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Rhizosphere-competent microbes often interact with plant roots
and exhibit beneficial effects on plant performance. Numerous
bacterial and fungal isolates are able to prime host plants for
fast adaptive responses against pathogen attacks. Combined
action of fungi and bacteria may lead to synergisms exceeding
effects of single strains. Individual beneficial fungi and bacteria
have been extensively studied in Arabidopsis thaliana, but little is
known about their concerted actions in the Brassicaceae. Here,
an in-vitro system with oilseed rape (Brassica napus) was estab-
lished. Roots of two different cultivars were inoculated with
well-characterized fungal (Trichoderma harzianum OMG16)
and bacterial (Bacillus velezensis FZB42) isolates alone or in
combination. Microscopic analysis confirmed that OMG16
hyphae entered root hairs through root hair tips and formed
distinct intracellular structures. Quantitative PCR revealed that
root colonization of OMG16 increased up to 10-fold in the pres-
ence of FZB42. Relative transcript levels of the ethylene- and
jasmonic acid-responsive genes PDF1.2, ERF2, and AOC3 were
recorded in leaves by quantitative reverse transcription PCR to
measure induced systemic resistance in tissues distant from the
roots. Combined action of OMG16 and FZB42 induced tran-
script abundances more efficiently than single inoculation.
Importantly, microbial priming reduced Verticillium longispo-
rum root infection in rapeseed by approximately 100-fold
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compared with nonprimed plants. Priming also led to faster
and stronger systemic responses of the defense genes
PDF1.2, ERF2,A0C3, and VSP2.
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Rhizosphere microbiomes play crucial roles in plant growth
and health by improving nutrient mobilization and acquisition,
exhibiting plant growth—promoting properties, enhancing plant
tolerance to biotic and abiotic stresses, possessing antagonistic
effects on phytopathogens and inducing plant defense-related
genes (Berg et al. 2016; Mendes et al. 2011). The rhizosphere is
inhabited by diverse plant growth—promoting microorganisms,
including root-associated fungi (Coleman-Derr et al. 2016;
Rodriguez et al. 2009). Many of those are known to stimulate
the innate plant immune system against a wide range of patho-
gens (Alkooranee et al. 2015; Heil and Bostock 2002; Lee et al.
2012; Naznin et al. 2014). Trichoderma isolates (Ascomycota)
are extensively used as plant-beneficial fungi because of their
versatile abilities to stimulate ISR (induced systemic resistance)
by modulating biosynthesis of numerous signaling molecules
and hormones, including jasmonic acid (JA), ethylene (ET), and
salicylic acid (SA) (Alkooranee et al. 2015; Brotman et al.
2013; Hermosa et al. 2012; Naznin et al. 2014). A number
of Trichoderma strains have also been shown to enter root
cells and develop an avirulent plant endo-symbiotic relation-
ship (Geistlinger et al. 2015; Harman et al. 2004; Tucci et al.
2011). Due to the ability to form intracellular structures,
some Trichoderma strains are categorized as root endophytes
(Hoyos-Carvajal et al. 2009). Mutualistic characteristics of
Trichoderma spp. have already been detected in a large number
of plants including Arabidopsis thaliana (Alonso-Ramirez et al.
2015), cucumber (Meng et al. 2019), tomato (Coppola et al.
2019; Khoshmanzar et al. 2020), rapeseed (Poveda et al. 2019),
and some woody plants (Carro-Huerga et al. 2020).

Besides plant growth—promoting fungi, plant rhizospheres also
harbor communities of plant growth—promoting rhizobacteria
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(Kloepper et al. 1980; Windisch et al. 2021) with the ability to
promote plant growth and suppress pathogens by means of
direct antagonism or indirectly affecting pathogens via stimulat-
ing ISR (Chowdhury et al. 2015; Doornbos et al. 2012). Numer-
ous rhizobacteria are able to enhance the root colonization
ability of symbiotic fungi through synergistic interactions (Frey-
Klett et al. 2007). Bacillus velezensis FZB42, a well-studied
gram-positive rhizobacterium (Fan et al. 2018), can trigger
defense responses against Phytophthora nicotianae infection in
Nicotiana benthamiana leaves by activating expression of the
JA biosynthesis gene LOX, the ethylene-responsive transcription
factor ERF1, and the SA-regulated pathogen-related gene PR-1la
(Wu et al. 2018). The root-endophytic nature of FZB42 was
confirmed, using a green fluorescent protein—labeled strain (Fan
et al. 2011, 2012). Sarosh et al. (2009) demonstrated enhanced
expression of PDF1.2 upon Bacillus velezensis—mediated ISR in
oilseed rape against Botrytis cinerea. The reported responses of
plants primed with Bacillus velezensis include stimulation of resis-
tance gene transcripts, disease suppression as well as increased
root biomass. Nevertheless, potential synergistic effects of Tricho-
derma and Bacillus species in rapeseed and the underlying physi-
ological mechanisms remain elusive.

In the last decades, oilseed rape has been extensively culti-
vated worldwide because of its growing importance as a feed-
stock for edible oil, a forage crop, and a source for renewable
energy (Rybakova et al. 2017). The soil-borne pathogen Verticil-
lium longisporum (C. Stark) can cause massive yield losses in
rapeseed (Karapapa et al. 1997). Developing from microsclero-
tia, V. longisporum hyphae enter the host root system, preferen-
tially via root hairs (Depotter et al. 2016), and subsequently
colonize the root cortex and enter the xylem. Afterward, hyphae
spread through the vascular system (Eynck et al. 2007) and
eventually complete their life cycle by forming microsclerotia
on stem and foliar tissues (Wilhelm 1955). The infestation by
this soil-borne pathogen is vastly devastating in all Brassicaceae
and is hard to eradicate by conventional fungicides (Depotter
et al. 2016). Therefore, the aim of this study was to analyze the
synergistic effects of Trichoderma harzianum OMGI16 and
Bacillus velezensis FZB42 in colonization of rapeseed roots, to
monitor growth responses and changes in root morphology and
to achieve induced systemic resistance against V. longisporum
43 (V143) infection. The presence of OMG16 fungus inside
the root tissue was confirmed by microscopy as well as quan-
titative PCR (qPCR). The amount of root endophytic OMG16
and V143 from in vitro-grown plants were determined by
qPCR. Finally, the potency of preventing infection of Bras-
sica napus seedlings with V. longisporum by priming with
combined application of OMG16 and FZB42 was studied.
Induction of ISR in these plants was investigated by determi-
nation of the transcript abundances of selected rapeseed
defense genes by applying quantitative reverse transcription
PCR (qRT-PCR).

