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Abstract
Aims This study examines how inoculation with live
soil influences the assembly of the endosphere
microbiome of leaves and roots of chrysanthemum.
Methods Sterilized soil was inoculated with 10% soil in
which grasses had grown. Chrysanthemum was planted
in these soils and control plants were grown in 100%
sterilized soil. All plants were exposed to thrips, and
leaves and roots were collected from inoculated and
control plants that experienced high and low thrips
damage. DNA was extracted and the bacterial and fun-
gal community inside roots and leaves was determined
using Illumina sequencing.
Results Inoculation increased bacterial diversity in root
but not in leaf tissues. The endosphere of both roots and
leaves was dominated by Pseudomonadaceae. In leaves,
the relative abundance of Pseudomonadaceae was
higher in inoculated than in control plants, whereas this

was opposite in roots. Leaves contained more rare bac-
terial families than roots. The number of fungal reads
was very low and the endopshere did not differ between
plants with high or low thrips damage.
Conclusions Bacterial communities inside chrysanthe-
mum root and leaf tissues differ considerably. Soil in-
oculation with entire microbiomes can be used to
change root and foliar bacterial microbiomes and this
is particularly effective in root tissues.

Keywords Chrysanthemum .Endopshere . Inoculation .

Microbiome . Plant-soil feedback

Introduction

Understanding below-aboveground interactions is a
central theme in ecology, and essential for our insight
into how terrestrial communities establish and function
(Bardgett and Wardle 2010). An increasing number of
studies is now showing that single organisms inhabiting
the soil interact with plant roots to cause a cascade of
physiological changes in the plant that ultimately affect
organisms interacting with aboveground plant tissues
(e.g. Bezemer and Van Dam 2005; Pangesti et al.
2013; Pieterse et al. 2016; Pineda et al. 2017). In paral-
lel, there is a rapidly growing interest in understanding
how entire microbiomes in soils and inside plants influ-
ence plant growth and health. A major reason is the
increasing awareness that full microbiomes or consortia
of several strains can provide functions to their plant
hosts e.g. related to nutrition or immunity (Herrera
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Paredes et al. 2018; Hubbard et al. 2019; Wang et al.
2019). These functions were previously attributed to
single microbial strains. However, many aspects of the
role of microbiomes in influencing ecological functions
of their hosts, and how microbiomes assemble inside
their hosts, are still poorly understood.

The plant endosphere compartment is under strong
influence of the host plant and typically contains a much
lower microbial diversity than the rhizosphere (Schlaeppi
and Bulgarelli 2014; Fitzpatrick et al. 2018). Endophytic
microbes can be maternally transferred via the seeds but
can also be acquired from the environment, and the soil is
considered one of the main sources for endophytic mi-
crobes in plants (Schlaeppi and Bulgarelli 2014). To what
extent the composition of the endophytic microbial com-
munity will depend on the rhizosphere community and
hence on the microbiome of the soil in which the plant is
rooted, is poorly understood. Within the plant, microbial
assembly may also vary between compartments (e.g.
Bulgarelli et al. 2013; Wagner et al. 2016). Generally,
communities in the root endosphere are more diverse than
within leaves (e.g. Wagner et al. 2016; Hannula et al.
2019). However, which endophytes are unique for roots
and leaves, which ones are shared between compartments,
and how this depends on the microbial community of the
soil is not well known. Such insights are important as
most of the knowledge on the contribution of beneficial
microbes to the tolerance of plants to abiotic stress and
their resistance to pathogens and herbivores, so far, comes
from rhizosphere microbes. However, evidence is accu-
mulating that important functions provided to the plant are
also mediated by endophytic microbes (Hardoim et al.
2015; Cordovez et al. 2019; Carrión et al. 2019).

