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Editorial on the Research Topic

Designing Bio-Formulations Based on Organic Amendments, Beneficial Microbes and
Their Metabolites

The future scenario in the agricultural sector, challenged by regulatory pressure, public concern and
environmental issues, continues to motivate the development of alternative methods to chemicals
for applications as fertilizers and pesticides (Martin, 2003). Among these, the use of organic
amendments and microbial biocontrol agents represents the most promising soil management
strategy, that may contribute both directly and indirectly to crop production and plant health
(Bargaz et al., 2018).

The aim of this Research Topic was to provide insight in recent advances and challenges
of plant-microbiomes studies focused on novel bio-formulations useful for the development of
sustainable and eco-efficient approaches for plant disease control. The Topic includes 19 original
research and review articles, which have been grouped in four categories.

MODULATION OF PLANT RESPONSE BY BENEFICIAL
MICROBES

The interactions between plant and microbes have attracted great attention in the last decades.
Biotechnological applications of beneficial microbes (BMs) in different areas, e.g., stimulation
of plant-growth, biocontrol, bioremediation of contaminated sites and production of bioactive
compounds with pharmaceutical and industrial relevance have been evaluated (Wu et al., 2009).
Several studies have investigated the molecular changes occurring in the host plant and the
interacting microbe aiming to improve our understanding about how plants respond to microbial
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colonization or attack and how microbes affect plant cellular
processes (Cheng et al., 2019; Adeniji et al., 2020; Jain et al., 2021).
In their work, Bonini et al. showed that the metabolic profile in
pepper leaves was modulated in response to microbial treatments
consisting of arbuscular mycorrhizal fungi (AMF: Rhizoglomus
irregularis and Funneliformis mosseae), and Trichoderma
koningii. Root colonization by BMs increased total fruit yield,
modified gibberellin, auxin, and cytokinin plant hormone
patterns, as well as other secondary metabolism processes,
determining the accumulation of carotenoids, saponins, and
phenolic compounds. Similarly, Lombardi et al. found that
selected Trichoderma strains stimulated the growth of strawberry
plants and improved crop yield. Moreover, proteomic analysis
of the produced fruits revealed a complex reprogramming of
physiological processes e.g., stress response, nutrient uptake,
protein metabolism, etc., that improved the health properties.

The application of microbial (e.g, AME Trichoderma
koningii and rhizobacteria) or non-microbial (e.g., a protein
hydrolyzate) biostimulants elicited biomass increase in maize
plants and affected the metabolomic response in leaves and
roots (Rouphael et al.). Interestingly, most of the differential
metabolites consisting mainly of phenylpropanoids and terpenes
were accumulated more in plant tissues following the application
of the protein hydrolyzate in comparison to the treatments
with microorganisms alone. The treatments also induced a
reprogramming of the entire phytohormone profile, particularly
in the roots, thus supporting the hypothesis that some
biostimulants may have a hormone-like activity.

Conventional farming relies highly on N-fertilizers to improve
crop yield, but this practice can lead to severe environmental
pollution, hence the urgent need to find sustainable alternatives
to inorganic fertilizers. Rubio et al. analyzed the transcriptomic
response of wheat seedling roots inoculated with Trichoderma
harzianum under different inorganic N supplies using wheat
genome 61K microarrays. Forty-eight hours after inoculation,
Trichoderma induced a greater expression of defense-related
genes than the calcium nitrate application, that also down-
regulated expression of genes involved in plant growth and
development processes. Moreover, genes involved in the
flavonoid biosynthetic pathway were differentially expressed in
treated plants, thus reinforcing the hypothesis that Trichoderma
is capable of inducing plant defense through the modulation of
secondary metabolism.

EFFECTS OF MICROBIAL METABOLITES
ON PLANT-MICROBE INTERACTIONS

Greater understanding about the effects induced by microbial
metabolites on the host plant or by the host plant on the
metabolism of the associated microbes could ultimately lead
to the development of new crop protection bio-formulations
for improving crop quality and yields. In their review, Tilocca
et al. discussed the potential exploitation of volatile organic
compounds (VOCs) produced by bacterial and fungal biocontrol
agents (BCAs) in the control of many important phytopathogens.
The authors underline the importance of the ecosystem in

shaping the microbial VOCs composition. The adoption of
holistic approaches, such as -omics and bioinformatics prediction
tools, may help scientists to unravel the dynamic network of
molecular cross-talk occurring between microbial partners and
their plant hosts.

Members of the genus Bacillus are examples of well-known
producers of antifungal compounds (Chaurasia et al, 2005).
Zhang et al. analyzed the antifungal effects of twenty-nine VOCs
produced by a novel strain of B. subtilis (ZD01) against the
airborne plant pathogen Alternaria solani. VOCs produced by
ZDO01 caused a strong decrease in hyphae penetration, inhibition
of conidia germination, and reduced virulence of the fungus
on potato leaves. Moreover, the expression of two virulence-
associated genes (sod and slt2) in A. solani was strongly down-
regulated after exposure to ZD01 VOCs.

Marine-derived fungi are considered good producers of
valuable compounds with original structures and interesting
biochemical properties that can be exploited for new drug
discovery (Silber et al, 2016; Nicoletti and Vinale, 2018;
Vinale et al., 2020). Zhao et al. isolated two novel fusarisetins,
namely fusarisetins C and D, and four known compounds
produced by the fungus Fusarium equiseti D39. These 3-
decalinoyltetramic acid (3DTA) derivatives showed potent
phytotoxicological and antimicrobial activities. Moreover, the
optimization of fermentation conditions favoring equisetin
production was conducted by using the “one strain many
compounds” (OSMAC) approach.

A new method to rhizosphere engineering proposes the
inoculation of microbial consortia to emulate the complex
biological networks in natural soils, thus recruiting beneficial
microbes and establishing optimized plant microbiomes (Syed
Ab Rahman et al., 2018; Woo and Pepe, 2018). Inoculation
with endophytes was found to stimulate the biosynthesis
of secondary metabolites (SMs) in medicinal plants (Pandey
et al, 2016a,b, 2018). The inoculation of an endopyhytic-
consortium, consisting of Acinetobacter sp. and Marmoricola
sp., significantly increased the biosynthesis of benzylisoquinoline
alkaloids including morphine and thebaine in poppy plants, as
well as improvement in plant growth and yield (Ray et al.).
Interestingly, the increment in metabolite content was related
to the modulation of the biosynthetic pathway due to the
complementary activities of the consortium member endophytes.
Lin et al. observed that the production of plant alkaloids by
the association between the fungal endophyte Epichloé and
the perennial grass Festuca sinensis depended mainly on the
environmental growth conditions. In field and greenhouse tests,
the seasonal variation more than the plant ecotype significantly
affected the concentrations of alkaloids (peramine, lolitrem B,
and ergot) produced by F. sinensis.

Plant-microbe interactions can be exploited to enhance
the production of important SMs having multiple roles
(Singh et al, 2017). As an alternative approach to the
application of phytohormones and plant growth regulators,
Luziatelli et al. investigated the biostimulant properties of
compounds secreted by Pantoea agglomerans strain C1, known to
produce indole-3-acetic acid (IAA) and siderophores (Luziatelli
et al, 2019). The P. agglomerans Cl metabolites effectively
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stimulated root formation and plant development of woody
fruit crops, thus offering novel opportunities in designing
innovative biostimulants.

Microbial metabolites have been proposed as alternatives
to the use of living BCAs, because the efficacy of the latter
is often limited by their low persistence in the environment,
inconsistent performance under diverse field conditions and
slower mode of action against pathogens, in comparison to
chemical counterparts (Zaidi and Singh, 2013). Berini et al.
investigated the activity of two metagenome-sourced microbial
chitinases (Chil8HS8 and 53D1) as potential insecticidal proteins
against Bombyx mori, a model system among Lepidoptera.
Although both proteins gave similar results in vitro, only
53D1 orally administered to B. mori larvae induced mortality
and dramatically affected insect development. This study
confirms that novel insecticidal formulations based on microbial
bioactive proteins may be used in the progressive reduction of
synthesized chemical compound applications, thus reducing the
environmental impact of single active substances and the risk of
resistance selection (Chandler et al., 2011; Hardy, 2014).

New microbial species or antimicrobial metabolites can be
found by exploring environments having a high microbial
biodiversity. Xu et al. observed that among insect symbionts,
fungi isolated from the termite species Odontotermes formosanus
demonstrated a great diversity and revealed the association with
different bacterial symbionts. Moreover, the fungal metabolites
exhibited antimicrobial activities when used in combination both
as crude extracts and when applied as purified compounds.
These results demonstrated that insect symbionts may represent
a powerful source of novel species useful in agriculture or for
drug discovery.

NOVEL BIOFORMULATIONS FOR
APPLICATIONS IN AGRICULTURE

Trichoderma spp. are well-known examples of BCAs used
as active ingredients of many plant protection products for
agriculture and are also known for their ability to promote plant
growth and/or induce disease resistance (Woo et al., 2014; Woo
and Pepe, 2018). Besides the continuous search for novel effective
natural strains, numerous efforts have been carried out to obtain
modified microbial isolates with improved abilities compared
to wild type strains, produced by using processes including
UV radiation or chemical mutagenesis (Papavizas et al., 1982).
Mukherjee et al. developed a novel seed dressing formulation
based on a T. virens mutant (named G2) obtained by gamma-
ray-induced mutagenesis. In comparison to the wild-type strain,
T. virens G2 revealed a superior ability to contrast pathogens,
both in vitro and in greenhouse or field trials. Transcriptome
analysis revealed an up-regulation of genes involved in the
synthesis of SMs. The proposed formulation consisted of the
T. virens G2, tamarind seeds as a fermentation medium and
talcum powder as a carrier and demonstrated a better efficacy in
controlling Sclerotium rolfsii in chickpea and lentil production.
In addition, it exerted multiple beneficial effects on plant,
but it did not have toxic effects on mammals, birds or fish.
Commercial formulations of Trichoderma spp. have been also

tested as systemic resistance inducers of plants attacked by
the parasitic nematode Meloidogyne incognita. Pocurull et al,
in agreement with previous studies (de Medeiros et al., 2017;
Martinez-Medina et al., 2017), showed that T. asperellum T34 and
T. harzianum T22 induced resistance in tomato plants against
M. incognita. Interestingly, the resistance was also induced in
tomato bearing the Mi-1.2 root-knot nematode resistance gene,
and this protective effect was additive to that observed in T34-
inoculated plants. In the review by Poveda et al., Trichoderma,
mycorrhizal and endophytic fungi were indicated as the main
filamentous fungi used as BCAs or resistance inducers against
plant-parasitic nematodes. Different mechanisms of action were
discussed that were differentiated according to each group of
fungi, including those employing the production of SMs and
Iytic enzymes, the competition for space and nutrients, or
direct parasitism; and those relying on the activation of plant
defense mechanisms, such as the activation of SAR and ISR,
modification of root exudates composition, or production of
strigolactones. The wide diversity of mechanisms used by this
consortium of microorganisms may represent a valid durable
strategy for the control of plant-parasitic nematodes, but several
issues (e.g., the influence of local environment and the results
in field experiments) require further investigations before BCA
applications may be used effectively in nematode-control of a
particular crop.

Romano et al. isolated and characterized plant growth-
promoting bacteria (PGPB) from the rhizosphere of wheat plants
cultivated under abiotic stresses as plant probiotics. Two isolates
of Kosakonia pseudosacchari TL8 and TL13 were identified
that showed multiple plant growth promotion activities as well
as antimicrobial activity and stress tolerance. TL13, the best
PGP performer, was selected to develop a novel microbial-
based formulation obtained using agro-industrial by-products
as carbon source. This permits a reduction of costs and the
development of an eco-sustainable inoculant, resulting in an
eco-friendly, easy and economically advantageous approach to
manage by-products.

ECOLOGY AND FUNCTIONALITY OF
PLANT-SOIL MICROBIAL COMMUNITY

Complex interactions are established in the soil microbial
community with plant roots and soil components, that
significantly influence plant growth and resistance toward
multiple stresses (Vishwakarma et al., 2020). Understanding
the processes in the rhizosphere, as well as unraveling
the composition and biological functions of the plant-root
microbiome becomes essential, since recent evidence has
confirmed that host plants and their associated microbes function
as metaorganisms or holobionts (Hacquard, 2016).

Rhizosphere microbial community structures is continuously
adapting to the environment, particularly to the agronomic
practices. Bacterial and fungal community structures were
strongly affected by soil and soilless cultivation systems of
tomato plants subjected to different fertilization strategies
(Grunert et al.). In both cultivation systems, similar plant
performance was observed, but multivariate analysis showed
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that physicochemical characteristics (e.g., plant length, pH,
phosphorous, ammonium, potassium, etc.) changed and altered
mainly the bacterial community composition. These results
may offer novel opportunities for designing tailored fertilizers
applicable to sustainable agriculture.

The development of novel bio-formulations also requires
an in-depth study of the molecular factors regulating plant-
microbe interactions and to possibly unravel the interactive
mechanisms occurring in the rhizosphere (Vishwakarma et al.,
2020). In the study by Pachauri et al. the characterization
of the mutant M7 of Trichoderma virens, previously obtained
by gamma-ray induced mutagenesis, showing morphological
and metabolic deficiencies compared to the wild-type strain
(Mukherjee et al., 2006), was completed. Transcriptome analysis
showed that several genes involved in secondary metabolism,
carbohydrate metabolism, hydrophobicity, and transportation
were down-regulated in M7. In addition, a genetic deletion
comprising a total of 250 kb, including 71 predicted ORFs, was
found by whole genome sequencing. This approach could help
in the identification of novel regulators resulting in the beneficial
traits of Trichoderma fungi.

Despite the importance of plant-fungus interactions, the
molecular factors involved in the regulation of these systems
are not fully understood. By using the filamentous fungus
Neurospora crassa as a model organism to study plant-
fungal relationships, Martins et al. demonstrated that the
deletion of the gene encoding the zinc finger transcription
factor PAC-3, regulated by ambient pH, affected numerous
physiological functions, including adaptation to nutritional
conditions, regulation of virulence, or regulating the expression
of genes associated with structural and metabolic features. These
findings highlighted the pivotal role of PAC-3 as regulatory
mediator involved in fungal pathogenesis.