RESULTS

Microscopic observation of root-fungus interactions.

In order to confirm physical interactions between T. harzia-
num. and rapeseed roots, microscopic analysis was conducted
24 h after inoculation and on the next 2 days, which revealed
that OMG16 spores germinated and hyphae were able to pene-
trate rapeseed root hairs. Chitin-specific staining revealed coil-
like structures inside the root hairs (Fig. 1B, C, and D), which
confirmed that hyphae were formed inside the colonized plant
cells. The micrographs shown in Figure 1 provide evidence
that the OMG16 fungus used the root hair tips as an entry
point in root cells. With respect to that, it is important to note
that it was recently shown that fungi occasionally use root hair

tips to enter plant cells (White et al. 2018). Taken together,
these data confirmed the endophytic nature of OMG16 in rape-
seed roots and its ability to develop distinct intracellular
structures.

Enhanced fungal root colonization rate
in the presence of Bacillus velezensis FZB42.

To assess synergistic interactions between 7. harzianum
and Bacillus velezensis, 2-week-old rapeseed roots from
in vitro—cultivated plants were inoculated with either OMG16
or FZB42 alone or with both microorganisms in combination.
Subsequently, the relative amount of the two microbes was
quantified by qPCR at the same timepoints at which root coloni-
zation was observed by microscopic analysis. To investigate the
impact of cocolonization on different cultivars, the Verticillium-
susceptible cultivar AgP1 and the tolerant cultivar AgP4 were
included in this experiment. In comparison with single inocu-
lation, the presence of FZB42 increased the amount of
OMG16 that entered root cells of both cultivars (Fig. 2). The
difference was highly pronounced on the first day, when the
copy number of OMG16 was increased more than 10-fold in
the cocultivation experiment, as compared with inoculation
with the T. harzianum alone. However, also on the next 2 days,
approximately three times more fungal DNA could be detected
in coinoculated plants than in seedlings treated only with
OMG16.

To assess whether acidification or alkalinization of the
medium changed due to single and dual inoculation, OMGI16,
FZB42, and OMG16 plus FZB42 were grown separately in
half-strength Murashige and Skoog (MS) medium and the pH
was measured. We observed that FZB42 could acidify the
growth medium by lowering the pH from 5.8 to 3.6 within
3 days. Also, in cultures coinoculated with OMG16 and FZB42,
the pH declined rapidly, while in cultures inoculated with the
fungus alone, decrease of the pH value was delayed (Supple-
mentary Fig. S1). This might, at least partially, explain FZB42-
mediated growth enhancement of OMGI16 since, as reported
previously, Trichoderma growth is optimal in the acidic pH
range (Pelagio-Flores et al. 2017).

In addition, the presence of OMG16 increased the root coloni-
zation rate of FZB42 significantly (Supplementary Fig. S2). In
cultivar AgP1, the copy numbers of FZB42 were higher (P <
0.05 on the first day and P < 0.0001 on the second and third
days) in coinoculated plants than in plants with single FZB42
inoculation. Moreover, in AgP4, the FZB42 copy number
increased in coinoculated plants 2 days after inoculation (dai)
(P < 0.01). This indicates that both microorganisms act synergis-
tically to colonize the root system of B. napus.

Effects on root morphology and growth.

Several studies have reported that microorganisms can affect
root growth and morphology. Thus, the effects of OMG16 and
FZB42 were investigated in this study. Roots of 2-week-old
rapeseed seedlings of equal sizes were treated with combined or
single inoculation or were just treated with water as a control,
and the subsequent changes in root morphology were digitized
by optical scanning and were evaluated with the WinRHIZO
software. The AgP4 cultivar had longer roots, prolonged fine
roots, and a higher root mass and volume than the AgP1 culti-
var (Supplementary Fig. S3). In the AgP4 cultivar, the develop-
ment of root morphology was higher after single inoculation
with OMG16 or FZB42 than in dual inoculation but only at the
early timepoints. Coinoculation increased root lengths, dry
weight, root volume, and fine-root lengths in early and late
timepoints in the AgP1 cultivar. In this case, single inoculation
had only minor effects on root morphology. (Supplementary
Fig. S3).



Relative expression of rapeseed defense-related genes
after OMG16 and FZB42 treatments.

To analyze whether synergistic effects of OMG16 and FZB42
coinoculation might induce plant systemic resistance more effi-
ciently than single microbe inoculation, 14-day-old rapeseed
roots of both cultivars were treated with OMG16, FZB42, and
OMG16 plus FZB42. The expression of JA/ET-responsive genes
was measured in the leaves at four different timepoints, by

microscopic and root colonization observations. Directly after
inoculation (1 h after inoculation [hai]) and 1, 2, and 3 dai by
qRT-PCR. Allene oxide cyclase 3 (AOC3) was selected as a
marker of the JA pathway, ethylene response factor 2 (ERF2) as
marker for ET signaling, and plant defensin 1.2 (PDF1.2) as a
combined marker for both pathways.

There was no change in the expression of PDFI.2 in the
AgP1 cultivar (Fig. 3A), whereas, in AgP4, single application of

Fig. 1. Intracellular interactions between Trichoderma harzianum and rapeseed. A and B, OMG16 penetrating root hair tips. C and D, Root hairs endo-
phytically colonized with OMG16. Arrows point to dense fungal cell wall (1), loosened fungal cell wall (2), coil-like structure (3) in hyphae stained
with acid fuchsine; asterisks indicate cell walls of root hairs. Roots of 2-week-old plants were stained with acid fuchsine on days 1 (A, B), 2 (C), and

3 (D) after inoculation. Scale bars = 10 pm (A to C) and 50 pm (D).