Soil inoculation is a strategy to steer the microbiome
associated to plants. In previous studies our group has
shown that by inoculating a background soil with a small
percentage of soil that contains desired microbiomes, the
soil microbiome in the background soil can be changed
with cascading consequences to plant communities and
even to the microbiome assembly of foliar feeding herbi-
vore insects (Wubs et al. 2016; Hannula et al. 2019). Soil
inoculation can also be applied to improve the health of
agricultural crops as we have shown for chrysanthemum,
an important horticultural cut flower crop (Ma et al. 2017,
2020; Hannula et al. 2020; Pineda et al. 2020). In the
Netherlands this ornamental crop is grown in soil in
sophisticated greenhouses, where the soil is regularly
sterilized by steaming to eliminate soil borne diseases.
In our previous studies we observed that inoculating the

sterilized soil with soil containing microbiomes of grass
species increased the biomass of chrysanthemum when
grown in presence of Pythium, a soil pathogen (Ma et al.
2017, 2020; Hannula et al. 2020). Moreover, inoculation
increased resistance of the plant to herbivory by thrips
(Pineda et al. 2020), and it suppressed negative plant-soil
feedback effects on plant growth (Ma et al. 2018). How
soil inoculation affects the endosphere microbiome in
chrysanthemum is, however, not yet known.

In this study, our objective is to examine how soil
inoculation with a microbial community influences the
assembly of the endosphere microbiome of leaves and
roots of chrysanthemum. We first created a soil inocu-
lum by growing a mixture of four wild grass species in
live soil collected from a natural grassland, and inocu-
lated a subset of this soil into sterilized soil. We then
grew chrysanthemum in inoculated and uninoculated
sterilized soil. All plants in this experiment were ex-
posed to thrips. We measured plant height and above-
ground biomass, and analysed the leaf and root
endosphere microbiome, with the aim of answering the
following research questions:

1 How does soil inoculation influence the diversity
and composition of the endophytic bacteria and fun-
gi in chrysanthemum leaves and roots?

2 What is the relationship between endophytic
microbiomes of roots and leaves in chrysanthemum
and which taxa are unique in roots and leaves?

There is an urgent need for more sustainable crop
production systems. Hence, our study also tests whether
soil inoculation can be used to alter endophytic
microbiomes in crops with potential to promote plant
health.

Materials and methods

The focal plant in our study is Dendranthema X gran-
diflora (Ramat.) Kitam. cv. Amadea [Chrysanthemum,
syn. Chrysanthemum X morifolium (Ramat.) Hemsl.,
Asteraceae]. Chrysanthemum cuttings were provided
by the breeding company Deliflor (Maasdijk,
The Netherlands). To create the soil inoculum, we grew
a mix of four wild grass species (Holcus lanatus, Lolium
perenne, Alopecurus pratensis, Festuca ovina; all
Poaceae) based on previous work that showed positive
effects of soils of these grasses on chrysanthemum
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growth (Ma et al. 2017). Seeds of the four grasses were
obtained from awild plant seed supplier (Cruydt-Hoeck,
Assen, The Netherlands). Seeds were surface sterilized
(1 min in 1% sodium hypochlorite solution and rinsed
with distilled water afterwards) and germinated on ster-
ile glass beads in a climate chamber at 20 °C/15 °C
(16 h/8 h, light/dark). The experiment was conducted in
the experimental greenhouse facility at the NIOO-
KNAW (Wageningen, The Netherlands), and consisted
of two phases.

Phase 1: Soil conditioning

In the first phase, the conditioning phase, we grew the
mixtures of the four grass species in field soil. Field soil
was collected (5–20 cm below the surface) from a
species-rich natural grassland (Mossel, Ede, Nether-
lands). This site has a sandy loam soil (83% sand, 10%
silt, 4% clay, 3% organic matter). The soil was sieved
(1 cm mesh size) to remove coarse fragments and macro-
arthropods and homogenized. Then, four one-week-old
seedlings (one of each of the four grasses species) were
transplanted into each of 14 pots (11 × 11 × 12 cm) filled
with 1 kg of soil. Seedlings that died within 7 days were
replaced once. Pots were randomly placed in a green-
house with controlled conditions: 70% RH and 16 h light
(21 °C) /8 h dark (16 °C) photo regime. Natural daylight
was supplemented with 400 W metal halide lamps
(225 μmol s−1 m−2 photosynthetically active radiation,
1 lamp per 1.5 m2). Plants were checked three times per
week and watered as needed. Ten weeks after
transplanting, soil from the entire pot was collected by
hand-shaking the full root system, keeping finer roots in
the collected soil to act as a source of micro-organisms.
Soil from each pot was homogenized and stored individ-
ually in closed plastic bags at 4 °C until used as soil
inoculum in the test (feedback) phase. From previous
studies, we know that conditioning field soil with grasses
creates unique microbiomes that are beneficial for chry-
santhemum growth (Ma et al. 2017; Hannula et al. 2020;
Pineda et al. 2020).

