microbes or 
specific plant growth promotion traits. Consequently, the selection of 
promising PGPM runs the risk of failing when transferred to complex 
field conditions (Parnell et al., 2016). To increase the efficiency of 
PGPM, we need to understand the interactions that shape the phenotype 
of the plant host by disentangling the relative contribution of (i) plant 
genotype, (ii) the environment, and (iii) the microbiome (Chang et al., 
2021a; Oyserman et al., 2021). We are aware that the nutrient input 
reshape how plants recruit PGPM and may even reduce their contribu-
tion to plant growth and nutrient acquisition (Leite et al., 2017). Addi-
tionally, we have gained some understanding of how the native 
microbiome can exhibit resistance and/or resilience to the inoculation of 
beneficial microbes (Armada et al., 2018; Wang et al., 2022). Unfortu-
nately, previous studies lacked a quantitative assessment of how the 
microbiome's impact contributed to the variability in plant response, 
particularly when the plant genotype is altered during plant breeding. 
Previous studies have shown that different cultivars selected a unique 
set of microbes strongly linked to their genetic variability (Abera et al., 
2022; Bulgarelli et al., 2022; Chang et al., 2021b; Li et al., 2023; Rotoni 
et al., 2022; Schlemper et al., 2017) but we still lack more in-depth 
studies on how this genetic variability influences the response of these 
plants to the inoculation of beneficial microbes. 

In the current study, we employed five chrysanthemum (Chrysan-
themum indicum L.) cultivars as a plant model system to investigate the 
potential contributions of plant genotype and the environment in the 
adoption of PGPM. We tested the following hypotheses: (i) bacteria as 
well as AMF plus their accompany microbiome (that from now we call 
AMFc), isolated from wild chrysanthemum impact growth and root 
microbiome assembly of commercial cultivars of chrysanthemum, and 
(ii) chrysanthemum genotypes influence the efficiency of PGPM in 
enhancing plant growth. To test these hypotheses, we first obtained 
microbial isolates (bacteria and AMFc) from a wild relative of the 
commercial cultivars of chrysanthemum. Then, we tested the contribu-
tion of both bacteria and AMFc in promoting root growth at an early 
development stage of the cuttings, our desired plant phenotype, when 
inoculated into an already complex environment: a nutrient-rich sub-
strate with a native soil microbial community. Finally, by taking 
advantage of joint models (Leite and Kuramae, 2020), we aim to 
disentangle the tripartite interaction (Genotype x Environment x 
Microbe) and identify the relative contribution of the inoculated PGPM 
(bacteria or AMFc) in the root growth of chrysanthemum cuttings. This 
approach allows to select the best isolates that promote plant growth in 
already complex environment and different cultivars, thus increasing 
the chances of successfully transferring the isolates to field conditions. 

2. Materials and methods 

2.1. Soil source and isolation of bacterial strains 

Bacterial strains were isolated from the rhizosphere, endosphere, and 
the bulk soil surrounding wild chrysanthemum plants growing in nat-
ural grassland in Ede, the Netherlands. The plants were growing in a 
silty-clay soil with the nutrient composition described in Table S1. The 
climate of the sampled area is classified as oceanic (Cfb) with an average 
annual temperature of 10.6 ◦C and rainfall of 848 mm. 

Bacteria from the root endosphere were isolated using a modified 
method described by Cipriano et al. (2016). First, the exterior portions 
of the collected roots were washed with sterile tap water, followed by 
double-distilled sterile water. The root samples were then soaked in 70 
% ethanol for 60 s, dipped in 3 % sodium hypochlorite for 3 min, and 
soaked in 70 % ethanol for an additional 30 s. This process was repeated 
five times to ensure that the root samples were properly disinfected. 
Next, the disinfected plant tissue from four representative samples was 
macerated and ground in a sterile mortar and pestle using sterile 
phosphate buffer saline (PBS) solution, pH 7.4. The root extracts were 
then serially diluted (10− 2 to 10− 4), and an equal volume (100 μl) of 

aliquot from each dilution was plated onto Luria-Bertani (LB) agar and 
Tryptic Soya Agar (TSA) in triplicates. 

To isolate bacteria from the rhizosphere, plants were removed from 
the soil and shake vigorously to remove the soil loosely attached to the 
roots (Leite et al., 2021). In brief, the soil roots tightly adhered to the 
roots were placed in a 50 ml tube with a 20 ml buffer of 10 mM MgSO4, 
pH 7.0. The solution was pulsed at 1500 ×g for 1 min. The rhizosphere 
filtrate was diluted (10− 2 to 10− 4) in a sequence, each diluted volume 
(100 μl) was spread in LB agar and in triple TSA media. 

To isolate bacteria from the soil, 1 g of dried soil samples was dis-
solved in 10 ml sterile distilled water. The soil sample was manually 
shaken vigorously for 2 min and serially diluted in distilled water to 
10− 4, and 100 μl of aliquot was spread on three plates of LB and TSA 
media. 

The plates containing endosphere, rhizosphere, and soil isolations 
were incubated at 25 ◦C for two to four days in the dark. The number of 
colonies appearing on solid media was determined by examining the 
plates at a magnification of ×10 with a stereomicroscope. One colony of 
each bacterium morphology was picked and streaked on fresh TSA 
medium plates to obtain pure cultures. Purified strains were cry-
opreserved in 30 % v/v glycerol and stored at − 80 ◦C. 

2.2. Screening bacterial isolates for plant growth promotion traits and 
molecular characterization 

As plant growth promotion (PGP) traits we checked the isolated 
bacteria capacity of: siderophore production, phosphate solubilization, 
and Indole-3-acetic acid (IAA) production. The capacity of the strains to 
produce siderophore followed the method of Schwyn and Neilands 
(1987), in which a dye, chromeazurol S (CAS) forms a dye‑iron complex 
that causes a color change from blue to yellow–orange. The phosphate 
solubilization assay was performed according to (Nautiyal, 1999). The 
strains were cultured for 15 days in triplicates on National Botanical 
Research Institute's phosphate solid growth medium - containing tri-
calcium phosphate as the insoluble phosphate source, 1 l of NBRIP 
medium contained 10 g of D-glucose, 5 g of Ca3(PO4)2, 5 g of MgCl2 * 6 
H2O, 0.25 g of MgSO4 * 7 H2O, 0.2 g of KCl and 0.1 g of (NH4)2SO4, 1.5 g 
of Agar, in demineralised water, pH 7.0. The ability of the bacteria to 
solubilize calcium phosphate was verified by the formation of a clear 
halo surrounding the colonies. For the IAA production, the precursor of 
IAA (Bric et al., 1991), L-tryptophan (1 g/l), was added to a Luria Bertani 
(LB) liquid medium and incubated with shake at 28 ◦C in the dark for 72 
h. Culture supernatants from each of these isolates were mixed with 
Salkowski reagent (50 ml, 35 % of perchloric acid, 1 ml 0.5 M FeCl3 
solution) in the ratio of 1:1. Development of pink color indicates the 
production of IAA, and its optical density was recorded at 540 nm. The 
concentration of the IAA produced was estimated against the standard 
curve of IAA in the range of 10–100 μg/ml. 

A descriptive qualitative scale was used for PGP production traits 
based on the area of color change on the plate, shifting from blue to 
green or yellow (for siderophores), the formation of a clear halo sur-
rounding the colonies (phosphate solubilization), and the development 
of a pink color, along with recording optical density at 540 nm (IAA 
production). A scale from 0 to 2 was used to quantify the activity of the 
target traits among the different isolates. This scale ranged from no 
change observed compared to the negative control (0), to an average 
change observed, similar to the positive control (1), or a higher change 
compared to the positive control (2). 