CONCLUSION

Currently, the most active research field of investigating
integrated pest management strategies is the development
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Secondary metabolite biosynthesis in medicinal plants is multi-step cascade known
to be modulated by associated endophytes. While a single endophyte is not able
to upregulate all biosynthetic steps, limiting maximum vyield achievement. Therefore
to compliment the deficient characteristics in an endophyte we tried consortium of
endophytes to achieve maximum vyield. Here, efforts were made to maximize the
in planta morphine yield, using consortium of two endophytes; SM1B (Acinetobacter
sp.) upregulating most of the genes of morphine biosynthesis except T60DM and
CODM, and SM3B (Marmoricola sp.) upregulating T60DM and CODM in alkaloid-
less Papaver somniferum cv. Sujata. Consortium-inoculation significantly increased
morphine and thebaine content, and also increased the photosynthetic efficiency of
poppy plants resulted in increased biomass, capsule weight, and seed yields compared
to single-inoculation. The increment in morphine content was due to the modulation of
metabolic-flow of key intermediates including reticuline and thebaine, via upregulating
pertinent biosynthetic genes and enhanced expression of COR, key gene for
morphine biosynthesis. This is the first report demonstrating the endophytic-consortium
complimenting the functional deficiency of one endophyte by another for upregulating
multiple genes of a metabolic pathway similar to transgenics (overexpressing multiple
genes) for obtaining enhanced yield of pharmaceutically important metabolites.

Keywords: endophytes, consortium, benzylisoquinoline alkaloids, morphine, Papaver somniferum, opium

INTRODUCTION

Increasing populations have threatened food security due to the availability of limited land
for cultivation. Moreover, changing environmental conditions are also causing a considerable
reduction in the crop productivity. It is estimated that by the year 2050, the world population may
reach nine billion. Therefore, to satisfy the needs of the growing population diverse approaches have
been tried to increase the food production at the same or even higher rates. Developing transgenics
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has so far received foremost attention by introducing desired
traits to produce the desired product and improving the
productivity in normal as well as changing environmental
conditions including cultivation under biotic and abiotic stresses.
Plant yield and tolerance to different environmental stresses are
polygenic traits and regulated by multiple genes (Bohnert et al.,
2006). Therefore, integration/expression/genetic manipulation
of more than one genes in a plant became the preferred
choice for improvement of plant yield and performance under
stressful environmental conditions. However, these practices
have limitations related to production cost, social acceptability,
and sustainability (Halpin, 2005). Therefore, besides developing
transgenic plants, alternate sustainable approaches need to be
explored for achieving maximum plant yield.

Endophytes have emerged as a promising candidate for sus-
tainable agriculture. Endophytes are plant-associated microbes
residing within the plant without harming or causing any
disease symptoms. They promote plant growth, protect plants
from environmental stresses and are the promising source
of therapeutic secondary metabolites (Kuklinsky-Sobral et al.,
2004; Strobel et al., 2004; Waller et al, 2005; Rodriguez
et al., 2008; Staniek et al., 2008; Kusari et al., 2012; Quecine
et al., 2012; Otieno et al, 2015; Egamberdieva et al.,, 2017).
Involvement of endophytes in the modulation of secondary
metabolite biosynthesis of the host plant has also been
established (Pandey et al., 2016a,b, 2018). Bacterial endophyte
interaction with E. purpurea enhances its secondary metabolites
which contributes to therapeutic properties of this medicinal
plant (Maggini et al., 2017). An Artemisia annua endophytic
actinobacterium Pseudonocardia strain YIM 63111 has been
able to induce artemisinin production by upregulating the
genes of artemisinin biosynthetic pathway, i.e., cytochrome P450
monooxygenase and cytochrome P450 oxidoreductase (Li et al.,
2012). Also role of microbial community present in the cortical
parenchymatous tissue of Vetiver in essential oil biosynthesis
has been reported (Del Giudice et al., 2008). Inoculation with
bacterial endophytes increases biomass and in planta content
of terpenoid indole alkaloids like vindoline in Catharanthus
roseus (Tiwari et al., 2013). Paenibacillus strain has been found
to strongly influence the plant metabolites of in-vitro grown
poplar plants (Scherling et al., 2009). Interestingly, endophytes
are also able to produce secondary metabolites analogous to
their host plants, e.g., camptothecin and analogs (Shweta et al.,
2010), taxol (Soliman et al., 2011), vincristine, and vinblastine
(Kumar et al, 2013). Fungal endophytes as symbiotically
modified organism (SMO) have also been used to improve grass
yield, provide resistance against pests, weeds and herbivores
by accumulation of alkaloids and antioxidants (Gundel et al,,
2013, 2018). It has been demonstrated in our laboratory that
endophytes are involved in the improvement of the content of
vindoline (intermediate for the biosynthesis of anticancerous
vinblastine and vincristine) in Catharanthus roseus (Pandey et al.,
2016a), withanolides in Withania somnifera (Pandey et al., 2018),
and benzylisoquinoline alkaloids (BIAs) in Papaver somniferum
(Pandey et al., 2016b). Previous studies have also demonstrated
the diverse role of endophytes in a host plant (Di Fiore and
Del Gallo, 1995; Saikkonen et al., 1998; Singh et al, 2011;

Hardoim et al., 2015; Pandey et al, 2016a,b, 2018). Every
endophyte has a specific characteristic, up/down-regulating
certain specific genes responsible for plant growth, yield, and
modulation of secondary metabolite biosynthesis. Although
reports signifying the role of a particular endophyte modulating a
single functional characteristic like growth promotion or disease
resistance, stress tolerance or enhance secondary metabolite
production are available, but the information on the possibility
of strengthening multiple functional characteristics through the
use of consortium is scarce. Therefore, the use of consortium of
endophytes having different functional characteristics should be
explored to maximize the yields and desired products.

Here, we demonstrated the use of consortium of selected
endophytes associated with the capsule of opium poppy plant
which is the site for BIA biosynthesis to maximize the yield of
pharmaceutically important metabolite morphine. Opium poppy
is an important medicinal plant and sole source of therapeutically
important BIAs such as morphine, codeine, thebaine, papaverine,
noscapine, and sanguinarine. Morphine belongs to the group
“opioids” which are key drugs for the alleviation of moderate-
to-severe acute pain associated with cancer and other diseases
or after any surgery or physical trauma (Rosenblum et al., 2008;
Whittle et al., 2011).

Previously we have established that the opium poppy
has potential endophytes which can enhance in planta BIA
biosynthesis. We demonstrated that different endophytes are
associated with different parts of poppy plants performing an
important role in a tissue-specific manner. In general, endophytes
related with leaf were involved in modulating photosynthetic
efficiency and endophytes associated with the capsule were
drawn in modulating the BIA-biosynthesis of the poppy plant.
It was observed that endophytes SM1B and SM3B isolated from
capsule of alkaloid rich Sampada were unable to enhance the
BIA production in P. somniferum cv. Sampada plants. However,
these capsule-associated endophytes were able to increase the
production of BIAs in alkaloid-less cv. Sujata. The cv. Sujata
was developed from alkaloid-rich cv. Sampada with the aim to
convert a narcotic “opium poppy” (i.e., cv. Sampada) into non-
narcotic seed poppy (i.e., cv. Sujata) using gamma rays and
EMS (ethyl methane sulphonate) (Sharma et al., 1999). The cv.
Sujata is considered to be having the potential for commercial
cultivation of seeds due to high nutritive value of 24% protein,
>58% oil with high unsaturated fatty acids makes it a safe
and potential food crop having protein rich seeds (Sharma
et al., 2002). Previously we have established that the individual
inoculation with endophytes SM1B and SM3B increased biomass
upto 44% in cv. Sujata. SM1B inoculation in cv. Sujata plants
increased content of Morphine by 1044%, Papaverine by 349%
and Noscapine by 936%, and SM3B inoculation increased
Morphine by 37%, Papaverine by 66%, Noscapine by 72%,
and Thebiane by 154% (Pandey et al., 2016b). It was observed
that endophyte SM1B could upregulate most of the genes of
BIA biosynthesis except thebaine 6-O-demethylase (T60DM)
and codeine O-demethylase (CODM) (Pandey et al., 2016b).
However, we could also identify another endophyte SM3B that
was able to upregulate T60DM and CODM expression. We,
therefore, expected that the consortium of SM1B and SM3B will
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lead to the overexpression of all BIA biosynthetic pathway genes
simultaneously and will produce more morphine than single
inoculation. Here, efforts were made to maximize morphine
yield using the consortium of two capsule-associated endophytes
SMI1B (Acinetobacter sp.) and SM3B (Marmoricola sp.) in the
poppy plant by upregulating different genes of BIA biosynthesis.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Seeds of Papaver somniferum cv. Sujata was obtained from the
National Gene Bank for Medicinal and Aromatic Plants at CSIR-
CIMAP, Lucknow. Poppy plants were grown in pots filled with
3.5 kg of autoclaved soil and vermicompost mixture (2:1, v/v)
having dimension (17 cm height x 22 cm top diameter x 12 cm
bottom diameter and 3.7 1 volume) and irrigated with sterile water
with an ordinary photoperiod in a greenhouse under natural light
intensity at 20°C £ 2°C.

Antagonistic Activity of Endophytes
Antagonistic activity of both the selected endophytes was tested
by in vitro antimicrobial assay. For this, the disc diffusion method
of Bhunia et al. (1988) was followed with some modifications.
SM1B and SM3B both were grown in nutrient broth for 24 h
at 28°C. The final concentration of each bacterium was adjusted
to 10 CFU/ml. 100 pl 10° CFU/ml cell suspension was spread
on nutrient agar media and leave the plates to get dried on
room temperature (Tajehmiri et al., 2014). The sterile paper disc
(6 mm) were placed over nutrient agar media plates, seeded
with indicator strains. Hundred microliter of culture was added
to the sterile paper disc and incubated at 28°C for 48 h. After
incubation, antagonistic activity was observed around the paper
disc. As there was no zone of inhibition around the paper disc and
both the bacteria were growing with each other which confers
that there is no antagonistic activity between the two bacterial
strains and they synergistically performed their function.

Endophyte Inoculation

For  consortium  development individual  suspension
(1 x 108 CFU ml~!) of the two endophytes (SM1B and SM3B)
was prepared in PBS and were mixed at a CFU of 1 x 10% ml~!
microbes each in 5 ml culture prepared in PBS. Endophyte-free
seeds were treated by putting them in consortium suspension
for 2 h and then used for sowing in pots. Pots were kept in
the controlled condition in greenhouse. For each treatment the
experiment was conducted in triplicates. Initially, there were 25
seeds sown in each pot, and when the seeds grown for 2 weeks.
Only five healthy seedlings were kept in each pot. In order to
boost up the soil with sufficient inoculum of endophyte, to ensure
their presence in the soil. The pots were again inoculated with
10 ml pot~! of the endophyte suspension (1 x 108 CFU ml~1).
To make certain the presence of adequate numbers of endophyte
in the soil, pots were inoculated for a second time after 2 weeks
of germination of seeds. PBS was used in place of endophyte
suspension in case of the control plants (uninoculated). To
confirm the presence of specific endophytes, re-isolation of

endophyte has been done from various parts of poppy plants
at 60 days stage. No endophytes were found to be present at
any stage from the uninoculated endophyte-free control plants.
SM1B and SM3B inoculated plants (individual inoculation) were
grown simultaneously with the consortium-inoculated (SM1B
and SM3B) plants.

Colonization of Endophytes

Endophyte colonization was inspected in the capsule of poppy
plants in triplicates after 90 days of growth. Tissues were
surface sterilized and sterility check was performed as illustrated
previously (Pandey et al.,, 2016b). Under sterile conditions, the
surface sterilized tissues were thoroughly macerated, and serial
dilutions were plated on nutrient agar with three replications
each. The plates were then incubated at 28°C for 24-72 h
and then the CFU were estimated. The obtained colonies were
confirmed by the morphological characteristics followed by 16S
rRNA sequencing.

Photosynthetic Pigment Content,
Photosynthetic Rate, Stomatal

Conductance, Transpiration Rate
Photosynthetic pigment (Chlorophyll) content and photo-
synthetic efficiency of fully expanded leaves (third from the
top) of 60 days poppy plants (n = 6) were measured. Chloro-
phyll extraction was performed in chilled methanol, and the
content was estimated (Lichtenthaler and Buschmann, 2001).
Photosynthetic efficiency (net CO, assimilation, transpiration
rate and stomatal conductance) was measured in the attached
leaves (third from the top) using the Portable Photosynthesis
System (CIRAS-3, PP System, United States) attached with the
Chlorophyll fluorescence module (CFM-3). For photosynthesis
measurement, CO, concentration in leaf cuvette was maintained
at ambient CO; (400 ppm), temperature (25°C) and 400 pmol
photons m~2 s~ ! light.

Biomass, Capsule Weight,

and Seed Yield

Biomass of 60 days old poppy plant (n = 6) was measured by
harvesting the entire shoots and dried at 70°C for 5 days, and
their dry weights were measured. Capsule weight and seed yield
were measured from 120 days mature poppy plants.