Phase 2: Test phase

In the second phase, we inoculated sterilized soil and
grew chrysanthemum plants in these soils. Soil for ster-
ilization was collected from the area where the soil for
conditioning was also collected. After sieving and ho-
mogenizing, the soil was sterilized by gamma irradiation

(>25 K Gray gamma irradiation, Isotron, Ede, Nether-
lands). Fifty pots (11 cm × 11 cm × 12 cm) were filled
with one kg of a homogenized mixture of 10% soil
inoculum and 90% sterilized soil (based on weight).
As a control we included fifty pots filled with 100%
sterilized soil. Prior to planting, the soil in each pot was
well watered and 100 ml half-strength Hoagland nutri-
ent solution was added. Two chrysanthemum cuttings
(without roots) were planted in each pot, and these were
randomly placed on trolleys that were tightly covered
with a thin transparent plastic foil for 10 days to create
an environment with high humidity that favors rooting.
After 10 days, one of the chrysanthemum cuttings was
removed from each pot. For a few pots both cuttings did
not survive; resulting in 46 pots with inoculated soil and
49 pots with 100% sterilized soil. Four days later plant
height of all plants was measured. Plants were fertilized
following grower practices: half-strength Hoagland nu-
trient solution for the first 2 weeks, and single strength
Hoagland solution during the following weeks. Four
weeks after planting, plant height was measured again.

Previously we observed that soil inoculation led to a
reduction in thrips damage in chrysanthemum (Pineda
et al. 2020). Here, our objective was to examine the
interactive effects of inoculation and thrips damage. We
transferred 20 adult thrips (Frankliniella occidentalis)
from a culture to a subset of plants and kept all plants
caged for 15 days. The culture of the thrips was
established with a starting colony provided by the com-
pany Hazera Seeds (Made, The Netherlands). Thrips
were reared at 16 h light and 8 h dark photo regime
and 25 °C for multiple generations on pods of Romano
beans (Vicia faba) purchased weekly in a local super-
market. Unfortunately, thrips were found on all plants.
Therefore in this study there were no control plants.
After 15 days, the cages were removed and plants were
further colonized by the thrips that were present in the
greenhouse compartment for two more weeks. For each
plant, thrips damage was assessed as silver leaf damage,
and based on visual scoring, classified as high or low
damage, so that we could determine whether the endo-
phytic microbiomes differed between the two groups.
Examples of the two damage levels are shown in Fig.
S1. Six to seven plants were then randomly selected
from each of the four treatments (inoculated- high thrips
damage, inoculated-low thrips damage, control-high
thrips damage, control-low thrips damage) for molecu-
lar analysis. A leaf and root sample of each of 25 plants
was collected (see below) and the remaining
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aboveground biomass of these plants was dried at 60 °C
and dry weight was determined. Results related to high
and low thrips damage are presented in the Supplemen-
tary information.

Endosphere microbiome analysis

From each selected plant, one fully developed leaf was
carefully cut with a scalpel (sterilized with ethanol in
between usage) and the leaf was placed into a sterile
petri dish. The stem of each plant was cut at soil level
and roots were carefully removed from the pot. Soil was
removed first by hand shaking the roots and then wash-
ing the roots with tap water. Immediately afterwards,
leaf and root samples were surface sterilized as follows:
The samples were first washed with 10 mMMgSO4 and
this was repeated until the buffer solution was clear.
Samples were then soaked in 10 mM MgSO4 + Tween
20 (0.01%), rinsed with 10 mM MgSO4, and surface
sterilized in bleach solution (0.1% for leaf and 1% for
root) for 1 min. Each sample was then immediately
rinsed with sterilized water two to five times. To check
the quality of the surface sterilization procedure, 100 μl
of the final rinsed solution of two representative samples
was plated in a 1/10 Tryptic Soy Agar (TSA) and
Reasoner’s 2A (R2A) agar media and this resulted in
zero colonies. The surface sterilized samples (4 g) were
ground in 1 ml of 10 mM MgSO4 buffer, followed by
filtering through double layers of miracloth paper. The
filtrate was then centrifuged at maximum speed of
14,000 rpm for 30 min, and the pellet was used for
microbial DNA extraction.