The bacterial strains were molecularly characterized by 16S rRNA 
gene sequences. They were inoculated in single colonies and grown in 
solid LB medium at 30 ◦C for two to three days. The genomic DNA of 
each strain was obtained using Power Soil Pro kit (QIAGEN) and 
quantified by spectrophotometer (NanoDrop Technologies, Wilmington, 
DE, USA). The DNA was used for PCR amplifications of the 16S rRNA 
gene with the forward primer pA (5′-AGAGTTTGATCCTGGCTCAG-3′) 
and the reverse primer 1492r (5′-TACCTTGTTACGACTT-3′). PCRs were 
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performed in a final volume of 25 μl containing: 1× PCR-buffer (10 mM 
Tris-HCl, 50mMKCl 1.5 m MgCl2, pH 8.3 at 25 ◦C), 200 μM of dNTPs, 
0.1 pmol/μl of forward primers, 0.1 pmol/μl of reverse primer, 0.056 U 
of fast start Exp-Polymerase and 1 μl of DNA. The PCR cycling conditions 
were a first denaturation at 95 ◦C for 5 min, 35 cycles at three temper-
atures, 95 ◦C for 30 s, 53 ◦C for 30 s, and 72 ◦C for 1 min. Additionally, a 
final extension at 72 ◦C for 10 min was run and a cooling at 10 ◦C. The 
amplification products for all samples were checked on 1 % agarose gel 
electrophoresis with ethidium bromide - containing buffer. For the PCR 
amplicon purification, the DNA purification the QIAquick kit was used 
following the manufacturer's instructions. The 16S rRNA gene ampli-
cons were Sanger sequenced (Macrogen Inc.). The resulting 16S rRNA 
sequences of the strains were compared to those in GenBank (http:// 
www.ncbi.nlm.nih.gov/GenBank) and The Ribosomal Database Proj-
ect (RDP) (Wang et al., 2007). 

2.3. Determination of AMF spores in soil and AMF colonization in wild 
chrysanthemum roots 

AMF spores were extracted from 50 ml of rhizosphere soil sampled 
from wild chrysanthemum plants. The soil was diluted in 2 l of water, 
mixed and the supernatant (containing spores) poured over a 710 μm 
sieve nested on the top of a 45 μm sieve. Then, the material retained on 
the 45 μm sieve was transferred to 50 ml falcon tubes and centrifuged 
with water at 960 ×g for 3 min. The supernatant was discarded and a 
solution of 60 % sucrose was added to the pellet and mixed. The solution 
was centrifuged at 800 ×g for 2 min. The supernatant was transferred to 
the 45 μm sieve, washed with demineralized water to remove the excess 
sucrose, and transferred to a Petri dish. Viable spores were determined 
under the dissecting microscope (Leica M205e) by counting those with 
an intact spore wall and clear internal content and spore abundance was 
expressed as the number of spores per gram of soil (Gerdemann and 
Nicolson, 1963). Spores with comparable morphologies were pooled 
and placed in slides with polyvinyl lacto-glycerol (PVLG) and PVLG with 
Melzer's reagent (1:1). The mounted spores were observed using a 
trinocular compound microscope (OPTIKA B-383PLi), and images were 
captured at different magnifications using an OPTIKA 4083.13E HDMI 
Easy camera. Identification of spores was performed by comparing their 
characteristics with published descriptions from the International Cul-
ture Collection of Vesicular Arbuscular Mycorrhizal Fungi (INVAM) (inv 
am.ku.edu). 

AMF root colonization was determined by staining the roots using 
the Ink and Vinegar method (Vierheilig et al., 1998). Small root pieces 
were cleaned in 10 % KOH for 20 min in a water bath at 90 ◦C. Cleared 
root pieces were washed five times with tap water to remove KOH before 
being submerged in 1 % HCl at room temperature for 5 min to achieve 
enough acidification for staining. Roots were instantly dyed in 5 % 
acetic acid after being treated in a blue ink solution at 90 ◦C for 15 min. 
To assess root colonization, roots were withdrawn from the acetic acid, 
placed on glycerol-coated microscopic slides, covered with a cover slip, 
and examined using an Olympus BH-2 microscope. 

To measure mycorrhizal colonization, we used the grid line method 
(Giovannetti and Mosse, 1980) using a Petri dish with a checkered grid 
of 1.1 × 1.1 cm at the base. Using this grid size, both the percentage of 
mycorrhizal colonization and the length of colonized root can be ob-
tained. Pictures were taken by Leica Axiocam MRc5 camera. 

2.4. AMF propagation in trap cultures 

Trap cultures were established according to Stutz and Morton (1996) 
using Millet (Panicum miliaceum) as the host species to propagate AMFc. 
Before sowing, seeds were surface sterilized by immersing in 70 % 
ethanol for 2 min followed by 2.5 % sodium hypochlorite for 20 min. 
Seeds were rinsed 5 times with sterile demineralized water and placed in 
pots containing 1.75 kg of sterile soil and quartzite sand mixture (v/v, 
1:9). Each pot received 10-seeds of millet and plants were kept under 

greenhouse-controlled temperature, light and humidity conditions 
(21 ◦C/16 ◦C (− 1/+2 ◦C) day/night; 16 h d-1 light, at ≥50 % relative 
humidity). After three months, a subsample of 50 ml was obtained to 
extract and identify AMF spores as described above, and AMF root 
colonization was determined by staining the roots using the Ink and 
Vinegar method (Vierheilig et al., 1998). 

Part of the substrate of the first growth cycle was diluted with a 
sterile soil and quartzite sand mixture (v/v, 1:9) in 1.75 kg pots and 
reseeded with millet for a second three-month growth cycle of trapping. 
DNA extraction was performed from a 5 g soil mixture of the propaga-
tion using Power Soil Pro kit (QIAGEN) following the manufacturer 
instructions, to determine the AMF accompanying microbial community 
composition by analyzing the 16S rRNA partial gene for bacteria, ITS 
region for fungi, and AMF target phylogenetic marker sequences (see 
details below). 

2.5. Chrysanthemum cultivars 

Five commercial chrysanthemum (Chrysanthemum indicum L.) culti-
vars, Barolo, Chic-42 (Chic), Chic-045 (Chic 45), Chic Cream and Hay-
dar, were used in this study. Cuttings of each cultivar were planted in 5- 
cm commercial blocks of peat for 14 days to develop the root system. 

2.6. Inoculation of bacteria and AMFc in chrysanthemum cultivars 

After the in vitro screening for plant growth traits and phylogenetic 
analysis, three isolates were selected to be tested in chrysanthemum: 
Isolates SMF003, SMF006, and SMF018. Herbaspirillum frisingense strain 
IAC/BECa 152 (Schlemper et al., 2018) was used as a positive control 
while sterile LB medium was used as a negative control. 

To produce the bacteria inoculum, all bacterial isolates were 
collected from individual colonies grown in Petri dishes containing LB 
medium at 30 ◦C for two days. The bacterial cells from each strain were 
cultured overnight at 31 ◦C in LB liquid medium. Subsequently, they 
were inoculated into fresh LB medium and allowed to grow until they 
reached the desired density of the inoculum (108 CFUml− 1). A volume of 
2 ml was used for each bacterial strain, and the bacterial inoculants were 
directly applied onto the roots of the different chrysanthemum cultivar 
cuttings, on top of the substrate, after placing them 2 cm deep in PVC 
pots containing 400 g of autoclaved soil and sand mixture (v/v 3:1) 
(Table S2). A completely randomized design was used with five culti-
vars, four bacterial strains, and negative control in five replicates. 