Benzylisoquinoline Alkaloids

BIAs analysis was performed from the capsules of 120 days
old poppy plants. Capsules were completely dried and ground
to fine powder. Powdered samples (1 g) were extracted three
times in 100% methanol (30 ml) with 20 min sonication at
42°C. Extract was filtered through Whatman Number 1 filter
paper and then the filtrates were concentrated in Rotavapour,
dried, and re-dissolved in methanol. BIAs (morphine, codeine,
thebaine, papaverine, noscapine and reticuline) were analyzed
by isocratic reverse-phase HPLC using phosphate buffer (0.1 M
NaH,PO04.2H,0, pH 3.5, 77%, v/v) and acetonitrile (23%, v/v),
sample injection volume of 20 l, at flow rate of 1.0 ml min~! on
Phenomenex, Luna Cig column”, Waters (4.6 x 250 mm, 5 pm).
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The analysis was performed with Empower Pro software (Waters,
United States). Photodiode array data acquisition was in the
range of 200-400 nm and the quantitation was done at 240 nm.
Peaks of analyzed alkaloids were identified by comparing their
retention times with commercially available authentic standards.
Noscapine and reticuline were purchased from Sigma-Aldrich,
St. Louis, United States. Morphine, codeine, thebaine and
papaverine were gifted from CSIR-National Botanical Research
Institute, Lucknow. The data was an average of two independent
quantifications repeated in three biological replicates (n = 6).

qRT-PCR Analysis

Total RNA was isolated from the green capsule of un-
inoculated endophyte-free control and endophytes-inoculated
90 days old poppy plants by using TRI-reagent (Sigma-
Aldrich). RNA quantification was done using NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific). Genomic-DNA
contamination in the total RNA preparation was eliminated
using RNase-free DNase I enzyme (Thermo Scientific). First-
strand cDNA synthesis was performed with ~5 pg of total
RNA using the RevertAid First Strand ¢cDNA Synthesis Kit
with oligo(dT);s primer (Thermo Scientific) following the
manufacturer’s instructions. Previously described gene-specific
primers were used for the analysis of relative quantification of
16 biosynthetic gene transcripts involved in BIA biosynthetic
pathway (Pandey et al., 2016b). qRT-PCR was performed using
SYBR-Green I detection on triplicate technical replicates of
triplicate biological samples (n = 3) on an Applied Biosystems
StepOnePlus™ Real-Time PCR System as described previously
(Pandey et al., 2016b). PCR mixture contains 1 pl of 10 times
diluted ¢cDNA synthesis reaction, 300 nM each forward and
reverse primers and 5 pul Power SYBR Green PCR Master
Mix (Applied Biosystems), in a 10 pl reaction volume. PCR
conditions were maintained at 95°C for 10 min, followed by
40 cycles of denaturation at 95°C for 15 s each and annealing
at 60°C for 1 min each. The intensities of fluorescent signal
were recorded on an Applied Biosystems StepOnePlusTM Real
Time PCR System and analysis were carried out using StepOne
software (Applied Biosystems). Specificity of RT-qPCR was
evaluated by using the dissociation method (Applied Biosystems)
subjecting all amplicons to a melt-curve analysis. The threshold
cycle (Ct) for each gene was normalized against the Ct for
p-actin (EB740770) of opium poppy, which was used as the
endogenous reference transcript. Further, Mean Ct values were
calculated from technical triplicates, and the relative levels
of transcripts of different genes. BIAs biosynthetic genes in
endophyte-inoculated plants were compared with the calibrator
(non-inoculated control plant) using the relative quantification
27AAC method and efficiency of PCR was also determined by
the method of Livak and Schmittgen (2001) and Schmittgen and
Livak (2008). For amplification serially diluted cDNA was used
as template for different target genes and reference gene. To
determine ACt (Ct target — Ct reference) the average Ct was
calculated for both target gene and reference gene. A plot of the
log cDNA dilution versus ACt was drawn, and the absolute value
of the slope were found to be near zero for all the target genes that
showed that the efficiencies of the target and reference genes were

quite similar. Therefore, relative quantification 2~2A€t method
was applied to analyze the data (Livak and Schmittgen, 2001).

Statistical Analysis

Statistical analysis of data was carried out following ANOVA
analysis of variance, suitable to completely randomized
design (CRD), using SPSS (IBM, Chicago, IL, United States).
Comparisons between means were carried out using Duncan’s
multiple range tests at a significance level of P < 0.05.

RESULTS

Antagonistic Activity of Endophytes and
Their Colonization in the Capsule of

Poppy Plants

Antagonistic activity of SM1B and SM3B was tested. It was
observed that both endophytes grew well together and did not
inhibit the growth of each other (Supplementary Figure S1).
Colonization of SM1B and SM3B endophytes was determined
in the capsule of poppy plant inoculated with SM1B and SM3B
individually as well as a consortium of SM1B and SM3B. It was
observed that both endophytes could successfully colonize the
capsule of P. somniferum plant (Figure 1). Colonization of SM1B
was reduced in the poppy plants inoculated with a consortium of
SM1B and SM3B compared to individual inoculation of SM1B.
However, the colonization of SM3B was found to be similar
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FIGURE 1 | Colonization of endophytes in the capsule of Papaver somniferum
plants. CFU- colony forming unit. Values are the mean + SE of three
replicates (n = 3). Different letters (a—b) indicate statistically significant
differences between treatments (Duncan’s multiple range test P < 0.05).
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TABLE 1 | Effect of inoculation of consortium of endophytes on different physiological parameters of Papaver somniferum plant.

Consortium
Physiological parameters Control SM1B SM3B (SM1B+SM3B)
Chlorophyll (mg gFW—"1) 0.70 & 0.03° 0.85 + 0.062° 0.82 4+ 0.032 0.89 + 0.042
Net CO, assimilation (uMole CO, m~2s~1) 7.87 + 0.16° 9.10 £ 0.12P 7.90 + 0.24° 9.90 +0.112
Stomatal conductance (mMole m—2s~1) 321.67 + 2.86° 419.33 & 1.22° 325.67 + 7.35° 448.00 + 6.122
Transpiration rate (mMole m=2s~1) 3.53 £+ 0.20° 4.30 + 0.10° 3.56 + 0.06° 517 £0.06°
Biomass (g Plant™1) 0.60 + 0.04° 0.79 + 0.03° 0.68 + 0.02° 1.05 4 0.012
Capsule weight (g Plant=1) 1.22 +0.12° 1.59 + 0.02° 1.18 & 0.09° 2.03 +0.112
Seed vield (g Plant™") 0.52 4 0.06° 0.66 + 0.02° 0.57 4 0.04P 0.93 + 0.092

Different letters (a—c) indlicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05). Data are means + SD (n = 6)
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FIGURE 2 | Effect of endophytes inoculation on the alkaloid content of Papaver somniferum. Morphine (A), codeine (B), thebaine (C), papaverine (D), and
noscapine (E) content was measured from the dried capsule of 120 days old R somniferum plants inoculated with endophytes SM1B and SM3B individually, and in
the form of consortium (SM1B+SM3B). Non-inoculated endophyte free plants were used as a control. The data was an average of two independent quantifications
repeated in three biological replicates (n = 6) and represented in % content/gram of dry weight (DW). Error bars represent standard errors. Different letters (a—d)
indicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05).
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in both individual (SM3B), and consortium inoculated plants
(Supplementary Table S1).

Effect of a Consortium of Endophytes on
Photosynthetic Efficiency of the Plant

Photosynthetic efficiency of plants was studied by measuring
the chlorophyll content, net CO, assimilation rate, stomatal
conductance, and transpiration rate. Application of endophytic
consortium improved the measured parameters. Inoculation
with the consortium of SM1B and SM3B in P. somniferum
plants increased chlorophyll content, net CO; assimilation rate,
stomatal conductance, and transpiration rate by 27.1, 25.8, 39.3,
and 46.5%, respectively, compared to endophyte-free control
plants (Table 1). Individual inoculation of SM1B could increase
the chlorophyll (21.43%), net CO, assimilation rate (15.63%),
stomatal conductance (30.36%), and transpiration rate (21.81%),
however, SM3B inoculation could only increase the chlorophyll
content (17.14%).

Effect of a Consortium of Endophytes on
Biomass, Capsule Weight,
and Seed Yield

Application of consortium of endophytes significantly enhanced
the biomass, capsule weight and seed yield of P. somniferum
plants. Inoculation with a consortium of SM1B and SM3B
increased the biomass of P. somniferum plant by 75% compared
to endophyte-free control plants (Table 1). Consortium
inoculated plants also had 66.4% higher capsule weight than
that of endophyte-free control plants. More importantly, the
consortium of endophytes could enhance the yield of seeds,
another economic part of the plant, by 78.8% over control
(Table 1). Individual inoculation (SM1B) could only increase
the biomass by 31.7%, capsule weight by 30.3% and seed yield
by 26.9% which was considerably lower than the consortium
inoculated plants. However, SM3B inoculation could only
increase the biomass (13.3%) (Table 1).

Effect of a Consortium of Endophytes

on Alkaloid Content

To study the impact of a consortium of endophytes on BIA
production, the content of morphine, codeine, thebaine,
papaverine, and noscapine was estimated in the capsule
of individual, consortium inoculated and non-inoculated
endophyte-free control poppy plants (Figure 2). Consortium
inoculation increased the content of morphine content (2250%)
than that of endophyte-free control plants. Consortium
inoculation also increased papaverine and noscapine content by
36.4 and 53.3%, respectively.

Individual inoculation of SM1B and SM3B could increase
the morphine (200-1150%) which was considerably lower
than consortium inoculated plants; also an increase in the
content of papaverine (27.3-263.6%) and noscapine (226.7-
886.7%) was noticed over non-inoculated plants. Although
consortium inoculated plants, had 1067% higher thebaine than
that of endophyte-free control plants, inoculation of SM3B could
enhance thebaine content only by 483% whereas inoculation
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FIGURE 3 | Effect of endophytes inoculation on the reticuline content of
Papaver somniferum. Reticuline was measured from the dried capsule of 120
days old P somniferum plants inoculated with endophytes SM1B and SM3B
individually, and in the form of consortium (SM1B+SM3B). Non-inoculated
endophyte free plants were used as a control. The data was an average of
two independent quantifications repeated in three biological replicates (n = 6)
and represented in % content/gram of dry weight (DW). Error bars represent
standard errors. Different letters (a—c) indicate statistically significant
differences between treatments (Duncan’s multiple range test P < 0.05). nd,
not detected.

SM1B did not affect the thebaine content. Individual inoculation
of both the endophytes as well as consortium, on the other hand,
decreased the content of codeine (17.6-98.9%).

Reticuline content was also found to be affected with the
endophyte inoculations. Reticuline was not detected in SM1B-
inoculated plants. However, SM3B-inoculated plants had a
higher accumulation of reticuline compared to endophyte-free
control plants (Figure 3). Consortium-inoculated plants had
lower reticuline accumulation than that of SM3B, however,
content was higher than that of endophyte-free control plants
(Supplementary Table S2).

Expression of Genes of BIA Biosynthesis

To understand the mechanism of endophytes consortium-
mediated increase in morphine content the expression of
different genes of BIA biosynthesis was quantified using qRT-
PCR. Transcript of a total of 16 genes was quantified. Results
were normalized to endogenous gene of opium poppy reference
transcript (B-actin) and are presented relative to the level in
non-inoculated endophyte-free control plants (calibrator). RQ
was calculated using the equation; RQ = 27AACt, Expression
of TyrAT was not affected significantly due to the individual
as well as consortium inoculations. The expression of TYDC,
NCS, and 60MT in the consortium-inoculated plants was
4.4-, 5.3-, and 7.6-fold higher compared to non-inoculated
endophyte-free control plants, respectively (Figure 4). Contrary,
SM1B alone inoculated plants had only 2.5- and 3.2-fold
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FIGURE 4 | Effect of endophytes inoculation on the expression of genes involved in reticuline biosynthesis. Total RNA was isolated from the green capsule of 90
days old P somniferum plants inoculated with endophytes SM1B and SM3B individually, and in the form of consortium (SM1B+SM3B), reverse transcribed and
used as a template for RT-gPCR with SYBR Green detection. The capsules of non-inoculated endophyte free plants were used as a control. Expression of TyrAT (A),
TYDC (B), NCS (C), 60OMT (D), CNMT (E), NMCH (F) was analyzed. Results were normalized to actin (reference transcript) and are shown relative to the level in
non-inoculated endophyte free control plants (calibrator). gRT-PCR was performed on triplicate technical replicates of triplicate biological samples (n = 3). Data are
means + SE (n = 3 biological replicates) and Y-axis represents relative quantity (RQ). RQ was calculated using the equation; RQ = 2-2ACt, Different letters (a—d)
indicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05).

higher expression of TYDC and NCS, respectively, while SM3B
inoculation did not affect their expression significantly. 60MT
expression was lower in individual inoculated plants compared
to consortium inoculated plants. Expression of CNMT and
NMCH in consortium-inoculated plants was 8.9- and 9.2-fold
higher than that of endophyte-free control plants, respectively
(Figure 4). Individual inoculation of SM1B and SM3B could
also increase the expression of CNMT (5.9-7.3-fold) and
NMCH (4.2-6.3-fold), but the increment was lower compared to
consortium inoculation.

Expression of genes involved in papaverine biosynthesis, i.e.,
N70OMT and 70OMT was increased by 7.2- and 2.6-fold, in
consortium-inoculated plants, respectively (Figure 5). Individual
inoculation could also upregulate NJOMT and 7OMT expression
but were lower than that of consortium inoculated plants. In
consortium-inoculated plants expression of genes involved in

noscapine biosynthesis, i.e., BBE and TNMT was increased by
5.3- and 7.3-fold, respectively (Figure 5) whereas individual-
inoculation could also increase BBE (5.5-11.8-fold) and TNMT
(4.5-8-fold) expression.

The increment in the expression of SalSyn, SalR, and SalAT
mediated by consortium inoculation was higher than the
individual endophyte inoculation (Figure 6). Consortium-
inoculated plants had 7.0-, 5.9-, and 6.4-fold higher SalSyn,
SalR, and SalAT expression compared to non-inoculated
endophyte-free control plants. Individual inoculation of
SM1B and SM3B could increase the expression of SalSyn
(2.8-5.8-fold), SalR (2.7-2.8-fold) and SalAT (3.6-fold) to
lower levels only. The consortium-inoculated plants and
SM1B inoculated plants had reduced expression of T60DM,
however, SM3B inoculated plants had 2.4-fold higher T60DM
expression compare to endophyte-free control plants (Figure 6).
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FIGURE 5 | Effect of endophytes inoculation on the expression of genes involved in papaverine and noscapine biosynthesis. Total RNA was isolated from the green
capsule of 90 days old P somniferum plants inoculated with endophytes SM1B and SM3B individually, and in the form of consortium (SM1B+SM3B), reverse
transcribed and used as a template for RT-gPCR with SYBR Green detection. The capsules of non-inoculated endophyte free plants were used as a control.
Expression of genes involved in papaverine biosynthesis N7OMT (A), 7OMT (B) and noscapine biosynthesis BBE (C), TNMT (D) was analyzed. Results were
normalized to actin (reference transcript) and are shown relative to the level in non-inoculated endophyte free control plants (calibrator). gRT-PCR was performed on
triplicate technical replicates of triplicate biological samples (n = 3). Data are means + SE (n = 3 biological replicates) and Y-axis represents relative quantity (RQ). RQ
was calculated using the equation; RQ = 2-2ACt, Different letters (a—d) indicate statistically significant differences between treatments (Duncan’s multiple range
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Expression of CODM was not affected significantly due to the
consortium- and SM1B-inoculation. However, SM3B inoculated
plants had almost twofold higher CODM expression than
the endophyte-free control plants, SM1B and consortium
inoculated plants (Figure 6). Expression of COR, considered
to be the most critical regulatory gene, was 2.3-fold higher in
the consortium- inoculated plants whereas SM1B alone could
increase it to the level of 0.9-folds only and SM3B inoculation
reduced COR expression compare to endophyte-free control
(Figure 6). Upregulation of multiple genes involved in morphine
biosynthesis due to inoculation of a consortium of endophytes is
represented in Figure 7 (Supplementary Table S3).

