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Abstract
Medicinal plant cultivation in Controlled Environment (CE) is increasing in the context of the new findings concerning
the abiotic stress factors manipulation that leads to a significant increment in bioactive substances. Pathogen control is a vital
part of the cultivation system, therefore the study was focused on biological methods of controlling a frequently occurring
disease, by inoculating the sterile substrates specific in hydroponics, with the beneficial organism. Hypericum perforatum
seedlings were inoculated with Fusarium oxysporum and with Trichoderma spp. The results showed that the method of
inoculation had a significant effect on the success of the biological control. The plants treated with Trichoderma spp. had a
two-fold increase in foliar biomass and better development of roots than the plants inoculated with the pathogen.
Morphologically there were no significant differences, with some notable exceptions. The health status of the seedlings
inoculated with the pathogen showed signs of the disease, even in the presence of Trichoderma spp. Finally, determinations of
Volatile Organic Compounds (VOCs) at the root level showed that the biotic stress was considerable higher in the rockwool
substrate that increased the secondary metabolism giving new perspectives in the cultivation of medicinal plants in CEA.
Keywords: food security, fungi, soilless, metabolites, St. John’s Wort

Introduction

Controlled Environment Agriculture (CEA) has the
advantage of precise manipulation of the environmental
parameters that can determine high yields and quality of the
crops (Chen et al., 2011). Using the knowledge of the plants
together with the ever-developing technology, the products
obtained can be improved for treating a large number of
health conditions (Musharof, 2011).
The biochemical profile of the plants can indicate if
there are any stress conditions. The secondary metabolism is
not vital for the survival of the plants but it has a defensive

role against pathogens that are responding to improper
growing conditions (Hartmann, 2007; Atkinson and
Urwin, 2012; Rejeb et al., 2014).
Soil-borne pathogens are some of the most daunting
problems in crop protection. The fungi are difficult to
observe, control and avoiding their occurrence is almost
impossible. Fusarium spp. can damage up to 100 different
species and can produce a series of toxic secondary
metabolites that are a threat to the agriculture bio-safety,
food security and the health of plants, animals, and people
(Berges et al., 2013). F. oxysporum colonizes the plant
through the root system, then the xylem, preventing the
optimal development of the host plant (Gawehns et al.,
2013).
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The biological control is gaining traction among farmers
and researchers because of its efficiency and have less
negative impact on the environment. Furthermore, this
method is important in cultivating medicinal plants where
studies showed that the reaction of the plants to the
pathogens can increase the activity of the secondary
metabolism, their root systems acting as a chemical factory
(Hadi et al., 2013; Ding et al., 2014; Ganwar et al., 2014;
Bahraminejad et al., 2015).
In the hydroponic systems, the pathogen spreads rapidly
and the exposure of the roots in the nutrient solution can
spark a quick loss of the crops. The fungi can develop in the
sterile substrates also, if the conditions allow because it can
be carried in the growing chamber through air spores or by
the growers, through the equipment (Postma et al., 2013).
One of the most popular microorganisms for biocontrol
is Trichoderma spp., arbuscular fungi that can be found in
different types of soil. In nature, the fungi can be hardly
identified due to its low concentrations (Cornejo et al.,
2015). Trichoderma spp. have a symbiotically relation with
the roots of the plants, helping the nutrient flux and the
development of the plants (Althaf and Srinivas, 2013).
Trichoderma spp. are natural competitors of some
pathogens like Fusarium, Pythium, etc., competing with
them for the nutrients, space and also through
mycoparasitism (Lace et al., 2014). The method of
inoculation is very important for the success of the
biological control strategy and can differ in regard with
different substrates (El Komy et al., 2015).
The inoculation of the substrates with Trichoderma spp.
has shown numerous positive results, but for hydroponics,
the application method has not been studied enough, yet.
New studies proved that the biological control can stimulate
the secondary metabolism resulting in higher
concentrations of bioactive substances (Abdelrahman et al.,
2016).
Most research is focused on the application of
Trichoderma spp. to the conventional soil cultivation and
the results in higher plant biomass, controlling the pathogen
or improving the rooting systems of the plants (Ming et al.,
2013). The latest studies discovered an impact of the
beneficial microorganism for stimulating the secondary
metabolism, therefore improving the bioactive substances
content of the plants (Lopez-Bucio et al., 2015). These
works are advancing the scientific knowledge and are
developing growing protocols that will aim to improve the
quality, not just the yield of the crops cultivated in a
controlled environment.
The aim of this study was to investigate how
Trichoderma spp. can be applied on sterile substrates
compared to soil and the efficiency of the product to control
F. oxysporum in the seedlings of Hypericum perforatum. The
study follows different inoculation methods opening new
discussions in the field of CEA and biological control of the
pathogens.
Materials and Methods