For the AMFc inoculum, soil containing AMF propagules (spores, 
hyphae, and pieces of colonized roots), was obtained from the trap 
culture in millet (detailed in Section 2.4). The inoculum was checked 
microscopically for the presence and number of viable AMF spores 
following the methods in Section 2.3. A total of 150 ml of AMFc soil 
inoculum was mixed with 400 g of autoclaved soil and sand mixture (v/v 
3:1) for each replicate, with an average spore concentration of 3.5 ml− 1 

of soil. Cuttings of five cultivars, in five replicates were placed 2 cm deep 
in PVC pots with the soil mixture containing AMFc. For the control 
treatment, the same volume of AMFc inoculum was gamma sterilized 
and mixed with the autoclaved soil and sand mixture. The plants inoc-
ulated with bacterial strains and AMFc were grown in a greenhouse 
(21 ◦C/16 ◦C (− 1/+2 ◦C) day/night; 16/8 h light/dark, at 50 % relative 
humidity) for 22 days. 

2.7. Plant biomass, soil and plant tissue nutrient analysis 

The inoculated plants were harvested after 22 days. For determina-
tion of plant biomass, the roots were washed, and the roots and shoots 
were dried at 60 ◦C for 48 h for dry biomass measurement. Soil and plant 
tissue were collected after the harvest and analyzed for macro and 
micronutrients contents. The soil pH was measured in 0.01 M CaCl2 (van 
Raij et al., 2001). Ion exchange resins were utilized to extract the 
available P-phosphate and exchangeable cations (K+, Ca+, and Mg2+) 
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(Raij et al., 2009). The P-phosphate content was measured calorimet-
rically, while the cation concentrations were determined using atomic 
absorption spectrometry (Shimadzu AA-7000) (van Raij et al., 2001). 
Soil sulfur-sulfate (SO4

2− ) extraction was carried out using a calcium 
phosphate extraction at 0.01 mol in a 1:2.5 soil/solution ratio and was 
afterward evaluated using the turbidimetric technique with BaSO4 
(Bardsley and Lancaster, 1960). The micronutrients Fe, Mn, Cu, and Zn 
were extracted and measured by atomic absorption spectrometry in a 
combination of DTPA 0.005 M+ Triethanolamine (TEA) 0.1 M+ CaCl2 
0.01 M. The Shoemaker-McLean-Pratt buffer solution technique (Shoe-
maker et al., 1961) was used to calculate total acidity at pH 7.0 (H + Al). 

The exchangeable Al3+ was extracted with neutral 1 mol l− 1 KCl at 
1:10 soil/solution ratio and determined by titration with a 0.025 mol l− 1 

NaOH solution. After extraction of KCl solution, the content of ammo-
nium (NH4

+) and nitrate (NO3
− ) was also determined by colorimetry by 

sodium salicylate method and vanadium chloride reduction respectively 
(Mulvaney, 1996). AMF root colonization was determined by staining 
the roots using the Ink and Vinegar method (Vierheilig et al., 1998). 

2.8. Root microbiome assembly of cultivars of chrysanthemum 

Each plant's rhizosphere was harvested by removing the entire plant 
from the pot, shaking the plants, and collecting the attached soil with a 
sterile brush. We considered as bulk soil samples the soil without contact 
with the roots. Rhizosphere and soil samples were weighed and kept at 
− 80 ◦C for later examination. 

The rhizosphere total DNA was extracted using the Power Soil Pro kit 
(QIAGEN) according to the manufacturer's instructions. The quantity 
and quality of the DNA were assessed using an ND1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, USA). For the 
amplification of DNA samples, the following primer sets were employed: 
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGAC-
TACHVGGGTWTCTAAT-3′) targeting the V3-V4 region of the 16S rRNA 
partial gene for Archaea/bacteria, ITS1F (5′-CTTGGTCATTTA-
GAGGAAGT-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) for the ITS 
region targeting fungi. To specifically target AMF, a nested PCR 
approach was utilized. The first PCR employed the universal primer 
NS31 and the fungus-specific primer AM1 (Helgason et al., 1998), while 
the second PCR utilized the primers AMV4.5NF and AMDGR (Lumini 
et al., 2010). 

For the amplification of the 16S rRNA gene, PCR was performed as 
follows: an initial denaturation step at 94 ◦C for 2 min, followed by 26 
cycles of denaturation at 94 ◦C for 30 s, annealing at 58 ◦C for 30 s, 
extension at 72 ◦C for 30 s, and a final extension step at 72 ◦C for 7 min. 
The PCR mixture consisted of 1× Roche 10× Buffer with 18 mM MgCl2, 
5 % Roche DMSO, 0.2 mM dNTP mix from 10 mM NEB, 0.02 U/μl Roche 
FastStart High Fi 5 U-ul, 0.6 μM of 515FP primer, 0.6 μM of 806RP 
primer, and sterile Milli-Q water to reach a final volume of 25 μl. 

For ITS amplification, the PCR conditions were an initial denatur-
ation step at 96 ◦C for 15 min, followed by 33 cycles of denaturation at 
96 ◦C for 30 s, annealing at 52 ◦C for 30 s, extension at 72 ◦C for 60 s, and 
a final extension step at 72 ◦C for 10 min. The PCR mixture contained 1×
Qiagen 10× Buffer with 15 mM MgCl2, 5 % Roche DMSO, 0.2 mM dNTP 
mix from 10 mM NEB, 0.02 U/μl Qiagen HotStar Taq 5 U/μl, 0.6 μM of 
ITS1 primer, 0.6 μM of ITS2 primer, and sterile Milli-Q water to reach a 
final volume of 25 μl. Amplification verification was conducted using a 
2 % agarose gel. 

For ITS the PCR conditions were an initial denaturation step at 96 ◦C 
for 15 min, followed by 33 cycles of 96 ◦C for 30 s, 52 ◦C for 30 s, 72 ◦C 
for 60 s, and a final extension step at 72 ◦C for 10 min. The PCR mix 
contained 1× of Qiagen 10× Buffer with 15 mM MgCl2, 5 % Roche 
DMSO, 0.2 mM dNTP mix 10 mM NEB, 0.02 U/μl Qiagen HotStar Taq 5 
U/μl, 0.6 μM of the ITS1, 0.6 μM of the ITS2 and sterile Milli-Q water up 
to the final volume of 25 μl. Verification of amplification was performed 
on 2 % agarose gel. 

For the amplification of AMF, the first-round PCR targeted the fungal 

small subunit ribosomal DNA (SSU rDNA) fragments. The primers NS31 
and AurM1 described by Higo et al. (2019) were used. The first PCR 
consisted of an initial denaturation step at 94 ◦C for 5 min, followed by 
35 cycles of denaturation at 94 ◦C for 30 s, annealing at 60 ◦C for 30 s, 
extension at 72 ◦C for 60 s, and a final extension step at 72 ◦C for 10 min. 
The PCR mixture included 1× Roche 10× Buffer with 18 mM MgCl2, 
BSA (20 mg/ml) at 0.4 mg/ml, 0.2 mM dNTP mix from 10 mM NEB, 
0.04 U/ul of Roche FastStart High Fi 5U-ul, 0.6 μM of AurM1 primer, 0.6 
μM of NS31 primer, and sterile Milli-Q water to reach a final volume of 
25 μl. The first PCR products were diluted 10-fold and used as templates 
for the second-round PCR with the primers AMV4.5NF-FwR1 and 
AMDGR-RvR2. The second-round PCR conditions were the same as the 
first-round PCR. 