DISCUSSION

Due to limitations related to social acceptability and cost-
effectiveness in genetic manipulation approaches such as the
development of transgenics by overexpressing single or multiple
genes simultaneously, there is a need of an alternate sustainable
approach for improvement of crop production and a healthier
environment. Microbes associated with plants such as plant
growth promoting rhizobacteria (PGPRs) and endophytes have

been used as promising candidates for sustainable agriculture.
They are found to be involved in improving plant growth and
protection from environmental stresses. We have demonstrated
that PGPRs and endophytes can protect the plant from
environmental stresses by modulating the phytohormone status
of plants and by modulating the expression of stress-responsive
genes (Bharti et al., 2016; Barnawal et al, 2016, 2017).
Also, endophytes residing in most of the parts of the plant
including root, stem, leaves, seeds, fruits, flower, and found
to perform the tissue-specific function may also modulate
primary and secondary metabolism of a plant (Pandey et al.,
2016a). Endophytes are considered better candidates than PGPR
because they function residing inside the plant and therefore,
they do not face any competition with the resident soil
microorganisms and also escape from the surrounding harsh
environmental conditions. Diverse endophytes are available
with specific characteristics related to growth promotion ability
and stress tolerance such as an ability of nutrient acquisition,
nitrogen fixation, phosphate solubilization, ACC-deaminase
production, phytohormone production and suppression of plant
pathogens that make them useful for improvement of plant
growth and for providing tolerance to environmental stresses.
A single endophyte may not be able to carry said multiple
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FIGURE 6 | Effect of endophytes inoculation on the expression of genes involved in morphine biosynthesis. Total RNA was isolated from the green capsule of 90
days old P somniferum plants inoculated with endophytes SM1B and SM3B individually, and in the form of consortium (SM1B+SM3B), reverse transcribed and
used as a template for RT-gPCR with SYBR Green detection. The capsules of non-inoculated endophyte free plants were used as a control. Expression of SalSyn
(A), SalR (B), SalAT (C), T6ODM (D), CODM (E), COR (F) was analyzed. Results were normalized to actin (reference transcript) and are shown relative to the level in
non-inoculated endophyte free control plants (calibrator). gRT-PCR was performed on triplicate technical replicates of triplicate biological samples (n = 3). Data are
means + SE (n = 3 biological replicates) and Y-axis represents relative quantity (RQ). RQ was calculated using the equation; RQ = 2~2ACt, Different letters (a—d)
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growth promotion activities. Therefore, to obtain maximum
growth and crop yield consortium of endophytes having
different characteristics will be a better approach than single-
endophyte inoculation.

Previously, we have demonstrated that inoculation of
an endophyte of opium poppy SMIB (Acinetobacter sp.)
which was isolated from the capsule of an alkaloid-rich
cultivar of P. somniferum (cv. Sampada) enhanced morphine
content substantially in alkaloid-less cv. Sujata. However, the
accumulation of intermediates of morphine synthesis; thebaine
and codeine was very low in SM1B-inoculated plants (Pandey
et al,, 2016b). Also, another endophyte SM3B (Marmoricola
sp.) inoculation could not increase the morphine content
significantly, but substantially increased the thebaine (another
important alkaloid) accumulation compared to endophyte-free

control plants. Gene expression study of these endophytes
(SM1B and SM3B) inoculated plants showed that most of the
genes (except T60DM and CODM) of BIA biosynthesis were
upregulated in SM1B-inoculated plants. On the other hand,
T60DM and CODM could be upregulated by SM3B-inoculation.
The present study therefore aimed at upregulation of all the
genes involved in morphine biosynthesis by inoculating these
two endophytes through complementarity. Single-inoculation
of these endophytes enhanced the morphine content in a
morphine-less cultivar of P. somniferum (cv. Sujata), however,
this could not increase up to the level of an alkaloid-
rich cultivar of P. somniferum (cv. Sampada) from where
these endophytes were isolated. Therefore, the efficacy of
combined inoculation of both the endophytes (SM1B and
SM3B) in maximizing the production of morphine, was tested
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FIGURE 7 | Upregulation of multiple genes involved in morphine biosynthesis due to inoculation of a consortium of endophytes. SM1B (Acinetobacter) endophytes
upregulated the expression of most of the genes of BIAs pathway except T6EODM and CODM whereas SM3B (Marmoricola sp.) inoculation upregulated the TEODM
and CODM. Consortium-inoculation (SM1B+SM3B) could enhance the morphine production by upregulating, the expression of most of the BIA biosynthetic genes
(TYDC, NCS, 60MT, CNMT, NMCH, SalSyn, SalR, SalAT, COR) involved in morphine biosynthesis to a greater extent, than that of single-inoculations. Expression of
different genes was presented in square boxes. Red color of boxes indicate upregulated expression (intensity of red color shows the level of expression, i.e., more
red more expression and vice versa), yellow color shows the level of expression in non-inoculated endophyte free control plants and light yellow color shows
downregulated expression. Enzyme abbreviations: TyrAT, tyrosine aminotransferase; TYDC, tyrosine/ dopa decarboxylase; NCS, norcoclaurine synthase; 60MT,
(S)-norcoclaurine 6-O-methyltransferase; CNMT, (S)- coclaurine N-methyltransferase; NMCH, (S)-N-methylcoclaurine 3-hydroxylase; 4-OMT,
(S)-30-hydroxy-N-methylcoclaurine 4-O-methyltransferase; DRS, 1,2-dehydroreticuline synthase; SalSyn, salutaridine synthase; SalR, salutaridine reductase; SalAT,
salutaridinol 7-O-acetyltransferase; TEODM, thebaine 6-O-demethylase; COR, codeinone reductase; CODM, codeine O-demethylase.

in P. somniferum cv. Sujata which is otherwise morphine-
less variety.

Both the endophytes (SM1B and SM3B) were able to
survive and perpetuate in combination and could colonize
successfully in the capsule of the poppy plant when applied
as a consortium. However, consortium inoculation slightly
reduced the colonization of SM1B compared to individual SM1B
inoculation. Consortium inoculation could enhance the growth
of P. somniferum cv. Sujata plants compared to individual
inoculations by increasing the content of photosynthetic
pigments, photosynthetic rate, transpiration rate and stomatal
conductance. The increased photosynthetic efficiency of the
consortium-inoculated poppy plant could enhance the biomass
(73.3%), capsule weight (66%), and seed yield (79%) which was
substantially higher than single-inoculation.

Combined-inoculation of SM1B and SM3B could generate
higher increments in morphine content compared to
individual-inoculations by modulating the utilization of the
key intermediates (reticuline and thebaine) of morphine
biosynthesis. Enhanced morphine content due to
more thebaine production in consortium inoculated plants
(0.07% content gDW’l) compared to individual-inoculation
(0.005% content gDW~! in case of SM1B and 0.035% content
gDW™! in case of SM3B). Higher thebaine production
could result in lower accumulation of reticuline (upstream
intermediate) in consortium inoculated plants compare to
single inoculation of SM3B. However, very low accumulation
of reticuline and thebaine indicates complete utilization of
these intermediates for morphine biosynthesis in the case of
SM1B-inoculated plants.

Consortium-inoculation could enhance the morphine
production by upregulating, the expression of most of the
BIA biosynthetic genes (TYDC, NCS, 60MT, CNMT, NMCH,
SalSyn, SalR, SalAT, COR) involved in morphine biosynthesis
to a greater extent, than that of single-inoculations (Figure 7).
Expression of TYDC, NCS, 60MT, CNMT, NMCH which are
the genes upstream to reticuline biosynthesis was higher in
consortium inoculated plants, clearly indicating greater flux of
BIA biosynthesis toward central intermediate, i.e., reticuline.
However, due to the increased expression of SalSyn, SalR,
and SalAT (which was higher in consortium-inoculated plants
than that of single-inoculation); reticuline accumulation was
found to be low than that of SM3B-inoculated plants. Due
to higher expression of SalSyn, SalR, and SalAT than that
of single inoculation; conversion of reticuline to thebaine
was higher, and that could have resulted in more thebaine

was

accumulation in consortium-inoculated plants compared to
single-inoculated plants.

Here, we probably for the first time demonstrated that
endophytes affecting the host metabolism at gene expression level
having different modes/targets of action could be combined to
compliment the inability of one endophyte to upregulate certain
genes thus improving the biosynthesis of secondary metabolites.
Also, by using the consortium of different endophytes with
diverse functional growth attributes, we can compliment the
functional deficiency of one by another. These endophytes
would be a better alternative in place of transgenic plants
and also could be explored for the development of designer
plants. Here, in the present study, we also established
that consortium of selected endophytes could be applied to
overexpress multiple genes to increase the plant yield/desired
product. The present study was conducted in morphine-less
genotype Sujata to establish the role of combined inoculation
of endophytes in enhancing morphine, and therefore the
magnitude of enhancement was quite high considering very
low concentrations inherently present in genotype Sujata.
These enhancements, however, might not be possible in
morphine/alkaloid rich variety(ies). It is, however, essential to
understand the detailed mechanism of action of promising
endophytes, and then a combined approach can be applied to
attain maximum yields.
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Two novel 3-decalinoyltetramic acid (3DTA) derivatives, namely fusarisetins C and D
(1 and 2), and four known derivatives (3-6) were isolated from the marine-derived
fungus Fusarium equiseti D39. Their structures were determined by spectroscopic data,
vibrational circular dichroism (VCD) calculations, and X-ray crystallography. Compound 2
was identified as the first fusarisetin to possess an unprecedented carbon skeleton
with a tetracyclic ring system comprised of a decalin moiety (6/6) and a tetramic acid
moiety. A plausible biosynthetic pathway for the isolated compounds was proposed. All
3DTAs derivatives exhibited a potent phytotoxicity, and 6 also displayed a remarkable
anti-phytopathogenic activity superior to the positive control resulting in damage of
the cell membrane of Pseudomonas syringae and ensuing leakage of the intracellular
components. Here, the phytotoxicity of fusarisetins has been reported for the first time.
The OSMAC fermentation optimization approach to give 5 was performed by varying
the culture media and salinities. The results showed that potato liquid medium with 1%
salinity is the most favorable condition for the production of 5.

Keywords: 3-decalinoyltetramic acid, fusarisetin, phytotoxicity, anti-phytopathogenic activityy, OSMAC
fermentation

INTRODUCTION

3-Decalinoyltetramic acids (3DTAs) are natural products that contain the tetramic acid structure
(pyrrolidine-2,4-dione) featuring substituted decalin ring systems (Schobert and Schlenk, 2008; Mo
et al., 2014). The most representative compound is equisetin, which was the first member of this
family to be identified (Royles, 1995). 3-Decalinoyltetramic acids have been isolated from various
terrestrial and marine microorganisms, but mainly from fungi (Mo et al., 2014). These compounds
exhibited various notable biological activities, such as antimicrobial, antiviral, cytotoxic, and
phytotoxic activities (Schobert and Schlenk, 2008; Mo et al., 2014). In 2011, the biogenetically
related compound fusarisetin A, that possesses both an unprecedented carbon skeleton and a
new pentacyclic ring system with acinar morphogenesis inhibitory activity, was identified, thereby
enriching the structural and biological diversity of 3DTAs (Jang et al., 2012). Thus, due to their
intriguing structures and associated biological activities, 3DTAs are gaining growing attention from
the communities of biologists and chemists.
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Marine fungi are a hotspot for the study of various natu-
ral products, as they produce secondary metabolites with
novel structures and interesting bioactivities endowed by the
unique marine environment (Carroll et al., 2019). However,
each microbial strain has the potential to produce multiple
compounds, and only subsets of these compounds are produced
under specific growth conditions. Based on this, the “one strain
many compounds” (OSMAC) culture strategy was conceptualized
to increase the chemical diversity and improve the yields of new
microbial bioactive compounds by varying the nutrient content,
temperature, salinity, aeration, etc. (Romano et al., 2018).

During our ongoing search for novel secondary metabolites
with agricultural bioactivities from marine-derived fungi (Huang
et al., 2018; Zhao et al., 2018), the fungus Fusarium equiseti D39
(previously numbered as GLY27 and P18), collected from the
intertidal zones of the Yellow Sea in Qingdao, China, attracted
our attention because the extract of the fungal culture exhibited
a strong anti-phytopathogenic activity. Using the bioassay-
LCMS-'H NMR screening technology, the HPLC profile and
'H NMR spectrum of the extract of the fungal culture were
obtained and found to exhibit distinctive UV-absorption peaks
and proton signals corresponding to 3DTAs, while the MS
spectrum indicated the presence of some novel 3DTAs. However,
only two anthraquinone derivatives were isolated from the
fungal cultures (Zhao et al., 2018), thereby prompting further
investigations into the metabolome of this fungus to isolate
the 3DTAs. Further chemical investigation of the ethyl acetate
(EtOACc) extracts led to the isolation of six 3DTAs (Figure 1),
including two novel fusarisetins, namely fusarisetins C and D
(1 and 2), and the four known compounds fusarisetin B (3),
fusarisetin A (4), equisetin (5), and epi-equisetin (6). To the best
of our knowledge, only two fusarisetins have been reported as
natural products to date (Ahn et al., 2012; Jang et al., 2012).
Thus, we herein report the isolation, structural elucidation, and
biological activities of these compounds. In addition, to improve
the yield of compound 5, fermentation optimization was carried
out using the OSMAC approach.