OMGI16 enhanced PDFI1.2 expression at 1 dai (P < 0.01) as
compared with the untreated control plants (Fig. 3B). Relative
expression of PDFI.2 increased (P < 0.05), as well, in solely
FZB42-treated plants at 3 dai. Transcript abundances were upre-
gulated in OMG16 plus FZB42-treated plants at 2 (P < 0.01)
and 3 dai (P < 0.05). Moreover, PDFI.2 expression was
enhanced at 2 dai (P < 0.01) in OMG16 plus FZB42 coinocu-
lated plants as compared with single FZB42 inoculation.

ERF?2 transcript levels increased in the AgP1 plants on day 2
after combined OMG16 and FZB42 treatment (P < 0.01) as
compared with the untreated plants (Fig. 3C). On the other
hand, in the AgP4 cultivar, relative transcript abundances of
ERF?2 increased in solely OMG16-treated plants at 1 hai (P <
0.05) and 1 (P < 0.01) and 3 dai (P < 0.01). Inoculation with
FZB42 alone enhanced the expression of ERF2 at 1 hai (P <
0.05) and 1 dai (P < 0.01). ERF2 expression was upregulated at
1 hai (P < 0.001) and 1 (P < 0.0001) and 2 dai (P < 0.01) in
coinoculated plants. Combined treatment of OMG16 and FZB42
enhanced ERF?2 expression at 2 dai (P < 0.05) compared with
single FZB42 application (Fig. 3D).

There were no significant differences in AOC3 expression in
the AgP1 cultivar (Fig. 3E). In contrast, in AgP4 single fungal
inoculation upregulated AOC3 expression at 1, 2, and 3 dai (P <
0.01 each) compared with the untreated plants. AOC3 expression
was also enhanced in single OMG16 treated plants at 2 dai (P <
0.05), as compared with FZB42 treatment (Fig. 3F). Relative
expression of AOC3 increased in coinoculated plants at 1 hai
(P < 0.05) and 2 and 3 dai (P < 0.01 each) compared with the
untreated plants.

Synergism of OMG16 and FZB42 reduced
V. longisporum V143 root colonization.

To this end, our results demonstrated that defense-related
genes were induced in the B. napus AgP4 cultivar by inoculation
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with OMG16 and FZB42, while only a weak response was
observed in the AgP1 variety. Thus, we decided to investigate
the reaction in the AgP4 cultivar in more detail, particularly
whether priming may reduce the root infection rates caused by
V. longisporum Roots of 14-day-old B. napus cv. AgP4 seed-
lings were primed with OMG16 plus FZB42. Two days after
priming, roots were infected with pathogenic V. longisporum
VI43. The absolute amount of V143 DNA present in total root
DNA of primed plants was quantified by qPCR and was com-
pared with the amount present in nonprimed plants. This indi-
cated that the presence of V143 DNA was drastically reduced
in primed plants, as compared with the nonprimed controls, at
1, 2, 3, and 5 dai (P < 0.0001 each) (Fig. 4A). Disease symp-
toms could not be observed due to the short growth period of
the in-vitro plantlets.

To investigate the systemic defense responses of the plants,
the relative transcript abundances of the previously used JA/ET
marker genes PDF1.2, ERF2, and AOC3 were analyzed in leaf
tissue by qRT-PCR. In addition, expression of the JA-specific
marker gene VSP2 (vegetative storage protein 2) was mea-
sured. Among the previously employed marker genes, PDF1.2
showed again the strongest response. PDF1.2 expression was
higher at 1 dai (P < 0.01) in VI43-infected primed plants than
in the VI43-infected nonprimed plants. In nonprimed VI43-
infected plants, PDF1.2 expression was enhanced at 1 (P <
0.01), 2, 3, and 5 dai (P < 0.0001 each) compared with the
untreated control plants. PDF1.2 expression was also enhanced
in Vl43-infected primed plants at 1, 2, 3, and 5 dai (P <
0.0001 each) (Fig. 4B). Relative transcript abundances of ERF2
were significantly increased at 2 (P < 0.05) and 5 dai (P < 0.01)
in primed plants compared with untreated controls. In contrast, in
Vl143-infected, nonprimed plants ERF2 expression was enhanced
only at 5 days (P < 0.01) after treatment (Fig. 4C). In primed
plants, AOC3 expression was already elevated at 2 (P < 0.01)
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Fig. 2. Quantification of OMGI16 in total root DNA. Two-week-old rapeseed roots of two cultivars (AgP1, left; AgP4, right) were inoculated with
OMG16 and OMG16 plus FZB42. Copy numbers of OMG16 were determined by quantitative PCR (qPCR), using the absolute quantification method.
Welch’s ¢ test was employed at P < 0.05 after performing the Shapiro-Wilk normality test (n = 5, in quadruplicate qPCRs, except OMG16 at 2 and 3 days
after inoculation (dai), OMG16+FZB42 at 3 dai in AgP1, and OMG16 at 2 dai in AgP4, where n = 4). All data sets were normally distributed except the
copy number of OMGI16 at 1 dai in AgP4. Therefore, Wilcoxon rank-sum test was employed, at P < 0.05, in this sample. One asterisk (*) indicates P <
0.05, two (**) P < 0.01, and three (***) P < 0.001. OMG16 = Trichoderma harzianum OMG16, FZB42 = Bacillus velezensis FZB42.



and 5 dai (P < 0.05) after V143 infection, while expression of
AOC3 in nonprimed Vl143-infected plants started to increase only
as late as 5 dai (P < 0.05) (Fig. 4D). To investigate activation of
the JA pathway in more detail, we also included the VSP2
marker gene in this experiment, which showed enhanced expres-
sion at 1, 2, 3, and 5 dai (P < 0.0001 each) in Vl143-infected
primed plants, as compared with the untreated controls. VSP2
expression increased likewise at 1, 2, 3, and 5 dai (P < 0.0001
each) in nonprimed VI43-infected plants. Moreover, higher

expression of VSP2 was detected at 2 dai (P < 0.01) in VI43-
infected primed plants than the VI143-infected nonprimed plants
(Fig. 4E).