A barcoding step with Illumina adapters was added to each sample to 
facilitate binding of DNA to the flow cell. The PCR was carried out under 
the following conditions: an initial denaturation step at 95 ◦C for 10 min, 
followed by 15 cycles of denaturation at 95 ◦C for 15 s, annealing at 
60 ◦C for 30 s, extension at 72 ◦C for 60 s, and a final extension step at 
72 ◦C for 3 min. The PCR mixture consisted of 2 μl of Roche 10× Buffer 
without MgCl2, 1.44 μl of Roche MgCl2 (25 mM), 1.00 μl of Roche 
DMSO, 0.40 μl of dNTP mix from 10 mM NEB, 0.10 μl of Roche FastStart 
High Fi 5U/μl, and sterile Milli-Q water to reach a final volume of 20 μl. 
Verification of barcode incorporation for each sample was conducted on 
a 2 % agarose gel. 

Quantification of each amplicon was performed using the Quant-iT 
PicoGreen dsDNA Assay Kit (Life Technologies Corporation, Thermo 
Fisher Scientific, USA). The library was generated by pooling equal 
quantities (ng) of each amplicon. The pooled library was cleaned up 
using sparQ PureMag Beads (Quantabio, USA). Library quantification 
was carried out using the Kapa Illumina GA with Revised Primers-SYBR 
Fast Universal kit (Kapa Biosystems, UK). The average fragment size was 
determined using a LabChip GX instrument (PerkinElmer, Inc). Before 
sequencing, 12 % of PhiX control library was added to the amplicon 
pools at a final concentration of 9 pM. Sequencing was performed with 
the MiSeq Reagent kit v3 600 cycles from Illumina (300 bp paired-end) 
at the Génome Québec Center (Montreal, Quebec). 

2.9. Bioinformatics and data integration analysis 

Differences between the shoot and root biomass of the five cultivars 
were analyzed using the ExpDes.pt v1.2.2 package using the function 
fat2.crd (Ferreira et al., 2014) in R v3.6.1 (Team, 2019). The normality 
of the data was checked with Shapiro-Wilk test with 5 % significance. 
The pairwise testing was done using Tukey-test with P ≤ 0.05 considered 
significant and plotted using ggplot2 v3.2.1 package (Wickham, 2009). 

The quality assessment of reads was conducted using the FASTQC 
quality control tool version 0.10.0 (Babraham Bioinformatics - FastQC a 
Quality Control Tool for High Throughput Sequence Data [WWW Docu-
ment], n.d.) for 16S rRNA, ITS, and AMF amplicon sequences. Subse-
quently, Cutadapt (Martin, 2011) was employed to truncate the forward 
and reverse reads. The DADA2 v1.16.0 pipeline (Callahan et al., 2016) 
was utilized for denoising and obtaining amplicon sequence variants 
(ASVs) from demultiplexed reads across all samples. Reads lacking 
overlap were excluded from further analysis. Taxonomic classification 
was performed using the naïve Bayesian classifier implemented in 
DADA2, utilizing the ‘Silva version 138’ database for Archaea/bacteria 
(Quast et al., 2013), the UNITE v8.2 database for fungi (Nilsson et al., 
2019), and MAARJAM for AMF (Öpik et al., 2010). The ASV table was 
filtered at the Genus level and used for subsequent analysis. To merge 
low-occurring microbes that couldn't be properly modeled, a threshold 
of 10 occurrences was applied using the decostand function from the 
Vegan package (Oksanen et al., 2012), resulting in a column named 
‘Others’. Microbiome analyses were carried out in R v.4.2.0 (Team, 
2019). Data analyses and graphical displays were done using the 
following R packages: tidyr, dplyr, and ggplot2 (Wickham, 2009). 

For estimating the effects of plant cultivar and inoculum in different 
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treatments (bacterial isolates and AMF), the gjam package v2.3.2 (Clark 
et al., 2017) was employed. GJAM consists of a Generalized Joint 
Attribute Modelling that allows to integration data from different types 
(e.g., continuous, binary, ordinal, compositional). In our case, we inte-
grated as response variables the continuous values of biomass variables 
which included root dry weight (g), shoot dry weight (g); plant nutrients 
such as Nitrogen (N), Phosphorus (P), Potassium (K), Calcium (Ca), 
Magnesium (Mg), Sulfur (S), Iron (Fe), Manganese (Mn), Copper (Cu), 
Zinc (Zn), Boron (B), Aluminum (Al), and Sodium (Na); and soil nutri-
ents that encompassed Total Nitrogen (N tot), Phosphorus (P), Potas-
sium (K), Calcium (Ca), Magnesium (Mg), Sulfur (S), Aluminum (Al), 
Sodium (Na), Copper (Cu), Zinc (Zn), Boron (B), Iron (Fe), Manganese 
(Mn), Molybdenum (Mo), Cadmium (Cd), Chromium (Cr), Nickel (Ni), 
and Lead (Pb) with the microbiome data which is compositional (Gloor 
et al., 2017). Two different models were created (one for bacterial 
inoculation and the other for the AMF inoculation) returned the 
regression coefficients corresponding to the shifts in the microbial 
community, plant biomass, and plant and soil nutrients as a result of the 

different treatment combinations (factorial design). The major advan-
tage of the GJAM model is the possibility to analyse the response vari-
able on the scale it is measured. For example, the regression coefficients 
for the root dry weight represent the increase or decrease in grams as a 
result of the inoculation with bacterial isolates or AMFc. Similarly, the 
regression coefficients for the microbial communities represent the in-
crease or decrease in relative abundance (percentage of change in the 
original abundance). Therefore, for the microbiome, positive co-
efficients were depicted to represent significantly different microbial 
groups selected in the rhizosphere of each treatment, while negative 
coefficients represented significantly different microbial groups not 
selected in the rhizosphere of each treatment. Model diagnosis involved 
evaluating the Markov Chain Monte Carlo (MCMC) to determine the 
stability of estimated coefficients after 15,000 interactions (with a burn- 
in of 6000 interactions). As the experiment followed a two-way factorial 
design, regression coefficients were compared against the null hypoth-
esis H0, which assumed no difference between inoculum and control 
within each plant genotype. Significance of the regression coefficients 

Table 1 
List of bacterial isolates, species similarity and identity percentage retrieved from NCBI, origin of the isolate, and plant growth-promoting activity score. 
The selected strains tested in this study are indicated in bold. A quantitative scale was used to measure the activity of the traits, ranging from 0 (no change 
compared to negative control) to 2 (a higher change compared to positive control). 