MATERIALS AND METHODS

General Experimental Procedures

Optical rotations were measured on a JASCO P-1020 digital
polarimeter with a 1 dm cell (Jasco, Inc., Easton, MD,
United States). UV spectra were recorded on a Techcomp
UV2310II spectrophotometer (Techcomp, Ltd., Shanghai,
China). IR and vibrational circular dichroism (VCD) spectra
were acquired using a BioTools ChiralIR-2X spectrophotometer
(BioTools Inc., Olathe, KS, United States). NMR spectra were
acquired on an Agilent DD2 500 MHz NMR spectrometer
(500 MHz for 'H and 125 MHz for *C; Agilent Technologies,
Santa Clara, CA, United States), using tetramethylsilane (TMS) as
an internal standard. Electrospray ionization mass spectrometry
(ESIMS) and high resolution ESIMS (HRESIMS) were carried
out using a Micromass Q-TOF spectrometer (Waters, Milford,
MA, United States) and a Thermo Scientific LTQ Orbitrap
XL spectrometer (Thermo Fisher Scientific, Waltham, MA,

United States). Single-crystal data were collected on an Aglient
Technologies Gemini E Ultra system (Cu Ko radiation) (Agilent
Technologies). Semi-preparative HPLC was performed on a
Cis (Waters, 5 pwm, 10 x 250 mm) column using a Waters
€2695 separation module equipped with a Waters 2998 detector
(Waters). Silica gel (200-300 mesh; Qing Dao Hai Yang Chemical
Group Co., Qingdao, China), octadecylsilyl silica gel (ODS)
(RP18, 40-63 pm; Merck, Billerica, MA, United States), and
Sephadex LH-20 (GE Healthcare, Pittsburgh, PA, United States)
were used for column chromatography. Compounds were
monitored by thin layer chromatography (TLC) (G60, F-254;
Yan Tai Zi Fu Chemical Group Co., Yantai, China), and spots
were visualized by heating the silica gel plates sprayed with 12%
H,SOy4 in H,O containing saturated vanillins. All the solvents
for extraction and isolation were of analytical and HPLC grade.

Fungal Material

The fungal strain F. equiseti D39 was isolated from a piece of
fresh tissue obtained from the inner part of an unidentified
plant, which was collected from the intertidal zone of the Yellow
Sea, Qingdao, China, in July 2016. The fungus was identified
according to its morphological characteristics and a molecular
protocol by amplification and sequencing of the DNA sequences
of the ITS region of the rDNA gene (Zhao et al, 2018). The
strain was deposited in the Marine Agriculture Research Center,
Tobacco Research Institute of Chinese Academy of Agricultural
Sciences, Qingdao, China, with the GenBank (NCBI) accession
number KY945342.

Extraction and Isolation

The fungal strain F. equiseti D39 was fermented by solid-state
fermentation (SSF) on rice medium in 100 Erlenmeyer flasks
(each containing 80 g of rice and 120 mL of H,O) at 28° C for
30 days. The culture medium was extracted three times repeatedly
with EtOAc, and the solvent was concentrated under reduced
pressure to yield the EtOAc extract (25.8 g). This EtOAc extract
was then subjected to vacuum liquid chromatography (VLC) on
silica gel using a step gradient elution of EtOAc—-petroleum ether
(0-100%) and subsequently EtOAc-MeOH (0-100%) to provide
six fractions (Fr.1-Fr.6). Fraction 3 was initially fractionated
using an ODS gel column with a step gradient elution of MeOH-
H,0 (30-90%), followed by separation on Sephadex LH-20 CC
(CH,Cl,/MeOH, v/v, 1/1) to afford Fr. 3-1-Fr. 3-8. Fraction 3-6
was then purified by reversed phase (RP)-HPLC eluting with
55% MeOH-H;0 to obtain compound 1 (5.0 mg). Fraction 4
was separated on silica gel CC (EtOAc/petroleum ether = 20/80
to 100/0) to obtain Fr. 4-1-Fr. 4-5. Fraction 4-2 was applied
to an ODS column eluting with 30-90% MeOH-H,O, followed
by purification on Sephadex LH-20 CC (CH,Cl,/MeOH, v/v,
1/1) to obtain Fr. 4-2-1-Fr. 4-2-9. Fraction 4-2-6 was further
separated by HPLC using 40% MeCN-(H,O + 0.1% TFA) to
yield compounds 3 (61.2 mg) and 4 (28.5 mg). Fraction 4-2-7
was purified by HPLC using 55% MeCN-H,O (containing 0.1%
TFA) to give compounds 5 (238.2 mg) and 6 (126.5 mg).
Fraction 5 was subjected to ODS column chromatography
using a gradient elution of 30-80% MeOH-H,O to afford
subfractions Fr.5-1-Fr.5-8. Fraction 5-7 was then subjected to
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FIGURE 1 | Chemical structures of 1-6.

chromatography on Sephadex LH-20 (CH,Cl,-MeOH, v/v, 1/1)
and finally purified by semipreparative HPLC eluting with 60%
MeOH-H,O to give compound 2 (4.0 mg).

Fusarisetin C (1): Colorless crystals; [@]?p +15.0 (¢ 0.25,
MeOH); UV (MeOH) hmax (log &) 202 (3.42) nm; 'H and 1*C
NMR data, Tables 1, 2; HRESIMS m/z 372.1825 [M — H]~ (calcd
for C21H27N05, 372.1816).

Fusarisetin D (2): Colorless oil; [a]%p -9.2 (¢ 0.13, MeOH);
UV (MeOH) Amax (log €) 200 (3.19) nm; 'H and *C NMR
data, Tables 1, 2; HRESIMS m/z 390.2278 [M + H] " (calcd for
Cy,H3,NOs, 390.2275).

X-ray crystallographic analysis of 1 and 3. Colorless crystals
of 1 and 3 were obtained upon evaporation of the CH,Cl,-
MeOH (2:1, v/v) solvent mixture by maintaining the sample
at 25°C for 3 days. Single-crystal X-ray diffraction data were
recorded on a Xcalibur, Eos, Gemini ultra diffractometer at
298 K. The structures were solved by direct methods (SHELXS-
2018) and refined using full-matrix least-squares difference
Fourier techniques. All non-hydrogen atoms were refined
anisotropically, and all hydrogen atoms were placed in idealized
positions and refined relatively isotropically with a riding
model. Crystallographic data for 1 and 3 were deposited in the
Cambridge Crystallographic Data Centre with the deposition
numbers 1893702 and 1895292, respectively. Copies of the data
can be obtained, free of charge, on application to the Director,
CCDC, 12 Union Road, Cambridge CB21EZ, United Kingdom
(fax: +44 (0)-1233-336033 or e-mail: deposit@ccdc.cam.ac.uk).

Crystal data for 1: CyHyyNOs, M, = 373.44, monoclinic,
a = 125780 (12) A, b = 74893 (8) A, ¢ = 22.119 (2) A,
o = 90.00°, B = 95.281 (10)°, y = 90.00°, V = 2074.7 (4) A3,
space group C2, Z = 4, Dy = 1.196 mg/m>, p = 0.694 mm~!,
and F(000) = 800. Crystal size: 0.08 mm x 0.07 mm x 0.07 mm.
Reflections collected/unique: 6383/2896 [R(int) = 0.0556]. The
final indices were Ry = 0.0607, wR, = 0.1313 [I > 20(I)]. Flack
parameter = 0.0 (5).

Crystal data for 3: C;3H31NOs, M, = 389.22, monoclinic,
a = 10.1548 (5) A, b = 17.3448 (9) A, ¢ = 11.9203 (6) A,
a = 90.00° B = 94.435 (4)°, y = 90.00°, V = 2093.27 (19) A3,
space group P2y, Z = 4, Dy = 1.236 mg/m>, p = 0.705 mm ™!,
and F(000) = 840. Crystal size: 0.12 mm x 0.11 mm x 0.11 mm.
Reflections collected/unique: 8355/5693 [R(int) = 0.0199]. The
final indices were Ry = 0.0459, wR, = 0.1026 [I > 20(I)]. Flack
parameter = 0.0 (2).

Phytotoxicity Bioassays

The phytotoxicities of the isolated compounds against the
seedling growth of amaranth (Amaranthus retroflexus) and
lettuce (Lactuca sativa) were tested using a previously reported
method (Zhang et al., 2013; Huang et al., 2018). Glyphosate
was used as a positive control with concentrations of 200 and
50 pg/mL, respectively.

Antibacterial and Antifungal Assays
The antibacterial and antifungal activities were evaluated
using the conventional broth dilution assay (Appendino
et al, 2008; Wang et al, 2016). Five phytopathogenic
bacterial strains, including Acidovorax avenae, Clavibacter
michiganensis, Pseudomonas syringae, Ralstonia solanacearum,
and Xanthomonas campestris, and 12 phytopathogenic fungal
strains, including Alternaria alternata, Alternaria brassicicola,
Aspergillus niger, Botrytis cinerea, Botryosphaeria dothidea,
Colletotrichum  sp.,  Fusarium  graminearum,  Fusarium
oxysporum, Magnaporthe grisea, Pseudopestalotiopsis theae,
Rhizoctonia cerealis, and Valsa mali were used. Streptomycin
sulfate, carbendazim, and prochloraz were used as positive
controls for the bacteria and fungi, respectively.

TEM was performed to evaluate the effects of 5 (MIC and
4 x MIC) on P. syringae according to previously described
methods (Liu et al., 2018; Zhao et al., 2018).
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TABLE 1 | "H NMR Data (500 MHz, 8 in ppm, J in Hz) and '3C NMR Data
(125 MHz, & in ppm) for 1.

TABLE 2 | "H NMR Data (500 MHz, 8 in ppm, J in Hz) and '3C NMR Data
(125 MHz, 3 in ppm) for 2.

1(CD30D) 1 (DMSO-dg) 2 (CD;0D) 2 (DMSO-dg)
Position 3¢, type 8y (Jin H2) 3¢, type 8y Win Hz) Position §¢, type 8y Win Hz) 3¢, type 3y (W in H2)
1 75.3 73.3 1 73.9 717
2 174.0 172.6 2 171.7 168.3
3 174.6 172.9 3 712 4.12(dd,J=5.0, 69.7  4.06 (dd, J = 6.0,
4 106.9 105.5 3.0 Hz) 3.0Hz)
5 85.4  4.74(dq,J=6.5, 82.8  4.74(dg,J=6.5, 4 204.2 203.8
2.0 Hz) 1.5 Hz) 5 681  4.08 (m) 65.8  3.94 (m)
6 58.8  2.73(dd,J=10.5, 56.8  2.63(dd,J=10.5, 6 585 264(rd,J=115Hz)  57.3 2.45(dd,J=11.5,
2.0 Hz) 1.5 Hz) 9.5 Hz)
7 50.6  2.48(dd,J=10.5, 483  2.42(dd,J=10.5, 7 474 267 (ord, J=115Hz 452 2.59(dd,J=11.5,
4.5 Hz) 4.5 Hz) 5.0 Hz)
8 125.3  5.84(ddd, J = 10.0, 1245  5.86(ddd,J=10.0, 8 126.4 587 (m) 1255  5.82 (m)
45,25 Hz) 4.5,2.0 Hz) 9 133.6  5.58(d,J = 10.0 Hz) 131.8 553 (brd, J = 10.0 Hz)
9 133,56 559 (d,J=10.0H2) 131.8  554(d,J=100Hz 4o 382 1.86 (brd J=12.0Hz) 36.2  1.80 (brd, J=11.0 Hz)
10 37.9 1.91-1.93 (m) 359  1.86-1.88(m) 11 429  1.89 (brd, J = 12.0 Hz) 412  1.85(brd,J=11.0Hz)
" 431 1.88-1.90 (m) 413 1.84-1.86 (m) 0.83 (m) 0.74 (m)
0.84 (0, J=12.5H2) 0.74-0.78 (m) 12 341 1.48(m) 321 1.46 (M)
12 341 1.44-1.53 (m) 322 1.46(m) 13 364  1.74(m) 348  1.72 (brd, J = 12.5 H2)
13 36.4  1.76 (M) 348  1.71 (brd, 0.90 (m) 0.79 (m)
J=12.0Hz) 14 265  1.32 (m) 248  1.24(m)
0.91-0.98 (m) 0.81-0.85 (m) 111 m) 1.03 (m)
14 263 1.44-1.53(m) 247 1.36-1.39(m) 15 300 152 (dt J =105, 372 189t J =120,
1.09-1.16 () 1.01-1.09 (m) 2.0 Hz) 2.0Hz)
15 39.1 1.44-1.583 (m) 37.4 1.32-1.34 (m) 16 55.6 53.5
16 55.2 53.2 17 210.6 210.1
17 2108 209.0 18 61.5 3.93(dd,J =120, 613  3.75(m)
18 254 3.02(s) 250 2.96(9) 3.5Hz)
19 232  1.15(d,J=6.5Hz) 226  1.06(d,J=6.5Hz) 3.83 (dd, J = 12.0, 3.61 (M)
20 22.7 0.94 (d, J=6.5Hz) 22.2 0.88 (d, J=5.5Hz) 4.5 Hz)
21 14.3 0.98 () 13.8 0.88 (s) 19 286  3.11(s) 23.8 1.15(d, J=6.5Hz)
4-OH 817 (9) 20 241  1.26(d,J=65H2) 281 2.99(s)
21 227 0.93(d,J=6.5H2) 222  0.87(d,J=9.0Hz)
22 154  0.98(s) 148  0.86(s)
. .. . 5-OH 4.98(d, J=5.0Hz)
Fermentation Optimization 18-0H 494 ()

The fungal strain F. equiseti D39 was cultured according to the
OSMAC approach (Wang et al., 2017). To prepare the seed
culture, a portion of fresh fungal mycelium was inoculated in
potato dextrose water (PDW, 200 mL) culture medium with
shaking (180 rpm) at 28°C for 3 days. For medium optimization,
500 mL baftled Erlenmeyer flasks, each containing a different
medium (250 mL), were inoculated using the seed culture (5 mL)
and grown at 28°C for 9 days with shaking (180 rpm). The
seven media contained different crops, including carrots, maize
kernels, malt, tuberous root of pachyrhizus, peanuts, potatoes,
and soybean seeds, and were labeled as crops A-G. A portion
of each product (200 g) was then boiled in water for 60 min,
and the broth obtained was filtered through gauze. The infusion
volume was subsequently adjusted to 1 L by adding distilled
water, followed by the addition of glucose (20 g) to obtain the
culture media. F. equiseti D39 was fermented in three 500-mL
Erlenmeyer flasks each containing 250 mL crops A-G liquid
medium and was shaken for 9 days at 28°C and 180 rpm.
The culture media (750 mL) were then filtered to separate the

broth from the mycelia, the broth samples were extracted three
times with equal volumes of EtOAc. The mycelia were extracted
twice with CH,Cl,-MeOH (v/v, 1/1), and then extracted three
times with EtOAc after concentration. The organic extracts were
combined and concentrated under vacuum, in order to get a
total extract. The extracts were dissolved in MeCN to a final
concentration of 10.0 mg/mL for HPLC analysis.