Biological material
The seedlings were obtained in the same manner for the
two inoculation methods. The plant used in the experiments

was Hypericum perforatum (HA336, Jelitto, Germany)
obtained from seeds. The plants were seeded in alveolar trays in
soil substrate (C200 with 20% sand). The trays were covered
with a black textile for the germination process. After
germination, the trays were uncovered but kept under a
transparent dome that kept high humidity and temperature for
the first steps in the development of the seedlings. After the
appearance of the first pairs of true leaves, the domes were
removed and the seedlings were monitored further.
Approximately 30 days have passed from seed to the time of
which the seedlings were ready for the experiment.
Preparation of Fusarium oxysporum and Trichoderma spp.
inoculation solutions
For the both inoculation series, the solutions were made
following the same method. The application protocol differed
and further explained in the methods section.
The Trichoderma inoculation solution was prepared using
a commercial soluble powder which contains Trichoderma
harzianum (2 × 10-7CFUg-1) and Trichoderma konigii (3 ×
10-7CFUg-1) (Promot WP, from Katz Biotech AG, Germany).
The inoculation solution was obtained by mixing 1 kg product
in 100 L of water and left half an hour for a homogenous
dissolution.
The F. oxysporum was isolated from infected strawberries
(Fragaria spp.) at the Institute for Breeding Research on Fruit
Crops (Julius Kühn Institute) Dresden, Germany. The fungus
was cultivated on potato dextrose agar (Fig. 1) and incubated at
the University of Applied Sciences from Dresden, at 20 oC, in
darkness. F. oxysporum was replicated every 4-8 weeks,
depending on the research project’s demand. In order to
prepare the inoculation solution, the petri dishes were collected
and the development of the fungus was determined. Each
probe was mixed with distilled water and observed under the
microscope, counting the conidia. The concentrated solution
(107 CFUg-1) was mixed with water 1:100 in order to have the
same concentration as the Trichoderma spp. solution (Fig. 2).
First inoculation: at the substrate level
Before the inoculation process, the substrate was
dehydrated (not irrigated for a few cycles) for the media to take
in the solution in a high degree. Each substrate contained four
even Hypericum perforatum seedlings. The root system was well
visible at the bottom of the substrates. Two centimetres of the
media were introduced in the inoculation solutions and left an
hour for full absorbance. For the first experimental series, six
variants were prepared in a single media, the soil (C200 with
20% sand). The experiment was designed in randomized
blocks. The six variants were the following:
A) not treated (control);
B) inoculated with F. oxysporum;
C) inoculated with Trichoderma spp.;
D) inoculated with F. oxysporum, after one hour,
inoculated with Trichoderma spp.;
E) inoculated with Trichoderma spp., after one hour,
inoculated with F. oxysporum;
F) inoculated with F. oxysporum and with Trichoderma
spp., in the same time.
The last three variants were chosen to see if the time of the
Trichoderma application (prevention, control) is relevant in the
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Fig. 1. Fusarium oxysporum cultivated for the experiments in different media

soil (C200 with 20% sand), as well as in rockwool cubes (7 × 7
× 10 cm). The two media had similar volume/ available space
for root development. In the soilless substrate, the root system
of the seedling was covered with sand for the contact with the
substrate and to avoid oxidation.