The microbial DNA extraction was performed using
the FastDNA SPIN Kit (MP Biomedicals, Solon, OH,
USA) following the manufacturer’s protocol. The DNA
concentration and purity were measured using a
Nanodrop spectrophotometer (Thermo Scientific, Hud-
son, NH, USA). The primers 515FB and 806RB
targeting the V4 region of 16Sr RNA for bacteria
(Caporaso et al. 2011: Apprill et al. 2015; Parada et al.
2016), and ITS4ngs and ITS3mix targeting the ITS2
region of the fungi were used (Tedersoo et al. 2015).
During the amplification step PCR clamps were incor-
porated to block amplification of plant chloroplast and
mitochondria – following the method developed by
Lundberg et al. (2013). The bacterial 16Sr RNA ampli-
fication was performed with initial denaturation at 98 °C
for 3 min followed by 25 cycles of 98 °C for 15 s, 55 °C
for 15 s and 72 °C for 30 s, and a final extension at 72 °C

for 3 min. The fungal ITS2 amplification was performed
with initial denaturation at 98 °C for 3 min followed by
30 cycles of 98 °C for 15 s, 55 °C for 15 s and 72 °C for
30 s, with a final extension at 72 °C for 3 min. A mock
community was included that consisted of 10 fungal
strains and bacterial symbionts as a positive control,
whereas sterilized water was used as a negative control.
For library preparation, the PCR products were purified
using Agencourt AMPure XP magnetic beads
(Beckman Coulter). Adapters and barcodes were incor-
porated to each sample using the Nextera XT DNA
library preparation kit sets A-C (Illumina, San Diego,
CA, USA). The final PCR products were purified with
AMPure beads, quantified with a Nanodrop spectropho-
tometer, and checked in gel electrophoresis before equi-
molar pooling. The samples were sequenced at McGill
University and the Génome Québec Innovation Centre
(Canada) using the MiSeq PE250 platform.

Bioinformatics and statistical analysis

Sequencing results of the bacterial endophytic commu-
nity were analysed using an in-house pipeline using
SILVA database with SINA classifier (De Hollander
2017), whereas the fungal endophytic community was
analysed using PIPITS pipeline (Gweon et al. 2015).
Taxonomy of fungi was assigned using rdp classifier
against the UNITE fungal database (Abarenkov et al.
2010). All reads from mitochondria, chloroplast, ar-
chaea, and singletons and doubletons were removed
from the dataset. For bacteria, samples with fewer than
800 reads were then removed from dataset. The number
of reads for each sample was transformed to relative
abundances by dividing the reads of each OTU by the
total number of reads per sample. OTUswith abundance
less than 0.00111 for leaf samples and 0.00004 for root
samples were removed to normalize the data. This cut-
off point was obtained using formula 2 × 1/(average
reads per leaf or root compartment). Normalized data
were then back-calculated by multiplying the relative
value of each OTU by the total number of reads for the
sample in original dataset. Back-calculated data were
then transformed to relative data and used for further
statistical analyses. The effect of soil inoculation and
plant compartment (leaf/root) on bacterial Simpson di-
versity (log-transformed data) and evenness were exam-
ined using a two-way ANOVA, followed by a Tukey
post-hoc test. PERMANOVA (permutation MANOVA
using a distance matrix, R package ‘vegan’) with Bray-
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Curtis dissimilarity was used to test whether soil inocu-
lation and thrips damage affected bacterial community
composition in the different plant compartments. Sepa-
ration of microbiomes among treatments was visualized
using non-metric multidimensional scaling (NMDS)
based on a Bray-Curtis dissimilarity matrix. To compare
the bacterial composition in the two compartments
(leaves and roots) and between high and low damage,
a Venn diagram was constructed. Only those OTUs
were included that were present in at least two samples
per treatment combination. We also compared the rela-
tive abundances of OTUs that were present in at least
two samples per treatment in both leaves and roots. To
explore which bacterial taxa were over- or underrepre-
sented in the treatments (leaves/roots, inoculated/con-
trol), the “metacoder” packages in R was used (Foster
et al. 2017). The expression of taxa was considered to be
significantly different when the Wilcoxon p value for
the log-2 ratio of the median counts between treatments
was smaller than 0.05 after correction for false discovery
rates. Taxa showing the largest differences between
treatments were further evaluated using ANOVA.