The production of 5 was estimated by establishing the
standard curve between the HPLC peak areas and the
concentrations of 5. The standard curve was established using
standard solutions of 0.05, 0.1, 0.2, 0.4, 0.6, and 1.0 mg/mL
(sample size 10.0 pL) with a flow rate of 1.0 mL/min
(MeCN/[H,0 + 0.1% TFA], v/v, 60/40) on a C;g (Waters, 5 pum,
4.6 x 250 mm) column using a Waters 2695 separation module
equipped with a Waters 2998 photodiode array detector. The
linear curve and its fitting equation were established, and the
production of 5 was calculated according to the fitting equation.

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1285


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zhao et al.

3DTAs From Marine-Derived Fungus

The optimal culture medium for production of 5 selected
among crops A-G was further optimized with reference to salt
concentration. In this respect, cultures were prepared in this
medium after adjusting salinity at the levels of 1, 3, 5, 7, and 9%
by adding natural sea salt. The procedure for determining the
optimal fermentation salinity was as that described above.

RESULTS AND DISCUSSION

Chemical Identification of the

3-Decalinoyltetramic Acids

Fusarisetin C (1) was obtained as colorless crystals and assigned
the molecular formula C;;H;;NO5 by HRESIMS, indicating
nine degrees of unsaturation (Supplementary Figure S13). The
'H NMR spectrum in CD3OD (Table 1) displayed signals
corresponding to two mutually coupled olefinic protons at 8y
5.84 (ddd, J = 10.0, 4.5, 2.5 Hz) and 5.59 (d, J = 10.0 Hz), one
oxymethine at 3y 4.74 (dq, J = 6.5, 2.0 Hz), one N-methyl proton
at 3y 3.02 (s), two doublet methyl protons at 1.15 (d, J = 6.5 Hz)
and 0.94 (d, ] = 6.5 Hz), together with one singlet methyl proton
at dy 0.98. Additionally, one exchangeable proton signal was
observed in DMSO-dg at 3 8.17 (s), and assigned as a hydroxyl
proton (Table 1). The 13C NMR (Table 1) and DEPT spectra
in DMSO showed resonances corresponding to three carbonyl
groups including one ketone (3¢ 209.0) and two acylamides (3¢
172.9, 172.6), eight methine carbons (8¢ 131.8, 124.5, 82.8, 56.8,
48.3, 37.4, 35.9, and 32.2), three quaternary carbons (3¢ 105.5,
73.3, and 53.2), three methylene carbons (8¢ 41.3, 34.8, and
24.7), one N-methyl carbon (8¢ 25.0), and three methyl carbons
(3¢ 22.6, 22.2, and 13.8). These spectroscopic features suggested
that 1 is a type of fusarisetin, possessing a carbon skeleton with
a pentacyclic ring system comprising a decalin moiety (6/6)
and a tricyclic moiety (5/5/5) (Supplementary Figures S3-S7,
$9-S11). This structure is similar to fusarisetin B, which was

isolated from the soil fungus, Fusarium sp. FN080326 (Jang
et al., 2012). Compared to fusarisetin B, the disappearance of
signals corresponding to oxymethylene and methine moieties, in
addition to the appearance of an acylamide peak indicated that
the -CHCH,OH group in the ring E of fusarisetin B was replaced
by an acylamide carbonyl group in fusarisetin C. Indeed, the
HMBC correlations from H-18 to C-2 and C-3, and from 4-OH to
C-1and C-3 confirmed the above conclusion (Figure 2). Detailed
analysis of the HMQC, COSY, and HMBC spectra allowed the
assignment of all carbon and proton resonances of 1, and the
planar structure of 1 was elucidated. In the NOESY spectrum,
the correlations of H-21 with H-7 and H-10, and of H-10 with
H-12, as well as of H-5 with H-7 and 4-OH indicated that
these groups are positioned on the same face (Figure 2). These
NOESY data and the relevant coupling constants confirmed the
trans junction of the decalin ring system and the cis junction
between the tricyclic and decalin ring systems (Supplementary
Figures S8, S12). Thus, the relative configuration of 1 was thereby
established as 1R’,4R’,5R,65',78',108',12R’,15R,16S since the
1S,4R',5R,68,78',108',12R’,15R’,16S’ combination does not lead
to a reasonable model according to 3D simulations.

Recently, the VCD approach has become a robust and
reliable alternative for the stereochemical characterizations of
natural products (Sadlej et al.,, 2010; Keiderling and Lakhani,
2018). Thus, the experimental IR and VCD spectra of 1
(5.0 mg) were measured in DMSO-dg (120 pL) using a
BioTools dual PEM ChirallR-2X spectrophotometer. The IR
and VCD frequencies of (1R,4R,5R,6S,7S,10S,12R,15R,16S)-
1 were calculated at the MPWI1PW91/6-311+G(d)//B3LYP/
6-311+G(d) level of theory in the gas phase and the spectra
were compared with the experimental IR and VCD spectra of 1
(Supplementary Table S1). As shown in Figure 3, all calculated
IR and VCD signals of (1R,4R,5R,6S,7S,108,12R,15R,165)-1
agreed with the experimental IR and VCD signals of 1, thereby
confirming the (1R,4R,5R,6S,7S,108,12R,15R,16S) configuration

FIGURE 2 | COSY, key HMBC, and NOESY correlations of 1 and 2.
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FIGURE 3 | Comparison of the calculated VCD/IR spectra of
(1R,4R,5R,6S,7S,10S,12R,15R,16S)-1 and the experimental VCD/IR
spectra of 1.

for 1. Fortunately, 1 was recrystallized from a mixture of
dichloromethane/methanol (2:1) to yield crystals that were
suitable for single-crystal X-ray diffraction. This confirmed
the unambiguous assignment of the absolute configuration as
1R,4R,5R,6S,7S,108,12R,15R,16S (Figure 4).

Fusarisetin D (2) was isolated as colorless oil possessing
the molecular formula Cy;;H3 NOs with eight degrees of
unsaturation (Supplementary Figure S25). The general features
of its 'H and '>C NMR spectra (Table 2) suggested that 2 is
also a 3-decalinoyltetramic acid, and belongs to the family of
fusarisetins. Analysis of the 1D and 2D NMR spectra indicated
that the main differences between 2 and fusarisetin B could
be found in the C, D, and E rings (Supplementary Figures
$14-S18, S20-S22). The additional keto carbonyl signal and the
disappearance of the C-4 oxymethine signal indicated that ring
D was not present in 2. In addition, the COSY cross-peaks of
H-7/H-6/H-5/H-20, together with the HMBC correlations from
H-6 to C-1, C-2, C-4, and C-8, and from H-20 to C-6 (Figure 2)
reavealed that there was a -CH(OH)CH3 group anchored to C-
6. The HMBC correlations from H-3 and H-18 to C-4 suggested
that the C-O bond at C-4 in fusarisetin B was fractured in 2.
Thus, the planar structure of 2 was confirmed. Indeed, compound
2 represents the first 3-decalinoyltetramic acid, possessing an
unprecedented carbon skeleton with a tetracyclic ring system
comprising a decalin moiety (6/6) and a bicyclic moiety (5/5).

The relative configuration of 2 (with the exception of
C-1 and C-5) was then deduced on the basis of NOESY
spectroscopic data (Figure 2 and Supplementary Figures S19,
$23). The correlations of H-22 with H-7, H-10, and H-12
indicated that these groups are positioned on the same face.
The correlations of H-6 with H-3 and H-15, and of H-15
with H-21 reaveled a cis-relationship. Furthermore, the relative
configuration between C-5 and C-6 was determined by J-based
configuration analysis (including 2y c,H and 35 c,H carbon-proton
spin coupling constants, and proton-proton spin coupling
constants 3]H,H) (Matsumori et al., 1999; Halecker et al., 2014)
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FIGURE 5 | J-Based analysis of six hypothetical rotamers with 5R,6S (A1-A3) and 5S,6S (B1-B3) configuration to determine the stereochemistry of 2.
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C Cc
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(Supplementary Figure §24). In acyclic systems such as the side
chain of 2, the configuration of adjacent asymmetric centers can
be represented by staggered rotamers (Figure 5). Among the
various configurations, four conformers, namely A-1, A-3, B-1,
and B-2, could be identified using the *Jy u, 2Jc.u, and *Jc n
values, while rotamers A-2 and B-3 could not be distinguished.
The small coupling constants of 3] (Hs,Hg) = 1.5 Hz, 2J
(Hs, C¢) = 1.8 Hz, and the large coupling constant of 37
(Hs, Cs) = 6.0 Hz, indicated an anti-like configuration between
the proton and hydroxyl functions corresponding to B2 in
Figure 4, thereby confirming the relative configuration of 2.

Attempts were then made to determine the absolute
configuration of 2 at the C-5 position using the modified
Mosher’s method (Kusumi et al., 1991); however, neither
the reactants nor the corresponding acylation products were
detected, possibly because 2 was not stable under the alkaline
conditions required for this technique. As the various natural
fusarisetins included in the present study (ie., 1, 3-4) have
the same configuration in the A, B, and C rings, based on the
biogenetic consideration, the absolute configuration of 2 should
be 1R,3S,5S,6S,7S,10S,12R,15R,16S.

Known compounds 3-6 were identified as fusarisetin B (Ahn
et al., 2012), fusarisetin A (Jang et al., 2012), equisetin (Singh
etal., 1998), and epi-equisetin (Singh et al., 1998), by comparison
of their spectroscopic data with the literature. Compound 3 was
previously reported as its enantiomer in a patent, but was cited
in another article as fusarisetin B, which corresponds with the
structure determined herein (Ahn et al., 2012; Caro-Diaz et al,,
2014). Although the structure of 4 was revised in 2012, that of
3 was not, and the determination of its absolute configuration
was also not discussed. Fortunately, 3 was crystallized herein by

evaporation from a solution of 20:1 MeOH/H,O over the course
of 1 w, and the absolute configuration was determined to be
1R,35,4R,5R,68,75,10S,12R,15R,16S (Figure 4).

Plausible Biosynthetic Pathway
Toward Compounds 1-4

To the best of our knowledge, only two fusarisetins have been
previously isolated from nature. Inspection of the fusarisetin and
equisetin frameworks revealed that fusarisetins A-D may derive
biogenetically from the oxidation of equisetin upon exposure to
reactive oxygen species (ROS) (Figure 6; Xu et al., 2012; Yin et al,,
2012). This biosynthetic scenario could account for the formation
of a stabilized radical that, upon cyclization at the pendant
alkene followed by trapping by ROS, could produce fusarisetins
through single-electron oxidation and hemiketalization. Thus,
the absolute configurations of the chiral centers in rings A, B,
and C of fusarisetins A and D should be the same as those
of fusarisetins B and C, which were confirmed by their X-ray
structures (Figure 4).

Bioactivities of Compounds 1-6

3-Decalinoyltetramic acids and their derivatives have been found
to exhibit a broad range of biological activities, including
antiviral, antimicrobial, cytotoxic, and phytotoxic activities
(Schobert and Schlenk, 2008; Mo et al, 2014). In the
present study, all isolated compounds were subjected to a
panel of bioassays to evaluate their potential activities. These
included evaluation of their anti-phytopathogenic bacterial
activities against A. avenae, C. michiganensis, P. syringae,
R. solanacearum, and X. campestris, anti-phytopathogenic fungal
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FIGURE 6 | Proposed biosynthetic pathway of compounds 1-4.

TABLE 3 | Anti-phytopathogenic bacterial and fungal activities of 5 and 6.

Compunds MIC (nM)

C. michiganensis P. syringae A. brassicicola F. graminearum R. cerealis
5 4.2 11 8.4 133.9 8.4
6 4.2 4.2 16.7 133.9 -
Streptomycin sulfate? 0.9 3.4 No test No test No test
CarbendazimP No test No test - 8.2 16.3
Prochloraz? No test No test 0.4 No test No test

aStreptomycin sulfate was used as a positive control for antibacterial assays. ® Carbendazim and prochloraz were used as positive controls for antifungal assays. =" means

no antifungal activity.

activities against A. alternata, A. brassicicola, A. niger, B. cinerea,
B. dothidea, Colletotrichum sp., F. graminearum, F. oxysporum,
M. grisea, P. theae, R. cerealis, and V. mali, and phytotoxicities
toward the seedling growth of amaranth (A. retroflexus) and
lettuce (L. sativa). The corresponding results are outlined in
Tables 3-5. As indicated, compounds 1-6 displayed obvious
phytotoxicities, while compounds 5 and 6 also exhibited potent
anti-phytopathogenic bacterial and fungal activities. Notably,
compounds 5 and 6 showed remarkable antimicrobial activities
against P. syringae and R. cerealis, with minimum inhibitory
concentration (MIC) values of 1.1 and 8.4 pwM, respectively,
compared to 3.4 pM for streptomycin sulfate, and 16.3 pM
for carbendazim. Interestingly, the equisetins have been widely
reported for their antibacterial activities against Gram-positive
bacteria (Schobert and Schlenk, 2008; Mo et al., 2014), and in
this study, their remakable anti-Gram negative bacterial activity
was also found. Moreover, compounds 4-6 exhibited a prominent
phytotoxicity against growth of amaranth and lettuce seedlings
at 200 pg/mL, and this strong phytotoxicity was still evident at

lower concentrations (50 pg/mL). In addition, the fusarisetins
were quoted as exhibiting acinar morphogenesis inhibitory
activities (Ahn et al,, 2012; Jang et al., 2012), and were reported
to be phytotoxic for the first time in the present paper.

The effect of 5 on the cell membrane of P. syringae was
then examined by TEM. The untreated cells appeared to be
intact with the typical cellular organization (Supplementary
Figure S1), while cells treated with 5 (1 x MIC and 4 x MIC)
disintegrated, with this effect being more pronounced at higher
concentration (Supplementary Figure S1). Indeed, compound 5
completely lysed the cell walls of the majority of cells, which were
misshapen and disproportionate (Supplementary Figure S1).
Hence, 5 treatment was confirmed to damage the cell membrane
of P. syringae resulting in leakage of the intracellular components.

Fermentation Optimization of 5

Due to the prominent bioactivities exhibited by compound 5, the
fermentation optimization was performed based on the OSMAC
approach to improve its yield. Strain D39 was initially cultivated
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TABLE 4 | Phytotoxicity of compounds 1-6 (200 pg/mL) toward seedling growth
of amaranth and lettuce.