Isolate Strain Iden�ty (%) Compartment Siderophore Indol Ace�c Acid P solubiliza�on

SMF001 Neobacillus niacini strain FO118 97 Endosphere 1 0 0
SMF002 Bacillus cereus strain YT514 90 Endosphere 0 0 0
SMF003 Pries�a megaterium strain 3 96 Endosphere 1 1 1
SMF004 Bacillus toyonensis strain FJAT-29993 98 Endosphere 0 0 0
SMF005 Paenibacillus sp. NA11019 91 Endosphere 1 0 0
SMF006 Pries�a megaterium strain EGI278 98 Endosphere 1 1 1
SMF007 Rhizobium herbae strain FC18 93 Endosphere 1 0 0
SMF008 Xanthomonas axonopodis strain BLKC3 97 Endosphere 0 1 0
SMF009 Xanthomonas axonopodis strain DHKQ4 90 Endosphere 0 1 0
SMF010 Gordonia aichiensis strain 344BRRJ 92 Endosphere 1 0 1
SMF011 Xanthomonas citri pv. punicae strain Xap7 91 Endosphere 0 0 0
SMF012 Pseudarthrobacter equi strain IMMIB L-1606 91 Endosphere 1 1 1
SMF013 Xanthomonas oryzae pv. oryzicola strain JX-2016-94 95 Endosphere 0 0 0

SMF014 Pseudomonas reinekei strain MT1 94 Rhizosphere 0 1 1
SMF015 Pseudomonas lurida strain A10 97 Rhizosphere 2 0 2
SMF016 Pseudomonas capeferrum strain N30 95 Rhizosphere 1 0 1
SMF017 Pseudomonas syringae strain S13 96 Rhizosphere 2 0 1
SMF018 Pseudomonas sp. RBE1CD-131 95 Rhizosphere 2 2 2
SMF019 Microbacterium foliorum strain CH6 98 Rhizosphere 1 0 0
SMF020 Rahnella inusitata strain VT25B 98 Rhizosphere 1 1 1
SMF021 Erwinia aphidicola strain TO2 97 Rhizosphere 0 0 2
SMF022 Paenarthrobacter nitroguajacolicus strain SR21 84 Rhizosphere 1 1 1
SMF023 Bacillus sp. strain isolate 158 97 Rhizosphere 1 1 1
SMF024 Arthrobacter halodurans strain CEMTC_6971 98 Rhizosphere 1 0 0
SMF025 Pseudomonas fluorescens strain LBUM647 98 Rhizosphere 1 0 0
SMF026 Pseudomonas pu�da NGB-MS2 86 Rhizosphere 2 0 2

SMF027 Pseudomonas frederiksbergensis strain CEMTC_4625 98 Soi l 1 1 2
SMF028 Psychrobacillus psychrodurans strain Rz1.1-3 92 Soi l 1 1 0
SMF029 Lellio�a amnigena strain FB1 86 Soi l 1 0 1
SMF030 Pseudomonas sp. strain A2 99 Soi l 1 1 1
SMF031 Bacillus sp. MNPK-12 94 Soi l 1 1 1

IAC/BECa 152 Herbaspirillum frisingense 1 1 1Pos i�ve control
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was determined when the 95 % confidence interval did not include zero. 
The GJAM regression coefficients reflected the impact of different 

treatments on shaping the microbiome (Rotoni et al., 2022), the soil 
nutrients, and the plant features (biomass and nutrient concentration). A 
Principal component analysis (PCA) was used to explore community 
similarities between cultivars and treatments while visualizing the 
variance among the set of regression coefficients representing micro-
biome profiles and shifts in plant biomass and nutrients. Besides, to look 
for the different microbial taxa that responded to the treatments we also 
used bubble plots to relate the shift in their relative abundance with 
their original relative abundance in the control treatment. To visualize 
the shifts in community abundance within each treatment, centered log- 
ratio (CLR) transformation was employed. 

3. Results 

3.1. Bacterial strains PGP traits and molecular characterization 

A total of 31 bacterial strains were isolated from wild chrysan-
themum in different compartments: 13 from the rhizosphere, 13 from 
the endosphere, and five from the soil. Molecular characterization of 
these 31 bacterial strains based on 16S rRNA gene sequences showed 
that the most common bacterial genera were Bacillus in the endosphere, 
and Xanthomonas and Pseudomonas in rhizosphere and soil. Out of the 31 
isolates, 23 were capable of producing siderophores, 18 solubilize 
phosphate and 14 produce IAA (Table 1). 

A total of 10 isolates exhibited activity for all three PGP traits tested 

Fig. 1. Spores of arbuscular mycorrhizal fungal species identified in soil from trap cultures. (A) Acaulospora morrowiae, (B) Glomus sp1, (C) Claroideoglomus etuni-
catum, (D) Rhizophagus clarus, (E) Funneliformis sp1, and (F) Glomus sp2. 
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(Fig. S1, Table 1). Strains SMF003 and SMF006 showed 95 % and 98 % 
of similarity with Priestia megaterium strain 3 and Priestia megaterium 
strain EGI278, respectively. Strain SMF018 was similar (97 %) to Pseu-
domonas sp. RBE1CD-131. These three isolates were selected for further 
plant growth experiment. 

3.2. AMF spore characterization, root colonization, and AMF accompany 
microbiome (AMFc) 

A total of six spore morphotypes belonging to five genera (Fig. 1) 
were recovered from rhizosphere soil of wild chrysanthemum and 
propagated in trap cultures. Spores were identified as Acaulospora 
morrowiae, Claroideoglomus etunicatum, Rhizophagus clarus, Funelliformis 
sp. (resembling F. mosseae), Glomus sp1 and Glomus sp2. The spore 
morphotypes were found in trap cultures associated with millet roots, 
with an average number of 3.50 spores ml− 1 of soil. 

To verify AMF root colonization, we used the “Ink and Vinegar” 
staining method on the roots of wild chrysanthemum and millet (host for 
propagation). Microscopic observations revealed the presence of intra-
radical and extraradical hyphae, arbuscules at different morphological 
stages of formation, and vesicles in the roots of wild chrysanthemum and 
millet. The overall colonization of roots from wild chrysanthemum was 
75 % (Fig. 2A, B). Stained roots from millet showed approximately 60 % 
colonization, with intraradical hyphae and vesicles present (Fig. 2C, D). 

The AMFc was used as inoculum during multiplication with millet. 
Before the use of this inoculum, we characterized the composition of the 
bacterial and fungal communities associated with AMF. The bacterial 
AMFc accompany community was mainly from phyla Actinobacteria, 
Chloroflexi, Proteobacteria, and Firmicutes, while the fungal commu-
nity was from phyla Ascomycota, Basidiomycota, and Mortier-
ellomycota. The main two AMF genera found in the community, based 
on SSU rRNA amplicon sequences, were an unidentified genus of the 
Glomeromycetes class and Paraglomus as shown in Fig. S2. 

3.3. Effect of bacterial isolates SMF003, SMF006 and SMF018, and 
AMFc on biomass of different chrysanthemum cultivars 

The effect of bacterial isolates SMF003, SMF006, and SMF018, the 
positive control H. frisingense strain IAC/BECa 152, and AMFc on shoot 
and root dry biomass of five different chrysanthemum cultivars varied 
from positive to negative effects depending on the cultivar. While no 
significant differences in shoot biomass were observed among the cul-
tivars when inoculated with any of the strains (data not showed), the 
response of root biomass varied depending on the cultivar and type of 
inoculation (Fig. 3A). 