The number of obtained reads of fungal origin was
very low despite high total read numbers obtained
through deep sequencing of the samples (see results).
Due to low coverage, fungal endophytes in leaf samples
were not further analyzed. For roots, three samples had
less than 90 fungal reads, these samples were omitted
for further analysis. The remaining samples had on
average 504 reads. For fungal reads, the number of reads
was not related to the number of phylotypes per sample
and hence normalization was not done for this dataset.

To determine whether plant biomass and height dif-
fered between inoculated and control plants and for
plants with high and low thrips damage, data were
analyzed using two-way ANOVA.

Results

Soil inoculation effects on the diversity and assembly
of bacteria in roots and leaves

Soil inoculation altered bacterial diversity and evenness
(Fig. 1). In roots, inoculation led to higher diversity and
evenness but this was not so in leaves, resulting in a
significant interaction between treatment and compart-
ment (Fig. 1). Moreover, bacterial diversity in roots was
higher than in leaves, while the evenness did not differ

in both compartments. Bacterial diversity and composi-
tion in leaves and roots was similar in plants with high
and low thrips damage (Fig. S2).

The composition of the bacterial community varied
strongly between roots and leaves (Permanova: F1,37 =
38.6; P < 0.001; 41.2% explained variation). However,
the inoculation treatment also explained a significant part
of the variation (F1,37 = 8.11; P = 0.003; 8.6% explained
variation) and this effect was stronger in roots than in
leaves resulting in a significant interaction between treat-
ment and compartment (F1,37 = 10.11; P < 0.001; 10.8%
explained variation; Fig. 2; Table S1). The composition of
the bacterial community did not differ in plants with high
and low thrips damage (F1,37 = 0.52; P = 0.705; 2.6%
explained variation; Fig. S3).

The dominant taxa making up more than 90% of the
average bacterial reads in leaf (91%) and root (95%),
belonged to the families Pseudomonadaceae (71%),
Xanthomonadaceae (16%) and Enterobacteriaceae (6%)
(Fig. 3a). The relative abundance of the family
Pseudomonadaceae was higher in leaves than in roots,
while Xanthomonadaceae and Enterobacteriaceae were
more abundant in roots than in leaves. In leaves, the
relative abundance of Pseudomonadaceae was higher in
inoculated than in control plants, whereas this was oppo-
site in roots. For Xanthomondaceae the reverse pattern
was observed. In roots, Xanthomonadaceae were rela-
tively more, and in leaves less abundant in the inoculated
than in the control treatment (Fig. 3a). Interestingly,
leaves contained more rare bacterial families (with a
relative abundance of less than 0.5%) than roots. In total,
15 and 17 rare bacterial families were present in leaves of
inoculated and control plants respectively, whereas 13
and 7 rare bacterial families were present in roots of
inoculated and control plants (Fig. 3b).

Soil inoculation effects on individual bacterial OTUs
in roots and leaves

Thirteen bacterial OTUs were unique for plants grown
in inoculated soil (1 in leaf and 12 in root tissues) while
12 bacterial OTUs were only found in plants grown in
control soil (5 only in leaves, 6 only in roots and one in
leaf and root tissues; Fig. 4). There were 44 OTUs
unique for roots, and 13 OTUs unique for leaves that
were found in both the control and inoculated treatments
and 22 OTUs that were found in leaves and roots in both
soil treatments, suggesting the existence of a core endo-
phytic bacterial assemblage. Among the OTUs, bacteria
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from the genera Pseudomonas, Luteibacter, Pantoea,
Ralstonia, Propinibacterium, Sphingomonas and
Pelomonas significantly differed between roots and
leaves and between inoculated and control soils
(Table 1). Figure 5 visualizes the bacterial taxa that
differ between inoculated and control plants in leaves
and roots. Especially, Pseudomonas (F = 4.87, P = 0.04)
and Acinetobacter (F = 4.38, P = 0.04) were significant-
ly more abundant in leaves of inoculated plants than in
leaves of control plants while Enterobacteriales (F =
4.57, P = 0.03) and Luteibacter (F = 4.61, P = 0.02)
were enriched significantly in the leaves of control
plants (Fig. 5). In roots, Pseudomonas (F = 9.97, P =
0.005) and Serratia (F = 3.51, P = 0.04) were more
abundant when plants grew in control soil and Entero-
bacter (F = 4.13, P = 0.04) and Luteibacter (F = 3.49,

P = 0.05) more abundant in plants grown in inoculated
soil.