DISCUSSION

Interaction between rapeseed roots and 7. harzianum.
We have confirmed that 7. harzianum OMGI16 exhibits
an intracellular endophytic lifestyle in rapeseed roots of
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Fig. 3. Relative expression of rapeseed defense genes PDF1.2, ERF2, and AOC3 upon OMGI16, FZB42, and OMGI16 plus FZB42 inoculation. Two-
week-old rapeseed roots of two cultivars (AgP1, left; AgP4, right) were inoculated, and relative transcript abundances were analyzed by quantitative
reverse transcription PCR (qRT-PCR) in leaves at 1 h after inoculation (hai) and 3 consecutive days after inoculation (dai) of roots. BnaUbiquitinl1,
BnaActin, and BnaTubulin were used as endogenous controls for normalization. Box and whisker plots show quantification cycle values of five plants
with quadruplicate qRT-PCRs, in which significance of gene expression was calculated by Dunnett’s test, with multivariate testing adjustment at P <
0.05 compared with the control plants. To compare the differences in gene expression upon OMG16, FZB42, and OMF16 plus FZB42 treatments, one-
way analysis of variance with post hoc Tukey’s highly significant difference tests were performed. One asterisk (*) indicates P < 0.05, two (**) P <
0.01, three (***) P < 0.001, and four (****) P < 0.0001. OMG16 = Trichoderma harzianum OMG16, FZB42 = Bacillus velezensis FZB42.
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Fig. 4. Priming with OMG16 and FZB42 enhances the resistance of Brassica napus cv. AgP4 against infection with Verticillium longisporum. A, Roots of
2-week-old rapeseed plantlets of the AgP4 cultivar were primed with OMG16 plus FZB42. Two days after priming, roots were infected with V143. The absolute amount
of V143 DNA in root samples was quantified by quantitative PCR, using a single locus genomic region of VI43. An unpaired # test was performed at P < 0.05 between
OMG16 plus FZB42 plus V143 and V143 alone. A, Quantification of V143 DNA in total roots and B, relative expression of rapeseed defense genes PDF1.2, C, ERF2,
D, AOC3, and E, VSP2 upon OMG16 plus FZB42 plus V143 and V143 inoculation alone. To assess systemic responses, the relative transcript abundances of the rape-
seed defense genes PDF1.2, ERF2, AOC3, and VSP2 were analyzed by quantitative reverse transcription PCR (qQRT-PCR) in leaves of the same plants tested in A.
BnaUbiquitinl 1, BnaActin, and BnaTubulin were used as endogenous controls for normalization. Box and whisker plots show quantification cycle values of five bio-
logical replicates with quadruplicate qRT-PCRs where significance of gene expression was calculated by Dunnett’s test with multivariate testing adjustment at P <
0.05 compared with the control plants. Relative expression of genes between OMG16 plus FZB42 plus V143 and single V143 treatments was calculated by unpaired ¢
test at P < 0.05. One asterisk (*) indicates P < 0.05, two (**) P < 0.01, three (***) P < 0.001, and four (****) P < 0.0001. OMG16 = Trichoderma harzianum
OMG16, FZB42 = Bacillus velezensis FZB42, V143 = V. longisporum 43, dai = days after infection.



in vitro—grown plantlets, as visualized by microscopic analyses.
Axenic OMG16 possessed the ability to penetrate root hairs
shortly after inoculation, notably within 24 h. In a previous
study, microscopic observations detected 7. harzianum CECT
2413 hyphae on tomato root surface at 24 h after inoculation
(Samolski et al. 2012). In plant families other than the Brassica-
ceae, T. harzianum T-203 attached, to the root epidermis but not
to root hair tips in cucumber, by forming appressoria-like struc-
tures mediated by TasHydI-encoded hydrophobin proteins
(Yedidia et al. 1999; Viterbo and Chet 2006). T. harzianum
CECT 2413 can also colonize the intercellular spaces of tomato
roots without disrupting cell integrity and, subsequently, enters
root epidermal cells and the cortex (Chacén et al. 2007;
Velazquez-Robledo et al. 2011; Yedidia et al. 1999) while
it undergoes morphological changes, such as formation of
papilla-like swollen hyphal tips and yeast-like cells
(Chacén et al. 2007). In our study, OMG16 bound high
amounts of fuchsine red in the cell walls, which enabled us
to distinguish densely compacted hyphae from hyphal cell-
wall structures of lower density (Fig. 1). These regions of
lower cell-wall density may be considered as potential sites
of molecular crosstalk (Harman et al. 2004; Yedidia et al.
2000) between the fungus and plant, which possibly led to
transcriptional responses of the rapeseed defense-related
genes expressed systemically in leaves. Appressoria-like
structures on the root epidermis or cortex were not found,
which provided further evidence that root hair tips were the
main entering sites of OMGI16 into the rapeseed root
system.

Effects of synergism on Trichoderma root
colonization abundance.

Quantification of OMG16 DNA in roots, using established pro-
tocols (Geistlinger et al. 2015; Poveda et al. 2019), demonstrated
that the presence of FZB42 together with the fungus exhibited
synergistic effects and significantly enhanced the Trichoderma
root colonization rate (Fig. 2). Medium acidification caused by
Bacillus velezensis FZB42 (Mpanga et al. 2020) might be a factor
for improved root colonization frequency of 7. harzianum
OMG16 (Supplementary Fig. S1). In addition, other mechanisms
might be relevant. For instance, Bacillus amyloliquefaciens
enhances the expression of cellulase- and xylanase-encoding
genes (Karuppiah et al. 2021) as well as plant defense-response
suppressors (Karuppiah et al. 2019), which favorably prepare the
cell walls of the roots for beneficial fungi to penetrate. In soil-
grown maize, the root colonization rate of OMGI16 successfully
increased by 210% in the presence of a consortium of five Bacil-
lus strains (Mpanga et al. 2019b). However, this effect depended
largely on preferential ammonium supply together with the nitrifi-
cation inhibitor DMPP (3,4-dimethylpyrazole-phosphate) (Mpanga
et al. 2019a). This resembles the conditions in our study, in which
Murashige and Skoog medium was used under sterile conditions,
which prevents ammonium nitrification. Another important factor
might be increased fine-root growth. Importantly, our data dem-
onstrated that inoculation of B. napus with FZB42 stimulated
fine-root growth (Supplementary Fig. S3C), which provided a
larger root surface area for quicker and better OMG16 root col-
onization. With respect to that, it is important to mention that,
particularly at early timepoints, significantly more fungal DNA
could be detected in cotreated roots than in roots treated with
OMG16 alone (Fig. 2), which substantiates the enlarged surface
area hypothesis. Indeed, it has been previously shown that
rhizosphere-competent bacteria can stimulate fine-root forma-
tion, which subsequently provides increased potential sites for
plants and fungi to interact (Frey-Klett et al. 2007). Such effects
have also been described for FZB42 (Thonar et al. 2017; Yusran
et al. 2009).