For instance, the cultivar Chic exhibited a significant decrease in root 
dry weight when inoculated with SMF018 (3.32 ± 0.92 g, n = 5), 
H. frisingense (2.93 ± 0.56 g, n = 5), and SMF006 (2.52 ± 0.58 g, n = 5), 
compared to the control (4.91 ± 1.61 g, n = 5). On the other hand, Chic 
Cream inoculated with SMF006 (3.84 ± 1.39 g, n = 5) showed a 57 % 
increase in root dry weight compared to the control (2.45 ± 0.55 g, n =
5). Similarly, Haydar cultivar inoculated with SMF006 (4.1 ± 0.48 g, n 
= 5) and SMF018 (4.12 ± 0.99 g, n = 5) had an increase of 62 % and 63 
%, respectively, in root dry weight compared to the control (2.54 ± 0.58 
g, n = 5). However, the cultivars Barolo and Chic 45 did not show sig-
nificant differences in root biomass between bacterial inoculation and 
controls. 

The impact of AMFc inoculation on root biomass was assessed in five 
different cultivars of chrysanthemum (Fig. 3B). Cultivar-dependent re-
sponses were observed, with Chic 45 and Chic Cream showing a sig-
nificant increase in root biomass. Chic 45 exhibited a 40 % increase in 
root biomass (2.9 ± 0.51 g, n = 5) compared to the control (2.07 ± 0.2 
g, n = 5), while Chic Cream showed a significant increase of 79 % (4.46 
± 0.9 g, n = 5) compared to control (2.5 ± 0.38 g, n = 5). However, no 
significant differences in root biomass were observed between Barolo, 
Chic, and Haydar cultivars when inoculated with AMFc compared to 
controls. Interestingly, Chic Cream exhibited a significant increase in 
root biomass following both SMF006 and AMFc inoculations. The 

Fig. 2. Arbuscular mycorrhizal fungal structures (A, B, C, D) in stained roots from trap cultures in millet.  
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Fig. 3. Root dry biomass (g) per chrysanthemum cultivars after inoculation with (A) bacterial isolates SMF003, SMF006, SMF018 and IAC/BECa 152 (Herbaspirillum 
frisingense strain IAC/BECa 152 as positive control), and (B) AMFc. Each color represents a different inoculum. Significant differences between inoculum and control 
within the same cultivar (Tukey-test, p < 0.05) are denoted by different letters. 
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overall colonization of roots from commercial chrysanthemum was <10 
%. No AMF colonization structures were found in the commercial 
chrysanthemum cultivars, except for early-stage hyphal formation in the 
cultivars Chic Cream and Haydar. 

3.4. Rhizosphere microbiome assembly of cultivars of chrysanthemum 
after inoculation with bacterial strains and AMFc 

Principal Component Analysis (PCA) summarized the relative 
importance of cultivar and inoculation in changing both bacterial and 
fungal rhizosphere community profiles following bacterial (Fig. 4A–B) 
and AMFc (Fig. 4C–D) inoculations. In each plot, each dot represented 
the microbial profile of a single treatment. When plants were inoculated 
with single isolates, the majority of shifts in the microbial community 
resembled the differences between the cultivars, with a smaller spread 
evident due to the inoculation. In short, all bacteria inocula significantly 
changed the microbial composition of both bacterial and fungal com-
munities in all cultivars. Specifically, the first two axes captured 52 % 
and 51 % of the total variability of the bacterial and fungal communities, 
respectively. Notably, the treatments with significant increase in the 
root biomass presented distinct communities. This spreading in the 
rhizosphere community likely resulted from cultivar-specific selection 
being stronger than the impact of the bacterial inoculation. 

On the other hand, when we inoculated the complex community of 

AMFc (AMF + bacterial and fungal communities), the microbiome 
profiles of different cultivars showed a more pronounced deviation be-
tween treatment and control groups. The cultivar selection resulted in a 
smaller distinction between them, mainly restricted to the second 
dimension of the PCA that accounted for 15.5 % and 23.1 % of the total 
variability for bacterial and fungal communities, respectively. Notably, 
after AMFc inoculation, the microbial profile of Chic Cream and Barolo 
cultivars had a distinct profile compared to the other cultivars. These 
findings suggest that AMFc inoculation significantly influences the as-
sembly of the microbiome in chrysanthemum, leading to the develop-
ment of unique microbial profiles in specific cultivars. 

To trace the presence of AMF in the chrysanthemum rhizosphere 
after AMFc inoculation, the AMF specific phylogenetic marker was 
sequenced. Despite root colonization of AMF in commercial chrysan-
themum roots being <10 % for cultivars Chic 45, Chic Cream, and 
Haydar, we detected the presence of the genus Paraglomus in the 
rhizosphere of all five cultivars 22 days after inoculation based on 
sequencing data (Fig. S3). 

3.5. Shifts in microbiome profile, plant biomass, and plant and soil 
nutrients 

Using a model-based approach, we distinguished the cultivar-specific 
rhizosphere microbial profiles of each chrysanthemum cultivar 

Fig. 4. PCA showing differences in (A) bacterial and (B) fungal community assemblies after inoculation with bacterial strains (SMF003, SMF006, SFM018, and IAC/ 
BECa152), as well as differences in the (C) bacterial and (D) fungal community assemblies after inoculation with AMFc and their respective controls. Each shape 
represents the microbial profile of four replicates of each treatment. Cultivars are indicated by different colors and the abbreviations BA (Barolo), C (Chic), C45 (Chic 
45) and CR (Chic Cream), and H (Haydar). IAC/BECa 152: Herbaspirillum frisingense strain IAC/BECa 152 as positive control. 

C. Rotoni et al.                                                                                                                                                                                                                                  



Applied Soil Ecology 197 (2024) 105347

10

following bacterial inoculation. Our results indicate that microbial se-
lection in the rhizosphere was dependent on the cultivar, as shown in 
Figs. 5 and 6, which represent all the statistically significant shifts in 
bacterial and fungal genera and their relationship with plant and soil 
variables, as determined by regression coefficients. To visualize the 
shifts in community abundance within each treatment, centered log- 
ratio (CLR) transformation was employed. This transformation was 
used to show the different microbial taxa that responded to the treat-
ments by comparing the shift in their relative abundance with their 
original relative abundance in the control treatment. 

When we examined the treatments that significantly increased the 
root biomass of the chrysanthemum cultivars (CR + SMF006, and H +
SMF006 or H + SMF018), we observed that the major shifts in the mi-
crobial community affected the microbes that were within 2.5 log-fold of 
the average abundance in the controls. For those three treatments, a 
total of 84 bacteria and 25 fungi (at the genus level) increased their 
abundances, followed by the decrease of 60 bacteria and 19 fungi groups 
(at the genus level). For the fungal community, those treatments also 
showed some similarities. Interestingly, for the cultivar Chic, we 
observed shifts in a wider range of microbes, ranging from the highly 
abundant (>5 log-fold difference from the average) to the low abundant 
(<2.5 log-fold) bacteria. Table S3 summarizes the main bacterial and 
fungal families, plant and soil variables, and their changes in abundance 
compared to the control after bacterial inoculation. In the rhizosphere, 
the inoculated strains increased the abundance of their corresponding 
genera. The dominant fungal phyla were Ascomycota, Basidiomycota, 
and Mucoromycota. 

Our analysis of plant biomass not only supported the statistical 
analysis of root and shoot dry weight but also allowed us to detect 
changes in the plant nutrient content. Specifically, Chic Cream exhibited 
increased root biomass when inoculated with SMF006, while Haydar 
displayed increased biomass with SMF003, SMF006, and SMF018 in-
oculations. The impact of bacterial inoculations on plant nutrient con-
tent was also dependent on cultivar. For instance, SMF006 inoculation 
increased Cu content in Chic Cream (Fig. S4), while in soil, Ni content 
increased and Mg content decreased for the cultivar Haydar (Fig. S5). 