Of the OTUs found both in leaves and roots in the
same plant, thirteen differed significantly between
leaves and roots (Fig. 6, Table 1). Five OTUswere more
abundant in the roots, and seven OTUs were more
abundant in the leaves. Among the five OTUs that were
more abundant in roots, OTU 6, identified as Pseudo-
monas, was significantly more abundant in plants grown
in inoculated than in control soil (Table 1). Among the
seven OTUs that were more abundant in leaves, OTU 1
and 12 both also identified as Pseudomonas, were more
abundant in plants grown in inoculated than in control
soils (Table 1). For six OTUs identified as Pseudomo-
nas the soil inoculation effect varied between the two
plant compartments (significant interactions between
treatment and compartment).

Soil inoculation effects on fungi in roots and leaves

Virtually no reads from fungal origin were detected in the
leaves of chrysanthemum plants (only 1 to 14 reads
recovered per sample) even though around 50,000 reads
were recovered in the sequenced samples. The number of
fungal reads in root samples was higher than in leaf
samples but still low (on average 504 fungal reads per
sample). In roots, 24 fungal phylotypes were detected that
occurred in at least two samples. Sordariomycetes
(Ascomycota) were most frequently detected (identified
as Fusarium , Chloridium and an unknown
Sordariomycetes). More reads were obtained from con-
trol (705 ± 209) than from inoculated (302 ± 118) roots,
but the number of fungal phylotypes was much higher
(t14 = 5.10; P < 0.01) in inoculated (13.4 ± 1.4) than in in
control roots (5.1 ± 0.8). Fungal patterns did not differ
between plants with high and low thrips damage (Data

Fig. 1 Mean (± SE) bacterial
diversity (a) and evenness (b) in
leaves and roots of
chrysanthemum, in control and
inoculated soils and results of a
two-way ANOVA testing the ef-
fect of inoculation (treatment) and
plant compartment. Bars with
identical letters are not signifi-
cantly different (Tukey post hoc
test, P < 0.05)

Fig. 2 Nonmetric multidimensional scaling (NMDS) of bacterial
composition in the endophytic microbiome of chrysanthemum in
leaves of plants growing in inoculated (blue), and control (orange)
soil, and in roots of plants growing in inoculated (grey) and control
(yellow) soil. Soil conditioned by grasses (10%) was added to
inoculated treatments
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not shown). Shoot biomass and plant height did not
significantly differ between inoculated and control plants
and did not vary significantly between plants with high
and low thrips damage (Fig. S4).

Discussion

In this study we examined the composition of the endo-
phytic leaf and root microbiome of chrysanthemum
plants. Several studies have shown that whole soil inoc-
ulation can have cascading effects on the growth and
defense responses of plants that grow in inoculated soil
(e.g. Wang et al. 2019; Kos et al. 2015). However, how
inoculation of the soil with new microbiomes derived
from growing plants in donor soil, influences the endo-
phytic microbiome in a plant, our main objective here, is
still poorly understood. Our study now provides two
important insights: first, soil inoculation changes the
composition and increases the diversity of the
endosphere community in a plant, but plants grown in
sterilized soil also exhibit an endophytic microbiome.
The source of microbes in the plants grown in sterilized

soil (control treatment) could be due to incomplete
sterilization, or from b) the cuttings of chrysanthemum
that carried endophytic bacteria vertically transferred
from the mother plant, c) the greenhouse environment
where the plants were grown, d) unsterilized water used
to water the plants during the experiment; or e) from the
thrips. Second, the composition and diversity of the
bacterial community in the roots and leaves of chrysan-
themum differs considerably. Bacterial diversity is much
higher in roots than in leaves, but importantly, inoculation
of the soil in which the plant grows increases the diversity
of bacteria in roots but not in the leaves. Hence, soil
inoculation can have different effects on the microbes
inhabiting above- and belowground plant parts.