Effects of synergism on the expression
of defense-related rapeseed genes.

We provide compelling evidence in Figure 2 for synergistic
effects of Trichoderma and Bacillus species in colonization of
B. napus roots. Analysis of gene expression by qRT-PCR
(Fig. 3) at the same timepoints revealed a very slow and weak
induction of the selected defense-related genes PDFI1.2, ERF2,
and AOC3 in the AgP1 cultivar. In sharp contrast, expression of
the analyzed genes was much faster and greater in the AgP4 cul-
tivar, pointing also to genotypic differences in responsiveness of
the selected rapeseed hybrids. In the experiment, the advantage
of coinoculation became clearly visible in this cultivar at 2 dai.
Expression of the ET marker gene ERF2 was increased at 1 hai
and remained activated till 2 dai in dual-inoculated plants. Coin-
oculation also enhanced ERF2 expression more strongly than
did the single bacteria. In a previous study, ET-responsive tran-
scription factors (ERFs) belonging to a subfamily of the AP2/
ERF superfamily (Yang et al. 2016) were shown to directly reg-
ulate the activation of JA/ET-dependent defense genes and to
play a vital role in A. thaliana resistance against necrotrophic
pathogens.

AOC3, which encodes a JA biosynthesis gene (Stenzel et al.
2012), was expressed at 1 hai and remained activated till 3 dai
(except 1 dai) in coinoculated plants. The AOC3 enzyme cata-
lyzes the formation of 12-oxo-phytodienoic acid, the first biolog-
ically active intermediate in jasmonate biosynthesis (Schaller
et al. 2008). Tolerance against different biotic and abiotic
stresses induced by the JA hormonal pathway through the acti-
vation of AOC genes was achieved in A. thaliana (Stenzel et al.
2012), barley (Jacquard et al. 2009), wheat (Eltayeb Habora et al.
2013; Zhao et al. 2014), soybean (Wu et al. 2011), and Jatropha
curcas (Liu et al. 2010).

The expression of PDF1.2 also was significantly upregulated
in OMG16 plus FZB42 coinoculated plants at 2 and 3 dai, as
compared with the controls. Besides, PDFI1.2 expression was
higher at 2 days after dual inoculation than after single inocula-
tion. Taken together, these data suggest that the JA and ET sig-
naling pathways were activated in AgP4 plantlets shortly after
combined microbial treatment (1 hai) and remained activated at
least until 3 dai (Fig. 3B, D, and F), the end point of this experi-
ment. A similar effect was reported in oilseed rape, in which
Bacillus velezensis induced ISR by increasing JA/ET-dependent
PDF1.2 expression against Botrytis cinerea (Sarosh et al. 2009).
However, our gene-expression data suggest that combined appli-
cation of root endophytic OMG16 and FZB42 can activate the
rapeseed defense pathways more efficiently than inoculation
with the fungus or bacterium alone.

Priming effects on V. longisporum root infection in AgP4.
To investigate whether priming may reduce the susceptibility
of rapeseed roots for infection with V143, plants were primed
with OMG16 plus FZB42 2 days prior to V143 infection. Subse-
quent quantification of VI43 DNA by qPCR demonstrated that
primed plants were approximately 100 times less colonized by
V143 than nonprimed plants. As shown by our microscopic stud-
ies (Fig. 1), OMG16 forms endophytic hyphae in B. napus root
hairs, which may act as physical barriers for VI43 hyphae to
grow and penetrate the roots. A similar mechanism may also
account for the FZB42 bacterial cells that had colonized the
roots. Moreover, competition of OMG16 and FZB42 with V143
hyphae for minerals and nutrients might be an additional factor
for V143 growth suppression. Previous studies showed that
Trichoderma asperellum T34 protected tomato plants from
fusarium wilt by iron competition (Segarra et al. 2010). Pichia
guilliermondii suppressed Botrytis cinerea in apple (Zhang et al.
2011) and Colletotrichum spp. in chilli (Chanchaichaovivat et al.
2008) by competition for sugars and nitrate. Furthermore,



hydrolytic enzymes produced by many Trichoderma strains may
permeabilize and degrade the cell wall of fungal pathogens to
facilitate the subsequent entry of secondary antimicrobial metab-
olites (Karlsson et al. 2017; Kohl et al. 2019). Recently it was
shown that an effective biocontrol activity was achieved in vitro
by a Trichoderma virens strain that produced bioactive sidero-
phores (Angel et al. 2016) and membrane-attacking peptaibols
(Palyzova et al. 2019). Similarly, Bacillus velezensis PGPBacCA1
was shown to secrete antifungal compounds including surfactin,
iturin, fengycin, and bacillomycins into the interaction zones with
the pathogens Macrophomina phaseolina (Torres et al. 2016),
Fusarium oxysporum (Palyzova et al. 2019), and Verticillium
dahliae (Han et al. 2015). Similar mechanisms as observed in this
study might also produce an antifungal effect of combined
OMG16 and FZB42 application to inhibit V143 growth.