The effects of AMFc inoculation showed an increased abundance of 
several bacterial families, namely Frankiaceae, Gemmatimonadaceae, 
Burkholderiaceae, Microbacteriaceae, Xanthomonadaceae, and fungal 
families including Ceratobasidiaceae, Herpotrichiellaceae, and Trimor-
phomycetaceae (Table S4). Interestingly, both AMFc and bacterial iso-
lates treatments led to a shift in the abundance of genera from the 
phylum Proteobacteria, with a higher number of genera represented. 
Furthermore, specific cultivars showed varying responses to AMFc 
inoculation. For instance, Chic Cream exhibited an increase in root dry 
weight, as well as an increase in Cu in the plant and a concentration of P 
and Mn in the rhizosphere soil. Similarly, cultivar Chic 45 demonstrated 
an increase in root dry weight, as well as increases in Zn, Mg, and Mn in 
the plant (Fig. S5). These results suggest that AMFc inoculation can have 
a cultivar-specific impact on plant growth and nutrient uptake. 

In summary, our analysis of five different chrysanthemum cultivars 
revealed that the effects of PGPM inoculation can range from positive to 
negative and are dependent on the cultivar. Furthermore, the changes in 
the rhizosphere bacterial and fungal community profiles of chrysan-
themum were smaller when inoculated with a single bacterial isolate 
than when inoculated with a complex community (AMF + Accompany 
microbiome: AMFc). 

4. Discussion 

Inconsistency in obtaining reliable results from PGPM inoculation 
led us to investigate three novel principles: (i) collecting microbes 
(bacteria and AMF) from a wild relative of our target plant (chrysan-
themum) and assessing their potential plant-growth promotion traits; 
(ii) inoculating the PGPM in a complex environment (living soil sub-
strate); and (iii) evaluating the cultivar preferences to inoculation of 

growth promoting microbes of single isolates and a complex community 
of AMF and accompanying microbes. We found that the plant response is 
mainly cultivar specific, but it becomes more responsive to PGPM when 
the inoculum is an already complex community of beneficial microbes. 

We searched for bacteria strains and AMFc with plant growth- 
promoting traits using a wild relative of chrysanthemum growing in 
an open field in the Netherlands. By focusing on the unexplored func-
tional potential of microbiota from wild plant species (Bonfante, 2018; 
Chang et al., 2022; Ma et al., 2017), we aimed to restore beneficial as-
sociations that may have been lost during the domestication of plants, 
including plant breeding, the use of pesticides, and fertilizers. From a 
range of 31 isolated and biochemical and phylogenetically characterized 
strains, we selected three isolates based on their plant growth-promoting 
traits, namely SMF003 and SMF006, which were similar to Priestia 
megaterium strain ATCC 14481 and Priestia megaterium strain H108, 
respectively, and SMF018, which was similar to Pseudomonas sp. RA12 
based on 16S rRNA gene sequences. The application of P. megaterium as a 
plant growth-promoting bacterium has been reviewed recently (Bie-
dendieck et al., 2021) and tested in various crops (Ortíz-Castro et al., 
2008; Wang et al., 2021; Zhou et al., 2017), confirming its beneficial 
impact on plants involving phosphate solubilization, IAA and side-
rophore production. Despite being commonly known as a pathogen of 
chrysanthemum (Elsisi, 2019), recent studies have highlighted the po-
tential benefits of Pseudomonas in certain contexts (Passera et al., 2019). 
Moreover, it is possible that the pathogenic species is different from the 
one we isolated, which showed promotion of chrysanthemum growth. 
Regardless, this study represents the first attempt to evaluate the 
application of these specific isolates in commercial chrysanthemum 
cultivars. 

We tested a total of 20 combinations of our four inoculated bacteria 
(three from the wild chrysanthemum and one positive control) with five 
chrysanthemum cultivars. However, only three treatments resulted in a 
positive effect on root growth. Cultivar Chic Cream inoculated with 
SMF006 exhibited 57 % increase in root biomass, and the Haydar 
cultivar inoculated with SMF006 and with SMF018 had an increase of 
62 % and 63%in root biomass, respectively, compared to the control. 
However, the same bacteria strains in the cultivar Chic decreased root 
biomass. Therefore, the effects of these strains may range from positive 
to negative. Chrysanthemum cultivars used in the flower sector are 
intensely bred to express commercially relevant traits and phenotypes, 
which may inadvertently compromise the plant's ability to recruit and 
respond to beneficial microbes. In our recent study, we showed that 
different plant breeding techniques resulted in distinct microbial com-
munity assembly (Rotoni et al., 2022), moderated by the soil fertility 
and organic content. Consequently, reinstating microbes from wild rel-
atives should be coupled with the identification of the plant genetic loci 
that recruit those beneficial microbes. Otherwise, their role as growth 
promoters will remain cultivar-specific. 

We propose to directly test influence of PGPM inoculation in a 
complex environment, evaluating its impact not only on the growth of 
different plant cultivars but also on the soil microbiome because the 
impact of inoculation is cultivar-dependent. The PCA analysis summa-
rized changes in microbiome profiles and revealed that the differences 
between control and inoculated treatments were smaller than overall 
differences between cultivars. These results suggest that inoculating 
single bacterial strain has only a small impact on the microbiome of 
chrysanthemum plants. Interestingly, SMF006 and SMF018 strains 
increased the abundance of their respective genera, suggesting that 
these strains may have the capacity to persist in the soil after 
inoculation. 

Our integrated data model revealed cultivar-dependent changes in 
plant and soil nutrient levels after bacterial and AMFc inoculations. 
Notably, we observed an increase in Cu levels in Chic Cream plant tissue 
after SMF006 and AMFc inoculation, which is of particular interest. 
Previous studies have reported that inoculating maize with bacteria that 
can solubilize phosphorus, biosynthesize indole-3-acetic acid, and 
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Fig. 5. Bubble plots depict shifts in regression coefficients of amplicon sequence variants (ASVs) found in the bacterial treatments (SMF003, SMF006, SFM018, and 
IAC/BECa152) across five different chrysanthemum cultivars. Different microbial taxa, plant biomass, and plant and soil nutrients that responded to the treatments 
are represented by shifts in their relative abundance compared to the original relative abundance in the control treatment. Colors represent different (A) bacterial and 
(B) fungal phyla, while shapes represent plant biomass (Biomass), plant nutrients (Pnut), and soil nutrients (Snut). The size of the dots is proportional to the value of 
the regression coefficient. Cultivars are indicated by the abbreviations BA (Barolo), C (Chic), C45 (Chic 45) and CR (Chic Cream), and H (Haydar). IAC/BECa 152: 
Herbaspirillum frisingense strain IAC/BECa 152 as positive control. 
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produce siderophores can significantly increase Cu compared to single 
inoculation (Rojas-Tapias et al., 2014). Furthermore, siderophores such 
as Ferrichrome, which is a prototype of hydroxamate siderophores, have 
been shown to chelate Cu, chromium (Cr), aluminum (Al), and gallium 
(Ga) in addition to Fe (Albelda Berenguer et al., 2019). Interestingly, the 
SMF006 isolate is similar to P. megaterium, which has been shown to 
produce this class of siderophores (Nascimento et al., 2020). 