Strains Root length (mm) Hypocotyl length (mm)
Amaranth Lettuce Amaranth Lettuce

1 4.60 £+ 0.00 - - -

2 13.083 £0.32 - - -

3 7.65 £2.90 - - -

4 0 - 0 -

5 0 0 0 6.36 £ 0.59

6 0 0 0 4.90 +£1.43

Glyphosate 0 0 0 3.75+0.25

HoO 16.43 £ 1.55 20.94 £ 2.15 7.40+0.77 8.40 £ 0.59

The concentration of glyphosate was 200 ug/mL. A length <2.0 mm was regarded
as no germination. “=” means no obvious effect on seedling growth.

TABLE 5 | Phytotoxicity of compounds 4-6 (50 j.g/mL) toward seedling
growth of amaranth.

Strains Amaranth

Root length (mm) Hypocotyl length (mm)
4 6.77 +£1.93 6.30 + 1.01
5 0 4.47 £1.29
6 0 5.20 £+ 0.87
Glyphosate 0 0
H,O 16.43 £ 1.55 7.40 £0.77

The concentration of glyphosate was 50 ug/mL. A length <2.0 mm was regarded
as no germination.

by SSF on rice medium, as it was reported that SSF is an efficient
fermentation process in terms of producing complex metabolites
due to its longer metabolic circle. In addition, SSF offers potential
benefits for microbial cultivation for bioprocesses and product
development (Dong et al., 2016). However, many fatty acids and
other components from the solid culture medium could be mixed
with those from the fungus during the extraction process, which
can significantly affect the bioassays and chemical fingerprint
assays. The long fermentation time of SSF is also a disadvantage,
and so submerged flask fermentation (SmF) using seven different
crop media was applied for the purpose of this study.

The standard curve of 5 was established by means of HPLC-
UV measurements. Thus, the linear regression equation for
5 was determined to be y = 834 x 10° x —3.54 x 10%
(R* = 0.99) (Supplementary Figure S2) (R?> = 0.99), where x
is the concentration of 5 (mg/mL), and y is the peak area. All
curves showed good linear relationships that could be used to
estimate the production of 5 from the corresponding HPLC
peak areas. The crude extracts were then subjected to HPLC
analysis to determine the yields of 5, which varied significantly
(Supplementary Table S2). The results showed that the highest
production of 5 was obtained using the crop F medium,
yielding 21.61 mg/L.

Thus, the productivity of 5 was further optimized in the
crop F medium by investigating the effects of salinity (i.e., 0,
1, 3, 5, 7, and 9%). It was found that the highest production
of 5 was obtained under 1% salinity with a yield of 59.85 mg/L

(Supplementary Table S2), and the production decreased upon
increasing the salinity. Thus, crop F medium with a salinity of 1%
was found to be the most favorable condition for the production
of 5 from F. equiseti D39.

CONCLUSION

In conclusion, we herein reported the isolation and identification
of two novel fusarisetins (1 and 2), along with four known
antimicrobial and phytotoxic analogs (3-6) from the marine-
derived fungus F. equiseti D39. The absolute configuration of
1, which was difficult to be determined by common means,
such as ECD calculations and chemical conversions, due to
the lack of chromophores and low yields, was determined by
VCD method and verified by X-ray diffraction, suggesting a new
horizon to define the absolute configurations of fusarisetins. The
phytotoxicity of fusarisetins was reported for the first time in
the present study. Furthermore, as the need for subsequent field
trials, the OSMAC fermentation optimization approach toward
the most bioactive compound 5 was employed, and the potato
dextrose liquid medium with a salinity of 1% was found to be the
most favorable, with a high yield of 59.85 mg/L. Due to the neglect
on the study of agricultural biological activities of marine-derived
fungi worldwide, the present study revealed that searching for
new biopesticides from secondary metabolites of marine-derived
fungi has a very broad prospect.
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Microbial chitinases are gaining interest as promising candidates for controlling
plant pests. These enzymes can be used directly as biocontrol agents as well
as in combination with chemical pesticides or other biopesticides, reducing their
environmental impact and/or enhancing their efficacy. Chitinolytic enzymes can target
two different structures in insects: the cuticle and the peritrophic matrix (PM). PM,
formed by chitin fibrils connected to glycoproteins and proteoglycans, represents a
physical barrier that plays an essential role in midgut physiology and insect digestion,
and protects the absorptive midgut epithelium from food abrasion or pathogen
infections. In this paper, we investigate how two recently discovered metagenome-
sourced chitinases (Chi18H8 and 53D1) affect, in vitro and in vivo, the PM integrity of
Bombyx mori, a model system among Lepidoptera. The two chitinases were produced
in Escherichia coli or, alternatively, in the unconventional — but more environmentally
acceptable — Streptomyces coelicolor. Although both the proteins dramatically altered
the structure of B. mori PM in vitro, when administered orally only 53D1 caused adverse
and marked effects on larval growth and development, inducing mortality and reducing
pupal weight. These in vivo results demonstrate that 53D1 is a promising candidate as
insecticide protein.

Keywords: insecticidal proteins, chitinase, metagenomics, heterologous expression, Streptomyces, insect
control, Bombyx mori, peritrophic matrix

INTRODUCTION

Pesticides derived from chemical synthesis are massively used to control different pests
that constantly threaten crop production (Atwood and Paisley-Jones, 2017). The main
drawbacks of chemically synthesized pesticides are their broad toxicity and accumulation
into ecosystems and food chains (Kumar et al., 2019). Alternatively, biocontrol or biological
control, ie., the use of organisms or their products (biopesticides), is favored by the
better selectivity of these agents toward the target pests, their biodegradability, and reduced
toxicity (Czaja et al., 2015; Bonanomi et al, 2018; Damalas and Koutroubas, 2018).
In contrast, the successful use of biocontrol agents is often limited by their instability
and scarce persistence into environment, as well as by their slower mode of action
and reduced efficacy in comparison to chemical pesticides. Bacteria and fungi exhibiting
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fungicidal, insecticidal, and/or nematicidal action are commonly
used as biocontrol agents. They produce antibiotics and secrete a
variety of hydrolytic enzymes (chitinases, proteases, lipases, and
glucanases), which concur in disrupting essential structures for
pathogen life. A compelling alternative is formulating cocktails
of (semi)purified antibiotics and enzymes, which mimic living
biocontrol agents, without presenting the limitations inherent to
their use and storage. Such biopesticides can be used alone or
in combination with other controlling agents to enhance their
efficacy (Regev et al, 1996; Karasuda et al., 2003; Liu et al.,
2010). If added to chemically synthesized pesticides, biopesticides
might allow the reduction of their dosage, alleviating their
negative impact on the ecosystem (Karasuda et al., 2003). To
this purpose, chitinases represent promising biopesticides, since
they hydrolyze chitin, which is present in different plant pests,
i.e, insects, fungi, and nematodes (Mavromatis et al., 2003;
Neeraja et al., 2010; Hjort et al., 2014; Soares et al., 2015; Berini
et al., 2016, 2017b, 2018). Additionally, they are harmless for
plants and vertebrates, which do not possess chitin in their
tissues. Chitin is a linear homopolymer of N-acetylglucosamine
(GIcNAc) and exerts fundamental roles in the vital structures
of pests. It is a structural component of cell wall in fungi,
of eggshell in nematodes, and of both cuticle and peritrophic
matrix (PM) in insects. PM is a thin acellular sheath formed by
chitin, glycoproteins, and proteoglycans, which lines the midgut
epithelium of most insects (Hegedus et al., 2009; Berini et al.,
2018). Chitinases belong to the family of glycosyl hydrolases.
Based on their mode of action on chitin, they are classified
as endochitinases, which split chitin randomly at internal
sites, or as exochitinases that remove monomers (B-N-acetyl
glucosaminidases) or dimers (chitobiosidases) of GlcNAc from
the non-reducing end of chitin chains (Adrangi and Faramarzi,
2013; Berini et al., 2018).

In the recent years, we applied function- and/or sequence-
based screening approaches to different metagenomes for
discovering novel bioactive chitinases of microbial source, which
differ from those already known that have been discovered by
classical microbiological methods (Hjort et al., 2014; Cretoiu
et al, 2015; Berini et al., 2017b). Since the vast majority
of microorganisms present in natural samples (up to 99-
99.9%) are recalcitrant to cultivation, metagenomics, being
culture-independent, facilitates the task of encrypting novel
chitinases (Berini et al., 2017a). Thanks to this approach,
two of the first metagenomics-sourced chitinases were recently
discovered: Chil8H8 was identified in 2014 from a naturally
phytopathogen-suppressive soil in Sweden (Hjort et al., 2014;
Berini et al., 2017b), whereas 53D1 was identified in 2015 in
a chitin-supplemented agricultural soil from an experimental
farm in the Netherlands (Cretoiu et al., 2015). Few milligrams
of both chitinases were initially produced in Escherichia coli
as heterologous host and partially biochemically/functionally
characterized. Interestingly, Chil8H8 showed antifungal activity
toward the phytopathogen fungi Fusarium graminearum and
Rhizoctonia solani (Hjort et al., 2014; Berini et al., 2017b),
whereas 53D1 looked interesting since it was markedly stable in
a wide range of conditions, including in the presence of high
salt concentrations (Cretoiu et al., 2015). We recently described

the development to a 30-L bioreactor pilot scale of an effective
process to produce Chil8H8 by mild solubilization of inclusion
bodies (IBs) in E. coli (Berini et al., 2017b). Herein, we describe
the optimization of 53D1 production by using an alternative
heterologous host — the Gram-positive bacterium Streptomyces
coelicolor A3(2) - and report on producing and testing both
Chil8H8 and 53D1 as insecticidal proteins in Bombyx mori, a
reference model among Lepidoptera. To our knowledge, this is
the first investigation on the insecticidal activity of metagenome-
sourced chitinases, which might represent promising candidates
as biocontrol agents.

MATERIALS AND METHODS
53D1 Gene Cloning

The nucleotide sequence of the metagenomic fosmid insert that
includes 53D1 chitinase gene was deposited in the GenBank
database (accession number LN824156.1) (Cretoiu et al., 2015).
The chitinase-encoding cDNA was sub-cloned into the multi-
copy expression vector pIJ86 (Binda et al., 2013) (kindly gifted by
M. J. Bibb, John Innes Centre, Norwich, United Kingdom) under
the control of the constitutive ermE* promoter, by using the
fosmid DNA as template. Primers used for amplification were
plJ86_53D1_FW (5 ATATGGATCCGTATGAAGGAGGTCA
TTCATGAGTCACGGTTCGGTC 3') and plIJ86_53D1_RV (5
ATTAAAGCTTCTAGTGGTGGTGGTGGTGGTGCGGTCTCA
GCCGGGA 3'), including the restriction sites (underlined) for
BamHI and HindllI, respectively, and introducing a C-terminal
Hisg-Tag in the recombinant protein. All cloning procedures
were carried out in E. coli DH5a (Invitrogen-Life Technology,
Carlsbad, CA, United States). The construct was checked by DNA
sequencing (BMR Genomics, Padua, Italy) and transformed into
the non-methylating E. coli ET12567/pUZ8002 cells (Marcone
et al, 2010b). Luria-Bertani (LB, Sigma-Aldrich, St. Louis,
MO, United States) agar plates were used for propagating
E. coli strains.

Intergeneric conjugation between the E. coli donor and the
recipients S. coelicolor A3(2), S. venezuelae ATCC 10595, and
S. lividans TK24 was conducted following the protocol reported
in Binda et al. (2013). Transformation of the recombinant
Streptomyces spp. was checked by colony PCR (Binda et al,
2013). pIJ86_53D1_FW and pIJ86_53D1_RV primers were used
to verify ex-conjugants carrying plJ86::53D1 plasmid. Primers
p1J86_FW (5 TGCACGCGGTCGATCTTGAC 3') and pIJ86_RV
(5" TCATGGTCGGTCTCCTGGTG 3'), annealing to regions of
the vector around the multiple cloning site, were used to check
transformation with the empty pIJ86 vector.

53D1 Heterologous Production

Reagents were purchased from Sigma-Aldrich, St. Louis, MO,
United States, unless otherwise indicated. Mannitol soya flour
(MS) agar medium (Kieser et al., 2000) was used for propagating
Streptomyces spp. Streptomycetes were stored for long-term
preservation as spores in 10% (v/v) glycerol. For cultivating
the recombinant strains, agar plates and liquid media were
always supplemented with 50 pg/mL apramycin. Strains were
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reactivated by growing them for 72 h into 100-mL Erlenmeyer
flasks containing 20 mL AurM medium (in g/L: 20 maltose,
10 dextrin, 15 soybean meal, 4 casein enzymatic hydrolysate,
4 bacteriological peptone, 2 yeast extract, 2 CaCOj3, pH 7.0)
(Marcone et al., 2010b). Three hundred milliliters baffled flasks
containing 50 mL YEME (yeast extract — malt extract, in g/L:
3 yeast extract, 5 bacteriological peptone, 3 malt extract, 20
glucose, pH 7.0) (Binda et al,, 2013) were then inoculated at
10% (v/v) and further shaken at 200 revolutions per minute
(rpm) at 28°C for 72 h. Finally, 500-mL baftled flasks containing
100 mL of five different production media (commonly used
for streptomycetes) were inoculated at 10% (v/v), incubated at
200 rpm and 28°C for 240 h. Liquid production media used
were YEME, MV (medium V) (Marcone et al,, 2010a), R5
medium (Kieser et al., 2000), TSB (tryptone soya broth) (Kieser
et al.,, 2000), and Bennett’s medium (Dalmastri et al., 2016). All
media were supplemented with 20 g/L glucose, if not already
included, in order to repress the endogenous chitinolytic system
of streptomycetes (Berini et al., 2018).

Every 24 h, 10 mL of culture broth were centrifuged at
1900 x g for 10 min at 4°C. Cell-free culture broths were
collected and pH and residual glucose were measured by pH
Test Strips 4.5-10.0 and Diastix strips (Bayer, Leverkusen,
Germany). Secreted 53D1 production was estimated in cell-
free culture broths by western blot analysis [after protein
concentration by 10% (v/v) trichloracetic acid precipitation]
and fluorimetric enzyme activity assay (see below). In parallel,
cell pellets were recovered and biomass production was
measured as wet weight. Then, pellets were sonicated on
ice with 10-15 cycles of 30 s each (interposed with 30-
s intervals), using a Branson Sonifier 250 (Dansbury, CT,
United States) in 20 mM sodium acetate pH 5.0 supplemented
with 10 pg/mL deoxyribonuclease (DNase) and 0.19 mg/mL
phenylmethylsulfonylfluoride (PMSF). To remove insoluble
material, centrifugation at 20,000 x g for 40 min at 4°C followed.
Production of intracellular 53D1 was checked in the soluble
fractions by western blot analysis and fluorimetric enzyme
activity assay (see below).