Fig. 2. Preparation of the Fusarium oxysporum solution for the
inoculation of Hypericum perforatum seedling; a) microscope
image of F. oxysporum; b) F. oxysporum on AGAR media; c)
preparation of the concentrate solution through filtration; d)
the inoculation of the H. perforatum seedlings

biological control strategy. After the inoculation process, the
seedlings were transplanted into pots with the same soil mix,
having a diameter of 11 cm and an approximate volume of 500
cm3.
Second inoculation: direct root inoculation
For the second series, the seedlings were obtained in the
same way as described before. The soil was removed from the
roots by a water jet. The seedlings were kept in the water for the
entire process to protect them against dehydration. The
inoculation solutions were obtained in the same way as
described in the first inoculation series. Similar looking
seedlings were selected and their roots were introduced in the
prepared inoculation solutions. For this series, four variants
were designed, as such:
A) not treated (control);
B) inoculated with F. oxysporum;
C) inoculated with Trichoderma spp.;
D) inoculated with F. oxysporum and with Trichoderma
spp. at the same time.
The plants were left one hour to take in the solution, then
randomly selected and moved into 11 cm diameter pots with

Experimental design
The plants were set in randomized blocks, each variant
having 20 substrate cubes per variant with 4 seedlings per cube
(N= 20 × 6 × 4 = 480), for the first series and 10 cubes per
variant per substrate type (soil and rockwool) (N= 10 × 4 × 2
= 80). The environmental parameters of the grow chamber
were set as following: temperature 21±2 oC, relative air
humidity 60±15 %, automated irrigation correlated with the
solar radiation applied daily, 15 min intervals. For the plants
grown in the rockwool, a light nutrient solution was applied to
match the nutrients available in the soil. The nutrient solution
was made with mixing Universal Blue concentrate with water,
reaching an electrical conductivity (EC) of 0.6 mS.
Observation and measurements conducted
From the inoculation moment until the harvest, the plants
were monitored daily. The success of seedling transplant was
observed, marking the plant mortality and plant health
parameters, graded from 1 to 5 (with highest grade 5). The
symptoms induced by the pathogen as described in the
scientific literature were monitored. The plant development
was observed through the measurements of plant
morphological traits such as stem length, leaf area, internodes
number and length, branching process etc.
At the harvest moment, the biomass was measured(upper
and roots). In the second series of the inoculation, every two
weeks the tips of the plants (1/3) were cut to stimulate
branching that was later monitored to see if there are any
significant differences among the variants in regard with the
new stem growths.
Chemical analyses
Solid phase micro extraction (SPME) is a sample
preparation technique without solvents, used for collecting
Volatile Organic Compounds (VOCs) under static
conditions, where volatiles are adsorbed on a fiber in
Headspace (HS). HS is the gas space above the sample in a
closed vial. For a collection of volatiles by SPME it is desired an
equilibrium of analytes between the SPME fiber, the releasing
source, and the HS.
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HS- SPME extraction
In each vial (bag) 3 grams of Hypericum perforatum dried
seedling roots were placed. Then the fiber attachment needle
was inserted and SPME fiber was exposed in the headspace for
30 min during collection/adsorption. At the end of time, the
fiber was retracted, holder with the saturated fiber was analyzed
by injection in GC injection port. The fiber used was
Carboxen / PDMS 75 µm. Before used, the fiber was
preconditioned at 300 °C during 60 minutes in the GC
injector port.
GC-MS analysis
GC-MS used for analysis was Agilent 7890 & 5975 Series
MSD. For qualitative determination, the MS system was
operated in SCAN mode. The carrier gas was helium at a
constant flow rate of 1 mL min-1. The GC column was HP5MS (30 m, 0.25 mm, 0.25 µM), with the initial temperature
of the oven at 60 oC, initial time: 1 min, then gradient 30 oC
min-1 to 150 oC, then gradient 30 oC min-1 at 250 oC and
maintained at 250 oC for 5 min. The identification of
compounds was made by using databases: NIST L14.
Statistical methods
All the statistic calculations and graphics were realized using
the IBM SPSS software. The graphs were edited and refined
using the Adobe Illustrator Software. The means for each
variant were compared using ANOVA (mono or bi factorial),
validating the Levene test which showed the homogeneity of
the variants. Afterward, the t (Student), Tukey, Dunnet or
Games-Howel tests were used to determine the significance of
the differences between the means (p<0.05). In determining
the significance of the differences between the mortality of the
seedlings in different variants, the Tarone-Ware test was
applied, calculating Chi2 and the functions were represented
graphically.
Results and Discussion