Besides reducing V143 growth in root tissue, priming of rape-
seed cultivar AgP4 with OMG16 and FZB42 also enhanced the
plant systemic defense response against V143 infection (Fig. 4).
Analysis of gene expression by qRT-PCR revealed a fast and
strong induction of VSP2 and PDF1.2 in leaf tissues. Expression
of these two defense marker genes indicated the activation of
the JA/ET signaling pathways both in VI43-infected primed
and nonprimed plants. In addition, expression of the JA and ET
marker genes AOC3 and ERF2 reacted faster and stronger to

V143 infection in primed compared to nonprimed plants. In line
with our results, a previous study showed that 7. harzianum
TH12 induces systemic resistance via the JA/ET pathways by
increasing the ERF2, PDF1.2, and AOC3 gene expression lev-
els at 1 and 2 dai in oilseed rape and thereby establishes sys-
temic resistance against Sclerotina sclerotiorum (Alkooranee
et al. 2017). Similar synergistic effects were observed in the
combined application of T. harzianum Tr6 and Pseudomonas
sp. strain Ps14, which significantly increased the resistance
level in cucumber against F. oxysporum through elevated
expression of a set of defense-related genes (Alizadeh et al.
2013).

Conclusion.

Our study has demonstrated that 7. harzianum OMG16 and
Bacillus velezensis FZB42 acted synergistically to induce the JA
and ET hormone signal transduction pathways in rapeseed,
which are crucial for activating ISR. Pretreatment of roots with
both OMG16 and FZB42 restrict V143 infection in roots and
systemically transduced fast, strong, and long-lasting signals
based on the JA and ET hormonal pathways (Fig. 5). Due to the
importance of early root development for field performance of
oilseed rape (Koscielny and Gulden 2012; Louvieaux et al.
2020) and the continuously declining availability of chemical
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Fig. 5. Simplified model of molecular mechanisms involved in rapeseed defense signaling modulated by crosstalk between the ethylene (ET) and jas-
monic acid (JA) hormonal pathways in response to Trichoderma-rapeseed interaction and Trichoderma-Bacillus-rapeseed synergism. Red represents
faster and stronger while blue represents slower and weaker responses. In both cultivars, OMG16 hyphae attached to the top of root hair tips and, after
penetration, developed distinct intracellular structures. Also root development was enhanced in coinoculated plants of both cultivars. In OMG16 and
FZB42-coinoculated AgP1 plants, the ET signal was transduced from the root system to leaves, in which it induced expression of the ET-responsive
gene ERF2. JA/ET signal transduction was absent after single OMG16 inoculation. In the AgP4 cultivar, combined treatment of OMG16 and FZB42 in
roots transduced strong JA and ET signals, which induced expression of the JA/ET marker gene PDF1.2, the JA biosynthesis gene AOC3, and the
ET-responsive ERF2 gene in leaves. In OMG16 and FZB42 primed plants, expression of the JA and ET marker genes was, in general, stronger and
faster after V143 than in the controls. Figure created with BioRender.com.




plant protection agents, our results may offer a perspective for
the development of alternative and sustainable approaches to
enhance the tolerance of rapeseed cultures against fungal infec-
tions. The results also suggest that cultivar-dependent differ-
ences in the responsiveness of host plants with respect to
inoculant effects need to be considered in this context. This
may, at least partially, explain the reported variability of plant
responses to beneficial microbes frequently observed under
field conditions.

MATERIALS AND METHODS

Fungal and bacterial culture conditions.

T. harzianum OMG16 strain (Moradtalab et al. 2020; Mpanga
et al. 2019a, b) was obtained from the strain collection of Anhalt
University of Applied Sciences, Bernburg, Germany. The fungus
was grown on potato dextrose agar (PDA) (Carl Roth) at room
temperature. Spores were harvested by adding 5 ml of sterile
deionized water to the surface of a 20-day-old PDA plate. The
obtained spore suspension was filtered through a single layer of
Miracloth (Merck), in order to separate mycelial fragments from
conidia. The spore concentration was determined with the hemo-
cytometer and was adjusted to a final concentration of 20,000
spores per milliliter. Fresh spore suspension of VI43 with a con-
centration of 10° spores per milliliter was provided by NPZ
Innovation GmbH, Hohenlieth, Germany. The fungus was
grown in potato dextrose broth for 7 days, at 23°C, on a rotary
shaker at 100 rpm. The spore suspension was harvested by filter-
ing through sterile gauze. Spore concentration was counted with
a hemocytometer and was adjusted to 10° spores per milliliter
(Eynck et al. 2009).

The bacterial strain Bacillus velezensis FZB42 syn. Bacillus
amyloliquefaciens subsp. plantarum FZB42 was provided by
ABIiTEP GmbH. A single colony of Bacillus velezensis FZB42
was picked to inoculate DEV nutrient medium (per liter: meat
extract 10.0 g, meat peptone 10.0 g, and sodium chloride 5.0 g,
adjusted to pH 7.3 with NaOH). The culture was grown over-
night at 37°C at 160 rpm to an optical density at 600 nm
(ODgqg) of 0.2 in order to inoculate rapeseed roots.

Plant materials, growth conditions,
and microbial inoculation.

Induction of defense-related genes caused by OMG16 and
FZB42 separately or in combination was analyzed in two B.
napus (oilseed rape) genotypes, AgP1 and AgP4. B. napus
seeds were provided by the NPZ Innovation GmbH. According
to the classification in Verticillium bioassays, AgP1 was more
susceptible toward the pathogen in the juvenile stages than was
AgP4 (Supplementary Fig. S4). Furthermore, the genotypes
differ in speed of emergence and root architecture. While
AgP4 germinates faster and shows a tap root-dominant pheno-
type with a high proportion of root hairs, AgP1 is slower in
germination and has a more pronounced lateral root system.
Both genotypes were “00” hybrids. B. napus seeds were
surface-sterilized with 3% sodium hypochlorite solution (Carl
Roth) for 15 min and were thoroughly washed three times with
sterile deionized water. Surface-sterilized seeds were plated on
sterile glass Petri dishes fitted with filter papers (grade MN
619 eh) (Macherey-Nagel), which were soaked with autoclaved
water. The seed plates were incubated for 12 h at 8°C in the
dark. Subsequently, the plates were transferred into a growth
chamber with 16 h of light (80 pmol m™s™") and 8 h of dark,
at 20°C and 60% relative humidity for germination. Six-day-
old single seedlings were transferred into sterile boxes fitted
with sterile filter papers soaked with half-strength MS medium
(Sigma-Aldrich) supplemented with 0.5% sucrose and 5.4 pM
NAA (1l-naphthylacetic acid). These plant boxes were placed