In our inoculation with AMFc we did not consider AMF as an isolated 
inoculum, but rather as the inoculation of AMF species along with its 
associated microbiome (bacteria and fungi). The methods we used to 
propagate and extract the AMF maintained a community of accompa-
nying microbes. The accompany AMF community was mainly composed 
of bacteria from the phyla of Actinobacteria, Chloroflexi, Proteobac-
teria, and Firmicutes. Interestingly, the Actinobaceria phylum was one 
of the most abundant in our AMFc inoculum. This group of bacteria is 
commonly found in association with AMF spores and capable of hy-
drolyzing chitin, which is the primary constituent of spore walls, and 
was credited with the improvement of spore germination (Roesti et al., 
2005). 

We observed the presence of fungi from phyla Ascomycota, Basi-
diomycota, and Mortierellomycota in AMFc, but the role of non- 
mycorrhizal fungi associated with AMF remains unclear. Previous 
studies showed that AMF selectively alter the composition of the 
mycorrhizosphere's microorganisms, promoting the growth of beneficial 
microorganisms and activating those that are antagonistic to soilborne 
pathogenic bacteria (Dey and Ghosh, 2022; Pérez-de-Luque et al., 2017). 

Furthermore, our AMFc inoculum is also a complex community of 
mycorrhizal fungi that belonged to genera Acaulospora, Claroideoglomus, 
Funneliformis, Rhizophagus and Glomus, which are known for their 
growth promotion capacity (Antunes et al., 2009; Basiru and Hijri, 2022; 
Begum et al., 2019) and can be found associated with many plant 
families, including the chrysanthemum family Asteraceae (Sokornova 
et al., 2022). 

Notably, from the molecular characterization, we were only able to 
track back taxa from an unidentified genus from the Glomeromycetes 
class and Paraglomus, and we could not assign species with the same 
accuracy as the morphological characterization. There is currently no 
consensus on the best rRNA gene region as phylogenetic marker for 
environmental sequencing of AMF (Delavaux et al., 2022). This is 
mainly because the AMF reference database are based in different 
phylogenetic markers. In this work, we focused on the impact of AMFc 
and combined morphological and molecular characterization of AMF. 
Without a solid comprehension of morphology, current research on the 
genetics of AMF is limited (Stürmer et al., 2021). Therefore, our method 
involved applying an AMFc inoculum (composed of fungal spores, 
mycelium, and soil) along with its associated microbial communities 
and metabolites, which resulted in a complex and diverse community of 
beneficial microbes (Bianciotto and Bonfante, 2002). 

The plant biomass response to AMFc inoculation showed cultivar- 
specific effects, with mainly neutral or positive responses. For 
instance, Chic 45 inoculated with AMFc exhibited significantly higher 
root biomass, increasing 40 % compared to the control. Similarly, Chic 

Fig. 6. Bubble plots representing shifts in regression coefficients of amplicon sequence variants (ASVs) found in the AMFc treatment across five different chry-
santhemum cultivars. Different microbial taxa, plant biomass and plant and soil nutrients that responded to the treatments compared to their relative abundance in 
the control treatment. Colors represent different (A) bacterial and (B) fungal phyla, while shapes represent plant biomass (Biomass), plant nutrients (Pnut), and soil 
nutrients (Snut). The size of the dots is proportional to the value of the regression coefficient. Cultivars are indicated by the abbreviations BA (Barolo), C (Chic), C45 
(Chic 45) and CR (Chic Cream), and H (Haydar). H: Herbaspirillum frisingense strain IAC/BECa 152 as positive control. 
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Cream showed a significant increase in root biomass of 79 % compared 
to the control. Interestingly, the cultivar Chic Cream showed a signifi-
cant increase in root biomass after both single bacterium SMF006 strain, 
and AMFc inoculation. 

Our results demonstrate that some cultivars are more effective than 
others in recruiting PGPM. Recent studies have shown that AMFc can 
increase plant biomass and nutrient uptake (Pellegrino et al., 2022), 
confirming that their effects are mainly context-dependent and host- 
specific (Emmett et al., 2021; van der Heyde et al., 2017). However, 
our understanding of the extensive physiological and genetic diversity 
within and between species of AMF and their associated microbiome 
remains scarce. To advance our knowledge, it is necessary to do 
comprehensive research on diverse AMF species and isolates, as well as 
the microbes that accompany them, both separately and in different 
combinations. This will helps us evaluate their capacity to colonize and 
benefit a variety of plant hosts when used as inoculants (Giovannini 
et al., 2020). 

The wild chrysanthemum and trap host plant millet showed AMF 
colonization rates of 75 % and 60 %, respectively. In contrast, we 
observed low root colonization (<10 %) and only the initial stage of 
hyphal formation in commercial chrysanthemum cultivars. In this study, 
we focused solely on the early stage of chrysanthemum development 
from cuttings, which spans a period of 22 days. This duration corre-
sponds to the time required for plantlet production in nurseries, prior to 
their transplantation to the field or greenhouse for production purposes. 
The 22 days is a relatively short time to observe full root colonization. 
Nevertheless, the modern cultivars are the result of a long breeding 
process that might have interfered with the capacity of these cultivars to 
form mycorrhiza. To accurately represent all AMF present in a com-
munity, it is crucial to provide sufficient time for both slow and fast 
colonizing isolates to colonize (Hart and Reader, 2002). 

The differential impact of AMFc inoculation on the soil microbiome 
of various chrysanthemum cultivars was markedly different from that of 
bacterial isolates. The AMFc inoculum elicited a significant shift in 
microbiome profiles compared to the control treatment, and the inoc-
ulated communities showed greater similarity to each other than to their 
corresponding controls. As a result, the introduction of a complex 
community (i.e., AMFc inoculum) reduced the cultivar capacity to 
govern the rhizosphere microbiome assembly. PGPM inoculations 
follow a framework similar to microbial invasions (Liu et al., 2022), 
where microbial inoculants can favor or outcompete native microbial 
populations, leading to changes in species diversity and community 
composition (Bannar-Martin et al., 2018). Consequently, the invaders 
can also reshape the functionality of resident soil communities (Amor 
et al., 2020; Mallon et al., 2018). By inoculating our isolates into an 
already living and complex soil, we could better observe the response of 
those communities to the ‘invasive’ plant-beneficial microbes and 
explore the effects of invasions with single and a community of mi-
crobes. Our results revealed that inoculation with more complex com-
munities led to stronger shifts in the plant rhizosphere microbiome. 

5. Conclusion 

The development of effective microbial inoculants for plant growth 
promotion is hindered by a lack of understanding of how the native soil 
community responds to PGPM inoculation and how plant genetic vari-
ability affects the recruitment of PGPM. This study addressed these is-
sues by collecting microbes from a wild relative of chrysanthemum and 
evaluating their potential plant-growth promotion in different cultivars 
of the target plant cultivated in a complex living soil substrate. Results 
revealed that cultivar preference governs the plant response to the 
inoculation of growth-promoting microbes, but it gets weaker when a 
complex community of beneficial microbes is inoculated. In summary, 
inoculation with a complex community of AMF and its accompanying 
microbiome (AMFc) led to a significant shift in microbiome profiles in 
the rhizosphere of the cultivars compared to the control treatment. We, 

therefore, suggest that increasing the complex community of beneficial 
microbes can lead to stronger responses in plant growth promotion, 
especially in living soils with an already established microbial 
community. 
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Vierheilig, H., Coughlan, A.P., Wyss, U., Piché, Y., 1998. Ink and vinegar, a simple 
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