First inoculation: at the substrate level
Although easy to interpret statistically, the results of the
first experimental setup were difficult to track back to the
causes because of the conflictual and contra-intuitive figures.
Generally, where both the inoculation solutions
were present, the plants had the worst development, and the
ones not treated (control) had the best one. Nieto-Jacobo et
al. (2017) have shown that Trichoderma strains are
dependent on many variables and are affected by the
environment, which can lead to negative results. Therefore,
we can assume that the interaction of Trichoderma spp.
with the pathogen created an environment in which the
plant had detrimental development. The findings of Jelinski
et al. (2017) add to this theory through the fact that the
pathogenesis of the F. oxysporum populations is a complex
process and what happens at the root level should be
thoroughly studied.
The untreated plants had the longest stem length and
had merely shorter roots than the seedlings that were
inoculated just with Trichoderma spp. which was in
accordance with previous studies (Krupa et al., 2016), but
not statistically significant. The plants inoculated with
Trichoderma spp. had longer internodes than the untreated
or infected ones (Fig. 3). Bona et al. (2017) have shown that

the presence of fungus is correlated with longer internodes,
but why this phenomenon was recorded is still unknown as
the majority of studies correlate length of the internodes
with light availability (Kahlen and Strützel, 2011); for this
project, all plants had the same light conditions.
The plants inoculated with Trichoderma spp. and those
not treated (control) had significantly larger biomass than
all the other variants in which Fusarium was present, which
is in accordance with the previous studies (Ommati and
Zaker, 2012; Martinez et al., 2015; Lecomte et al., 2016)
(Fig. 4). The three variants in which Fusarium was present
showed no significant differences compared to each other.
The root system biomass was the highest for the untreated
plants (control) followed by those inoculated with
Trichoderma and then the ones inoculated with Fusarium.
The plants inoculated with both solutions in the same time
had the smallest roots. It is worth mentioning that the
plants attacked by the pathogen are triggering the secondary
metabolism and so responding to the threat (Zhang et al.,
2017), so the plants inoculated with F. oxysporum, might
have successfully managed to fight back the pathogen,
resulting in no statistical differences (Fig. 5). Other studies
on phytohormones add to this idea, concluding that in
some cases, the presence of F. oxysporum actually improves
the growth of the plant (Di et al., 2016).
But this could be better understood through the
following mortality function that was calculated in regard to
the transplantation success and the effect of the solution on
this process (Fig. 6). It was observed that the plants
inoculated with the Trichoderma spp. had the highest
mortality, reaching an index of 0.5 before harvest. (1 =
successful transplant, 0 = dead seedling. In the other
variants, the rate of mortality was lower. This finding is in
contrast with previous studies that claim that the beneficial
organism is actually boosting the seedling development
(Lingyun et al., 2017). Other authors discussed the
paradoxical mutualistic-parasitic effect of Trichoderma spp.
(Hajieghrari and Mohammandi, 2016) and so we could
conclude that in this trial the beneficial organism acted as an
inhibitor of the seedling transplantation and not as helping
through the process. It might have been that later on, in the
vegetation cycle the surviving seedlings would prosper on
the beneficial organism, but this has to be studied in the
future research projects.
Second inoculation: direct root inoculation
In the first trial, there were no significant differences
between the three variants in which Fusarium and
Trichoderma were used in different time combinations,
therefore these three variants were simplified to one in
which both inoculation solutions were added
simultaneously as described by Ommati and Zaker (2012).
In the second trial, the differences between the variants
were more clear and in accordance with the previous studies
(Elsharkawy et al., 2013). The second set of experiments was
original by studying rockwool as a substrate, compared with
the results on the conventional soil cultivation. George
(2014) showed in experiments on Tomato plants grown
hydroponically that the fungus occurrence is significant
even if there is a soil-free medium. Other studies showed the
difficulty with the mycorrhizal colonization in rockwool
and the subtle hints of their success shown in the total
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Fig. 3. Measurements of the morphological traits of Hypericum perforatum under different treatments, after the first trial (the
different letters represent significant differences; p<0.05)