in an incubator set to the conditions mentioned above. Roots
of 14-day-old seedlings were directly treated on filter paper
with deionized water (control), OMG16, FZB42, or OMG16
plus FZB42. Prior to inoculation, an approximately 2-cm arch
was formed with the roots to prevent spreading of the microor-
ganisms on the filter paper (Supplementary Fig. S5). For single
fungal inoculation, plants were treated with 10-pl fungal spore
suspensions (200 spores per root) dropped directly onto each
arch of roots (drop inoculation). For single bacterial inoculation,
roots were inoculated with 10 pl of FZB42 culture with an
ODgqo of 0.23 (corresponding to approximately 1.8 x 10° cells
per milliliter), as estimated by using Agilent’s Escherichia coli
cell culture concentration from the ODgq calculator. For coino-
culation, single roots were inoculated with a 20-pl mixture of
OMG16 and FZB42 solution. Five biological replicates were
collected for each treatment.

Microscopy.

To analyze rapeseed root colonization by T. harzianum.,
14-day-old rapeseed seedlings were inoculated with OMG16
and OMGI16 plus FZB42. Prior to staining, roots were sepa-
rated from the stem with a sharp scalpel and were thoroughly
washed with tap water. Then, the roots were heated in 10%
KOH for 3 min at 121°C. After heating, roots were washed
repeatedly in tap water. Afterward, roots were soaked in 1%
HCI for 1 h and were then stained with fuchsine red solution
(0.01% acidic fuchsin, 87.5% lactic acid, and 6.3% glycerol in
H,0) for 3 min at 121°C. Lastly, the roots were stored in 50%
glycerol and were visualized under a Zeiss Axio Observer 7
inverse microscope, using the ZEN 2.0 imaging software (Carl
Zeiss).

Primer design.

Initially, the primer sequences of Bacillus velezensis FZB42
strain-specific marker and two ISR genes, AOC3 and ERF2,
were taken from Borriss (2011) and Alkooranee et al. (2017),
respectively. The targets were amplified and sequenced (Micro-
synth Seqlab), and internal primer sequences were designed,
using the Primer 3 software (Rozen and Skaletsky 2000). In
order to design VSP2 and BnaUbiquitinll primer pairs, a total
of five sequences of BnaUbiquitinll gene transcripts and two
sequences of VSP2 transcripts were taken from the National
Center for Biotechnology Information database. Consensus
sequences were generated from five and two entries, respec-
tively, using BioEdit Sequence Editor, version 7.0.5 (Ibis Bio-
sciences), and were used to design primer pairs. OMG16
primers were designed from a distinct microsatellite locus
(AGT);3. Its sequence is shown in Supplementary Figure S6.
All primer sequences used in this study are listed in Supplemen-
tary Table S7.

Quantification of OMG16 root colonization.

The relative amount of root endophytic OMG16 fungal DNA
in the presence or absence of FZB42 bacterium inside rapeseed
roots was determined in total root DNA by qPCR, using the
absolute quantification approach, based on a standard curve.
Total DNA was extracted from roots of plants inoculated with
OMG16 and OMG16 plus FZB42. Approximately 3-cm root
sections were cut from drop-inoculated samples with a sharp
scalpel, were washed with sterile deionized water by vortexing
for 30 s, were rinsed with water, were dried between soft tissue
papers, and were cut into small pieces. Total DNA was isolated
from approximately 50 mg of root segments with the DNeasy
plant mini kit (Qiagen) according to the manufacturer instruc-
tions. DNA quality was assayed on 0.9% agarose gels and con-
centrations were determined with the Qubit 3.0 fluorometer
using the Qubit dsDNA assay kit (Thermo Fisher Scientific).



gPCR was carried out in 20-pl reaction volumes containing
15 ng of extracted root DNA, 10 ul of PowerUp SYBR Green
master mix (Applied Biosystems), the forward and reverse pri-
mers, at final concentrations of 5 pmol each, and nuclease-free
PCR-grade water to adjust the final volume. Strain-specific
markers for OMGI16 (T.harz.SSRAGTI13-F/R) and FZB42
(FZB42-F/R) were applied for absolute quantification of the
resulting amplicons. Amplifications were performed in a Quant-
Studio 5 real-time PCR system (Applied Biosystems) under the
following conditions: 50°C for 2 min, 95°C for 2 min, and 40
cycles of amplification (denaturation, 95°C for 1 s; annealing
and elongation, 60°C for OMG16 or 63°C for FZB42, for 20 s).
A melting curve was recorded with initial denaturation at 95°C
for 1 s, annealing at 60°C for 20 s, and finally, a linear increase
of the temperature from 60 to 95°C with a rate of 0.1°C s\
gPCR was performed in technical quadruplicate for each biolog-
ical replicate. Standard curves were determined with dilution
series of pure OMG16 and FZB42 DNAs in the range of 10 ng
to 1 pg. The absolute amount of OMG16 and FZB42 DNA in
total root DNA was calculated from quantification cycles (Cq),
using the standard curves. Copy numbers of OMGI16 strain-
specific genomic region were calculated from the absolute
amount of OMG16 DNA. There were no cross reactions with
any of the bacterial or plant DNAs used.

Observation of root morphology.