Our study shows that plants, via their impact on the
soil microbiome, can influence the endophytic commu-
nity in other plants that grow later in the soil. Many
studies have shown that plants create different soil
microbiomes (e.g. Fitzpatrick et al. 2018), and that these
plant -driven legacies in the soil can alter the performance
of later growing plants (reviewed by Van der Putten et al.
2013). However, how these plant-mediated effects on
soil microbiomes influence endophytes in later growing

Fig. 3 Composition of bacterial families in leaves and roots of plants growing in control or inoculated soils (a). The rare bacteria (<0.05%)
are grouped in the category “other” which is presented in detail in (b)
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plants is not well-studied. Pattison et al. (2016) showed
that the invasive plant Impatiens glandulifera has more
fungal leaf endophyte species when grown in soil in
which plants of the same species had been grown than
in unconditioned soil in which no plant had been grown
previously. Similarly, in our study we also showed that
inoculation with plant-conditioned soil led to higher di-
versity of bacteria in chrysanthemum roots. However, we
did not observe this effect in leaf tissues. In the study of
Pattison et al. (2016) plants with more fungal species also
were taller and produced more leaves, indicating a pos-
itive relationship between endophytic diversity and plant
growth. In our study, we did not observe differences in
growth between inoculated and uninoculated plants. It is
important to mention that in our design plants received
very high amounts of fertilizer and it is well possible that
the bacterial endophytes provide benefits to the plant

such as growth promotion, that are only visible under
less optimal conditions. A limitation of the current study
is that we did not measure the microbial composition in
the inoculum. Hence we cannot proof wich microbes
present in the inoculum entered the plant. In an earlier
study (Pineda et al. 2020) we compared the bacterial and
fungal community of soil inocula (conditioned by
different species of grasses and forbs) and of sterilized
soil. In that study, soil inocula havemuch higher bacterial
and fungal richness than the sterilized soil as
expected, and several bacterial phyla (Acidobacteria,
Traumarcheota, Armatimonadetes, Atribacteria, BRC1,
Candidatus_Berkelbacteria, Chlamydiae, Elusimicrobia,
FBP, FCPU426, Fibrobacteres, Gemmatimonadetes,
Hydrogenedentes, Nitrospirae, Parcubacteria,
Verrucomicrobia, TM6) and a fungal phylum
(Mucoromycota) were enriched in soil inocula.

Fig. 4 Venn diagram showing the distribution of unique and shared bacterial OTUs in leaves and roots of plants grown in control and
inoculated soils
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A somewhat surprising outcome of our study is that
we detected very few fungal OTUs in chrysanthemum
roots, and no fungal community inside chrysanthemum
leaves. In earlier studies, we analyzed the microbiome of
bulk soil after chrysanthemum had grown in the soil,
and the root associated (rhizosphere) microbiome of
chrysanthemum. There we observed that this plant spe-
cies exerts a negative effect on fungal species, and
suppresses arbuscular mycorrhizal fungi (Ma et al.
2020; Pineda et al. 2020). A possible explanation for
this could be that chrysanthemum roots and leaves con-
tain high concentrations of chlorogenic acid. This com-
pound has been described as a potent antifungal com-
pound (Martínez et al. 2017). Further studies are needed
that examine the relationship between soil microbes,
plant endophytes, and fungi in chrysanthemum in more
detail.

Among the bacterial endophytes, the family
Pseudomonadaceae is the most abundant one, and
OTU’s of the genus Pseudomonas show different pat-
terns in leaves and roots and in control and in inoculated
plants. Pseudomonas is a genus that consists of common
bacterial endophytes that colonize different crops spe-
cies. In a study with wheat cultivars, it even was the only
endophytic genus colonizing two cultivars throughout a
number of different plant stages - from the endosperm
stage to the leaf formation stage (Kuźniar et al. 2020).
Several strains of Pseudomonas are known to cause

induced systemic resistance in plants which protects
the plant from insect herbivores, and induce growth
promotion in both shoots and roots (e.g. Pangesti et al.
2017; van de Mortel et al. 2012). Other species of the
genus Pseudomonas are known as pathogens of chry-
santhemum. For instance, it is known that Pseudomonas
cichorii causes stem necrosis (Jones et al. 1983) and that
Pseudomonas syringae causes necrotic leaf spots in
chrysanthemum (Carta 1993). How the full microbiome
network inside the plant supports or inhibits the func-
tions of specific strains is a fascinating topic that needs
further research.