Fig. 4. Hypericum perforatum: a) control (without inoculation); b) Fusarium oxysporum inoculation; c) Trichoderma spp.
inoculation; d) Fusarium oxysporum inoculation, after one hour Trichoderma spp. inoculation; e) Trichoderma spp. inoculation,
after one hour Fusarium oxysporum inoculation; f) Trichoderma spp. inoculation and Fusarium oxysporum inoculation, at the
same time

Fig. 5. Hypericum perforatum biomass in different treatments (the different letters represent significant differences; p<0.05)
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Fig. 6. Seedling mortality functions from the transplantation of
the seedlings to the harvest

sugars content, but not in the growth parameters
(Michałojć et al., 2015). In the present context of biological
control of pests and diseases in CEA, it is important to
come up with protocols for successfully using beneficial
organism to colonize the substrates. The results shown in
this manuscript are describing the inoculation of the
seedlings. The root microbiome might need more time to
stabilize so the future research should focus on the entire
vegetation cycle and careful selection of strains that would
be more applicable for soilless cultivation (Sheridan et al.,
2017).
Regarding some morphological traits, the plants
cultivated in soil were significantly longer than the plants
cultivated in rockwool, but there were no significant
differences between the inoculation applications (Fig. 7).
The reason for the differences between the plants grown in

soil and the ones grew in rockwool could be that the sterile
substrate acts as an inhibitor of the substances inoculated as
reported by Best et al. (2014).
The other morphological features that were measured
had little to no statistically significant differences. It is worth
to reiterate that the effect of the pathogen or the beneficial
organism could be very subtle and could be only observed
later on (Sheridan et al., 2017), but for reasons of high risk
of additional factors such as nutrient solution, irrigation
frequency etc., the experiment was terminated at the
seedling phase.
For the plants cultivated in rockwool, there were no
measurements of root biomass due to the difficulty of nondestructive measurements methods. The plants cultivated in
soil had higher biomass compared with the ones cultivated
in rockwool. Rubio et al. (2017) proved that the NPK
fertilization can have a conflicting effect on the plant
development in relation with the Trichoderma spp.
Therefore, although the fertilization was made to match the
available nutrients from the soil, the plants in rockwool
might have had this disadvantage. As it happened in the first
set of experiments, the smallest figures were registered for
the plants inoculated with both solutions in the same time,
in accordance with previous studies (Martinez et al., 2015).
This fact can highlight the need for preventive treatment
with Trichoderma and healthy microbial communities’
establishment before the occurrence of the pathogen. The
same aspects could be noted in regard with the root system
biomass, with the untreated plants having the highest fresh
biomass followed by those inoculated with Trichoderma spp
and F. oxysporum The plants treated with both solutions
showed the smallest root biomass (Fig. 8).
After drying, the results showed a more significant
difference, the beneficial organism having a positive effect on
the plant biomass. The plants inoculated with Trichoderma
spp. and those not treated had significantly larger biomass in
comparison with the other variants. An interesting observation
was that where both the pathogen and the Trichoderma spp.
were present, the biomass was bigger than where plants were
inoculated solely with Fusarium, showing that the beneficial
microorganism has a positive effect on the development of the
plants (Fig. 9).