Roots of 2-week-old rapeseed seedlings were inoculated with
OMGI16, FZB42, and OMGI16 plus FZB42 strains by drop-
inoculation or were treated with distilled water for control
according to the procedure described above. Five biological rep-
licates were assigned for each treatment and cultivar, and care
was taken that seedlings of identical developmental stage and
size were used for the experiment. Roots were harvested on
three consecutive days after inoculation and were stored in 30%
(vol/vol) ethanol until further use. The root systems were spread
in a film of water in transparent Perspex trays and images were
taken with a flat-bed scanner (Epson Expression 10000 XL).
Root morphological characteristics were measured with the
WinRHIZO Pro V.2009c image analysis system (Reagent
Instruments, WinRHIZO software release 2009). Afterward, the
roots were oven dried at 65°C for 48 h, in order to assess the
dry weights.

Gene-expression studies
upon beneficial microbial treatments.

The green plant parts from root colonization experiments
were immediately transferred to —80°C at 1 hai, and 1, 2, and 3
dai. Total RNA was isolated from approximately 60 mg of
leaves, using the RNeasy plant mini kit (Qiagen), according to
the manufacturer instructions with the following modifications.
Plant material was ground in a speed mill (FastPrep 24, MP
Biomedicals) with 450 pl of Qiagen lysis buffer containing 1%
2-mercaptoethanol. Approximately 350 pl of clear lysates were
obtained and were aliquoted into 50 pl each for DNase treat-
ment. Turbo DNase (1 pl) (TURBO DNA-free kit, Thermo
Fisher Scientific) was added twice in each 50-ul lysate aliquot
and was incubated at 37°C for 20 and 10 min, respectively.
DNase inactivation reagent (20 pl per tube) was added to stop
the enzymatic reaction and to remove divalent cations. RNA
extraction was continued according to the instructions of the
RNeasy plant mini kit (Qiagen). RNA concentrations were
quantified with a Qubit 3.0 fluorometer using the Qubit RNA
HS assay kit (Thermo Fisher Scientific). cDNA was synthesized
from 1.2 pg of total RNA, using the SuperScript IV first-strand
synthesis system (Thermo Fisher Scientific). cDNA concentra-
tions were measured with a Qubit 3.0 fluorometer, using the
Qubit ssDNA assay kit (Thermo Fisher Scientific).
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Gene expression was analyzed by qRT-PCR based on relative
transcript abundances. The ideal annealing temperature (Supple-
mentary Table S7) of each primer pair was determined by gradi-
ent PCR and was adopted in qRT-PCR, which was performed
in a QuantStudio 5 real-time PCR system (Applied Biosystems)
with PowerUp SYBR Green master mix (Applied Biosystems).
All PCR reactions contained 65 ng of cDNA, 10 pl of master
mix, and 5 pmol each of forward and reverse primers and were
carried out in quadruplicate in 20 pl of total volume under the
following conditions: 50°C for 2 min, 95°C for 2 min, and
40 cycles of amplification (denaturation, 95°C for 1 s; annealing
and elongation, 60°C for 30 s). After amplification, a melting
curve was recorded as described above. Standard curves with
the amplification efficiency of each primer pair and melting
curves of generated PCR products are shown in Supplementary
Figure S8. BnaUbiquitinll, BnaActin, and BnaTubulin were
used as endogenous controls for normalization. Relative tran-
script abundances were calculated using the Pfaffl and Vande-
sompele methods (Pfaffl 2001; Vandesompele et al. 2002) and
MIQE guidelines for gqRT-PCR (Bustin et al. 2009). Briefly,
efficiency corrected Cq of three endogenous controls were aver-
aged and ACq (Cq reference genes minus Cq target gene) was
calculated.

Infection of rapeseed roots with V143.

B. napus seeds of the AgP4 cultivar were grown following
the procedure described above. Two-week-old rapeseed roots
were taken from the sterile boxes and were incubated by dipping
for 30 min in a mixed suspension of OMG16 (2,000 spores per
milliliter) plus FZB42 (ODggy = 0.275, corresponding to approx-
imately 2.2 x 10® cells per milliliter) or in deionized water (con-
trol). Subsequently, plants were placed back in the boxes and
were incubated in a growth chamber set to the conditions men-
tioned above. Two days after OMG16 plus FZB42 treatment,
roots of the primed plants were infected by dipping them into
V143 spore suspension (10° spores per milliliter) for 30 min or
into deionized water (control). As positive controls, roots of
nonprimed AgP4 seedlings were infected by dipping in V143
spores for 30 min. For each treatment, three individual plants
were pooled to obtain one biological replicate and five biological
replicates were collected for each treatment.

Quantification of V143 DNA.

The absolute amount of V143 DNA present in total root DNA
of VI43- and OMGI16 plus FZB42 plus VI43—treated plants
were quantified. qPCR analysis was performed by following the
protocol mentioned above with 15 ng of DNA isolated from
infected roots and the V. longisporum—specific primer pairs
OLG70 and OLG71 (Eynck et al. 2007).

Relative expression of defense-related genes
after V143 infection.

Relative expression of rapeseed defense genes upon V143 patho-
gen challenge was analyzed by qRT-PCR. Total RNA was isolated
from leaves. qRT-PCR analysis was performed with 15 ng of
cDNA according to the protocol described above.

Statistical analysis.

All calculations were carried out with R software, version
4.0.2 (R Development Core Team 2019). In the root coloniza-
tion experiment with OMG16, a Shapiro-Wilk normality test
was performed. All data sets were normally distributed except
the copy number of OMG16 at 1 dai in AgP4 cultivar. Thus, a
Wilcoxon rank-sum test was employed at P < 0.05 at 1 dai for
the AgP4 cultivar and the rest of the data were analyzed with
Welch’s ¢ test at P < 0.05. Observation of root morphology was
analyzed by Dunnett’s test with multivariate testing (mvt)



adjustment at P < 0.05. Significant differences in transcript
abundances were also calculated by Dunnett’s test with mvt
adjustment at P < 0.05. The differences in gene expression
upon single and combined microbial treatments were analyzed
by one-way analysis of variance with post hoc Tukey’s highly
significant difference tests. Unpaired ¢ test was performed at
P < 0.05, to analyze the amount of V143 in rapeseed roots. Sig-
nificant differences were denoted using asterisks as follows:
one asterisk to indicate P < 0.05, two P < 0.01, three P <
0.001, and four P < 0.0001.
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