In the conditions here evaluated, the influence of soil
inoculation on the endophytic microbiome did not ex-
plain whether a plant displayed low or high thrips dam-
age. Particular endophytic microbes such as
Trichoderma can enhance plant resistance against thrips
(Muvea et al. 2014). In a previous study with a different
chrysanthemum cultivar we observed that soil inocula-
tion with soils previously conditioned by several wild
plant species reduced the performance of thrips (Pineda
et al. 2020). Hence, our study highlights that microbe-
plant-insect interactions are highly context-dependent,
and that soil, combination of microbial strains present,
plant genotype, and insect behaviour, all could deter-
mine whether microbial inoculation will enhance or
suppress plant resistance to aboveground herbivory
(Gadhave et al. 2018).

Table 1 Endophytic bacterial OTUs of which the relative abundance significantly differs between leaves and roots or between plants grown
in control and inoculated soils. F and P values are shown based on a two-way ANOVA

Plant tissue (leaf/root) Inoculation (yes/no) Plant tissue * Inoculation Family/Genus

F p F p F p

OTU_60 68.490 0.000 2.604 0.159 3.245 0.080 Propionibacterium

OTU_83 15.480 0.000 0.075 0.785 0.139 0.711 Sphingomonas

OTU_57 131.900 0.000 1.435 0.239 2.946 0.094 Ralstonia

OTU_86 36.610 0.001 1.730 0.197 1.630 0.210 Pelomonas

OTU_8 10.370 0.003 1.061 0.310 0.872 0.357 Pantoea

OTU_1 128.300 0.000 27.430 0.007 46.280 0.000 Pseudomonas

OTU_12 154.500 0.000 22.140 0.000 44.170 0.000 Pseudomonas

OTU_27 15.550 0.000 5.197 0.028 5.963 0.022 Pseudomonas

OTU_6 13.570 0.001 8.714 0.005 7.795 0.008 Pseudomonas

OTU_66 0.098 0.756 1.085 0.304 10.090 0.003 Pseudomonas

OTU_75 13.320 0.001 4.619 0.038 4.742 0.036 Pseudomonas

OTU_68 15.360 0.000 1.027 0.317 0.990 0.326 Xanthomonadaceae

OTU_3 27.860 0.006 3.453 0.071 3.508 0.069 Luteibacter
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Interestingly, soil inoculation effects were more vis-
ible in the root than in the leaf compartment. Roots are
in direct contact with the soil and the results suggest that
the microbes specific for the inoculum did not enter the
leaves. However, a recent study with the grass
Deschamptia flexuosa showed that manipulation in the
soil (mycorrhizal addition) lead to altered endophytic
communities in the leaves (Poosakkannu et al. 2017).

Alternatively, in our study, it is possible that the lesser
effect of the soil inoculation on leaf endophytes, is due
an overriding effect of thrips on the microbiome com-
position in leaves. Some thrips species are known to be
vectors of bacterial and fungal diseases, for instance
those belonging to the genus Pantoea (Wells et al.
2002). Unfortunately, our study does not provide a
definite answer as to why the root and shoot endophytic
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communities responded differently to soil inoculation
and a different type of design would be necessary to
further explore the mechanisms involved.

In conclusion, our study shows that soil inoculation
with entire microbiomes changes the root and foliar
endophytic bacterial microbiome of chrysanthemum.
The effects are particularly visible in root tissues. The
endophytic microbiome of chrysanthemum was domi-
nated by Pseudomonadacea and Xanthomonadacea. In
leaves, the relative abundance of Pseudomonadaceae
was higher in inoculated than in uninoculated plants,
while Xanthomonadaceae showed the opposite pattern.
In roots this was reversed, Xanthomonadaceae were
relatively more abundant in the inoculated than in con-
trol plants, and Pseudomonadaceae were more abundant
in control plants. Future studies should focus on the
functions and ecological role of these endophytic bacte-
ria in this important ornamental crop.
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