Fig. 7. Measurements of the morphological traits of Hypericum perforatum under different treatments, after the first trial (the
different letters represent significant differences; p<0.05)
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Fig. 8. Hypericum perforatum with different inoculation solutions: A) control (without inoculation); B) Fusarium oxysporum
inoculation; C) Trichoderma spp. inoculation; D) Trichoderma spp. inoculation and Fusaiurm oxysporum inoculation, in the
same time; the variants in rockwool and soil

Fig. 9. Hypericum perforatum biomass in different treatments (the different letters represent significant differences; p<0.05)

The plants cultivated in rockwool did not show differences
in biomass as the ones in the soil, showing that the biological
control could be less effective for the sterile substrates. This
highlights the importance of future research projects that will
aim to develop protocols of applying biological control for pests
and diseases in sterile substrates (Rubio et al., 2017; Sheridan et
al., 2017).
The mortality distribution functions were calculated as
described in the previous trial. The Tarone-Ware test was used
but no significant differences were observed (p>0.05; chi2 =
12.695) all the variants having a survival index above 0.8 (1 =
successful transplant, 0 = dead seedling). This can be a good

method of inoculation, directly on the roots, before
transplanting to the final culture.
During the experiment, the health state of the plants was
evaluated and graded on a 1 to 5 scale with 5 being very healthy
(Fig. 10). All the plants started on the level 5, as randomly
selected from the inoculated seedlings. The plants inoculated
with Trichoderma registered a sudden health state degraded
explained by a possible stress in the inoculation/transplantation process, but later having an increase in the health
state that has put the variant in first place in terms of health
dynamics. The rest of the variants had a clear decrease of health
state at the harvest moment, but it was not a linear progression.
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Fig. 10. Plant health state in the experimental variants,
throughout the experiment, noted from 1 to 5 (5 = perfect
health state, 1 = poor health state)

It has been observed that at the mid of the experiment
(between the start and harvest of the seedling) the plants had
the lowest health status. The plants inoculated with Fusarium
had finally the lowest rating, while the plants inoculated with
both of the solutions in the same time had an impressive
recovery in the last stage of the experiment. This can be
correlated with the fact that the Trichoderma had a positive
effect, in accordance with previous findings (Sundaramoorthy
and Balabaskar, 2013).

Metabolite activity at the root systems
For the second inoculation experiment, some chemical
analyses of the roots were conducted in order to assess the
differences between the variants in regard to the bioactive
substances. There were a significant higher number of
metabolites identified for the plants cultivated in rockwool
compared with the ones grown in soil. The last category, only
the Cyclopentasiloxane was identified with a high degree of
confidence. The plants grown in rockwool had a larger
spectrum of bioactive substances such as Benzofuranonetetrahydro-trimethyl,
Trimethyl-methyleneoctahydromethanoazule, alpha-pinene, Cyclopentasiloxane, and others
that were not as often in all the treatments (Fig. 11). This fact
highlights an interesting idea in which the sterile substrates,
which can be more difficult to manage than soil, can lead to a
higher metabolite activity due to the stress factors. Kowalczyk
et al. (2016) showed that there are no significant differences
between the different soilless media that can be used in
hydroponics, in regard to the nutritional content of the plants.
And in general, the differences of the plant’s quality are
correlated with the cultivar rather than the agricultural system
(conventional or soil) (López et al., 2014), so the mere stress
degree at the root system because of the more difficult to
manage rockwool, could have improved the bioactivity of the
roots. These findings should be further studied as they pen
interesting opportunities for the modern agricultural systems,

Fig. 11. Graphs showing the differences of the metabolic activity at the root level of the plants. The table shows the VOCs
identified in the different treatments
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based on total environmental control and big data sets
(Tremblay, 2017).
Conclusions

The study showed that the method of inoculation with
beneficial organism could be detrimental to the success of
the biological control strategy. The sterile substrate proved
somehow difficult to address using same methods described
for soil cultivation. The methods should be further refined
by thoroughly research projects following the entire
vegetation cycle and more efforts should be given to the
bioactivity of the plants at the root and leaf level, not just
the morphological features and yield of the crops.
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