53D1 Purification

For 53D1 purification, S. coelicolor/pl]86:53D1 was grown for
192-240 h in YEME medium. Proteins secreted in the cell-free
culture broth were precipitated by slowly adding 80% (w/v)
ammonium sulfate. After 2 h incubation at 4°C, centrifugation
at 12,000 x g at 4°C for 40 min followed. The pellet was
re-suspended in 1/5 (v/v) of 20 mM Tris-HCl pH 8.0 and
dialyzed against the same buffer. The recombinant protein was
purified onto a 5-mL Ni?*-Hitrap chelating affinity column
(1.6 cm x 2.5 cm; GE Healthcare Sciences, Little Chalfont,
United Kingdom), according to manufacturer’ instructions. The
column was equilibrated with 20 mM Tris-HCI pH 8.0, 500 mM
NaCl, and 20 mM imidazole. After extensive washing, the
recombinant protein was eluted with 20 mM Tris-HCI pH 8.0,
500 mM NaCl, and 250 mM imidazole, followed by dialysis for
3 h against 20 mM sodium acetate pH 5.0. The purified protein
was finally concentrated with 30 K Amicon Ultra-2 centrifugal
filter devices (Merck KGaA, Darmstadt, Germany).

Chi18H8 Production and Purification

Chi18H8 production in E. coli BL21 Star™ (DE3), carrying the
PET24b(+)::chil8H8 expression plasmid, and its solubilization
from IBs were accomplished as previously described (Berini
et al,, 2017b). In brief, to prepare the protein used in this
work, E. coli BL21 Star™ (DE3)/pET24b(+)::chi18H8 cells were
grown in 300-mL baffled Erlenmeyer flasks containing 80 mL
LB medium supplemented with 50 pg/mL kanamycin, incubated
overnight at 37°C and 200 rpm. Two liters flasks with 750 mL
selective LB medium were inoculated with the pre-cultures
(initial ODgpp nm = 0.1), and incubated at 37°C and 200 rpm
until ODgpo nm reached 0.6. Protein production was induced by
adding 0.4 mM isopropyl B-D-1-thiogalactopyranoside (IPTG)
and cultivation was prolonged at 20°C for further 24 h.

Cells were harvested by centrifugation and re-suspended
in 50 mM Tris-HCl pH 8.0, 25% (w/v) sucrose, and 1 mM
ethylenediaminetetraacetic acid (EDTA). After incubation for
30 min at room temperature and vigorous shaking, samples were
sonicated (six cycles of 30 s each). A total of 0.2 M NaCl, 1%
(w/v) sodium deoxycholate (DOC), and 1% (v/v) Nonidet P-40
were added; the samples were further incubated as above and
centrifuged (20,000 x g at 4°C for 30 min). The pellet was washed
with 1% (v/v) Triton X-100 and 1 mM EDTA and centrifuged
(12,000 x g at 4°C for 10 min). IB washing with this buffer was
repeated twice, followed by washing with deionized water. After
overnight storage at —20°C, the frozen pellet was resuspended
in 10 mM lactic acid (10 mL/g cell) and incubated at 37°C
and 200 rpm for 5 h. Centrifugation at 1900 x g at 4°C for
5 min was employed for removing insoluble material. Finally,
solubilized Chil8H8 was dialyzed overnight against 20 mM
sodium acetate pH 5.0.

SDS-PAGE Electrophoresis and Western
Blot

Protein fractions were analyzed by sodium dodecyl sulfate
polyacrylamide (12% w/v) gel electrophoresis (SDS-PAGE),
using a Tris-glycine system and Coomassie brilliant blue R-
250 straining. For western blot analysis, anti His-Tag Antibody
HRP conjugate (Novagen Inc., Madison, WI, United States) and
chemiluminescence (ECL Western Blotting Detection System,
GE Healthcare Sciences, Little Chalfont, United Kingdom) were
used for protein identification.

Chitinase Activity Assays

Chitinase activities were assayed by using the fluorimetric
chitooligosaccharide analogs 4-methylumbelliferyl N-acetyl-
B-D-glucosaminide  (4-MU-GIcNAc),  4-methylumbelliferyl
N,N’-diacetyl-B-D-chitobioside [4-MU-(GIcNAc), ], and
4-methylumbelliferyl N,N’,N"-triacetyl-B-D-chitotrioside
[4-MU-(GIcNAc)3] (Cretoiu et al., 2015). Activity on these
synthetic compounds was assayed in 100 mM sodium acetate
pH 5.0, at 37°C. Chitinolytic activity was also determined on
colloidal chitin as described in Berini et al. (2016). In this case,
activity was measured at pH 3.0, 5.0, 7.0, or 9.0, by adjusting
colloidal chitin’s pH with 0.1 M NaOH. One unit (U) of chitinase
activity was defined as the amount of enzyme required for the
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release of 1 wmol of 4-MU or of GlcNAc per min at 37°C.
The control of protease or lipase activities in purified 53D1
and Chil8HS8 preparations was conducted as described in
Berini et al. (2016).

Experimental Insects

Larvae of B. mori [polyhybrid strain (126 x 57) (70 x 90)] were
provided by CREA - Honeybee and Silkworm Research Unit
(Padua, Italy). Insects were reared on artificial diet (Cappellozza
etal., 2005) at 25 & 0.5°C, under a 12:12 light-dark photoperiod,
with 70 & 5% relative humidity. Once insects had reached the
last larval instar, they were staged and synchronized (see Franzetti
et al., 2012 for details).

Ultrastructural Analysis of the PM

Isolation of the PM and in vitro Incubation With
Chi18H8 or 53D1 Chitinases

On second day of the fifth instar, larvae were anaesthetized with
CO,. Midgut was isolated by cutting the insect dorsally and
the PM was carefully separated from the midgut epithelium.
The lumen content was removed from the PM by rinsing the
matrix with PBS (phosphate-buffered saline, 137 mM NaCl,
2.7 mM KCl, 4.3 mM Na;HPOy4, 1.4 mM KH,POy4, pH 7.0).
Each sample was divided into four pieces and transferred into
a 24-multiwell plate: two pieces were treated with Chil8H8 or
53D1 (40.5 Uyt per well, calculated as the sum of chitobiosidase
and endochitinase activities on 4-MU-(GIcNAc), and 4-MU-
(GleNAc)s, respectively, in 100 mM sodium acetate buffer pH
5.0, while the other two were incubated in the same buffer in the
absence of chitinases (controls). All the samples were processed
for electron microscopy analysis.

Scanning Electron Microscopy (SEM)

After incubation with 53D1 or Chil8HS8, PM was fixed with
4% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer pH
7.4, overnight at 4°C. After post-fixation with 1% (w/v) osmium
tetroxide and 1.25% (w/v) potassium ferrocyanide for 1 h,
samples were dehydrated in an ethanol series and then incubated
in hexamethyldisilazane (two steps of 10 min each). Samples were
mounted on stubs, carbon coated with a Sputter K250 coater,
and finally observed with a SEM-FEG XL-30 microscope (Philips,
Eindhoven, Netherlands).

Transmission Electron Microscopy (TEM)

To analyze the samples at TEM, PM was fixed with 4%
(v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer pH
7.4, overnight at 4°C and then post-fixed with 1% (w/v)
osmium tetroxide for 1 h. After dehydration in an ethanol
series, specimens were embedded in an Epon/Araldite 812
mixture. Ultra-thin sections were obtained with Leica Reichert
Ultracut S (Leica, Nuflloch, Germany), then stained with lead
citrate and uranyl acetate, and finally observed with a JEM-
1010 transmission electron microscope (Jeol, Tokyo, Japan).
Images were acquired with a Morada digital camera (Olympus,
Miinster, Germany).

Bioassays With Chi18H8 and 53D1

Chitinases

After hatching, larvae were reared as reported in the Section
“Experimental Insects,” and fed ad libitum with small pieces of
artificial diet (1 cm x 1 cm x 1 mm), each overlaid with an
equal volume (65 pL) of Chil8HS8 or 53D1 (6 Ugy/cm? diet)
dissolved in 100 mM sodium acetate, pH 5.0. Control larvae were
grown on small pieces of artificial diet overlaid with the same
volume of sodium acetate buffer. The diet was replaced every day.
Different parameters were recorded: larval mortality (reported as
percentage of the initial number of larvae), length of the larval
stage (from hatching to the occurrence of wandering behavior),
and weight of the pupae (evaluated on the eighth day of the pupal
stage). For bioassays with 53D1, maximal larval weight before
pupation and cocoon weight (measured on the eighth day of the
pupal stage) were registered, too. Developmental stages of B. mori
were defined according to Franzetti et al. (2012). Bioassays were
performed in triplicate, by using at least 11 larvae for each
experimental group. PM samples from larvae at the second day
of the fifth instar reared on diet overlaid with 53D1 and relative
controls were collected and processed for the analysis at SEM
and TEM, as reported in the Section “Ultrastructural Analysis
of the PM.”

In vitro Incubation of Chitinases With
Midgut Juice

Midgut juice was extracted from larvae at the second day of
the fifth instar. Insects were anaesthetized with CO,, whole
midguts were dissected and their luminal content was collected
into a centrifuge tube. Centrifugation at 15,000 x g for 10 min
was performed to remove insoluble material. Supernatants were
aliquoted, stored at —80°C, and used within 2 weeks. Six Uy, of
Chil8H8 or 53D1 were incubated at 25°C in 100 mM Tris-HCI
pH 8.0 (control) or in the presence of different dilutions of the
midgut juice (undiluted, or diluted 1:10 or 1:100 in 100 mM Tris-
HCI pH 8.0). Aliquots were withdrawn at regular intervals up to
8 h and the residual chitobiosidase activity was measured using 4-
MU-(GIcNAc); as substrate, according to the standard protocol
described in the Section “Chitinase Activity Assays.”

RESULTS

Production and Characterization of
Chi18H8

Chil8H8 is a protein of 424 amino acids with a predicted
molecular mass of 4596 kDa and a theoretical isoelectric
point of 7.75. To assay its insecticidal activity, Chil8H8 was
produced in 2-L flasks and recovered from E. coli BL21 Star™
(DE3)/pET24b(+)::chil8H8 cells (Table 1) by using a newly
developed process based on the mild solubilization of IBs, as
recently described in Berini et al. (2017b). Following purification,
Chil8H8 migrated in SDS-PAGE gels as a single band of ca.
47 kDa (46.77 kDa is the expected molecular mass for the
recombinant Hiss-tagged protein). Protein purity was estimated
to be >85% (Figure 1).
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TABLE 1 | Purification of Chi18H8 (A) from E. coli BL21 Star '™ (DE3)/pET24b(+)::chi18H8 IBs and 53D1 (B) from S. coelicolor/plJ86::53D1 culture broth.

Purification step Volume (mL) Total proteins (mg) Total activity (U) Specific activity Purification (-fold) Yield (%)
(U/mg protein)

A)

IBs 10.6 123.0 33.4 0.27 1.0 100.0
Soluble fraction from IBs 53.0 71.8 2623.0 36.7 78.5 84.0
B)

Crude broth 1000.0 1125.0 1080.0 0.96 1.0 100.0
Ammonium sulfate precipitation 200.0 1090.0 1067.1 0.98 1.0 98.8
Affinity chromatography 1141 34.9 956.6 27.4 28.5 88.5

For both proteins, data are relative to cells (Chi18H8) or cell-free culture broth (53D1) from 1 L of culture. Activity was assayed on 4-MU-(GIcNAc)» as substrate, in

700 mM sodium acetate pH 5.0.

Fluorimetric enzyme assay using standard synthetic
oligosaccharides  confirmed  the  Chil8H8  prevalent
chitobiosidase activity on 4-MU-(GIcNAc), (37.92 & 1.17 U/mg
protein), its weaker endochitinase activity on 4-MU-(GIcNAc)3
(891 £ 172 U/mg protein), and none P-N-acetyl-
glucosaminidase activity on 4-MU-GIcNAc. As reported in
Table 2, pure Chil8H8 was able to hydrolyze colloidal chitin - a
substrate that, although soluble, resembles the chemical structure
of the naturally occurring insoluble chitin - with a maximum
activity of about 1.47 £ 0.25 U/mg protein at pH 5.0. At pH
3.0, 7.0, and 9.0, ca. 22, 83, and 72% of the maximum activity
were maintained, respectively (Table 2). None protease or lipase
activity (lipases and proteases are enzymes usually secreted
by streptomycetes that could interfere with the following
insecticide assays) was detected in the enzyme preparation
(data not shown).

1 Std
kDa
- 97
- 66
- » 45
- 30
FIGURE 1 | SDS-PAGE of Chi18H8 solubilization from E. coli BL21 Star™
(DE3)/pET24b(+)::chi18H8 IBs. 1, solubilized Chi18H8; Std, standard
reference proteins.

Heterologous Expression of 53D1 in

Streptomyces spp.
53D1 gene (63.03% G+C) consists of 1191 nucleotides coding for
a protein of 396 amino acids with a predicted molecular mass
of 43.60 kDa and a theoretical isoelectric point of 4.83. When
cloned and expressed in E. coli, >80% of the recombinant protein
accumulated as inactive form in insoluble fractions. Despite
many efforts, we could not develop a protocol for solubilizing
53D1 in a biologically active form from IBs, as we did for
Chil8H8. In addition, as reported in Cretoiu et al. (2015), the
recovery yield of the soluble active form of 53D1 from E. coli
cytoplasmic fraction was too low (no more than 0.60 mg/L culture
and 0.12 mg/g cell) to support its further trials as insecticide
protein. Thus, in this paper we report an alternative expression
platform using soil Gram-positive actinomycetes belonging to the
genus Streptomyces as heterologous hosts for 53D1 production.
53D1 coding gene was thus cloned into the multicopy
plasmid pIJ86 and introduced by intergeneric conjugation
into S. lividans TK24, S. venezuelae ATCC 10595, and
S. coelicolor A3(2). For selecting the best expression system,
the three recombinant streptomycetes (and their control strains
carrying empty vectors) were cultivated in five different media
(see section “53D1 Heterologous Production”). Recombinant
S. lividans/pl]86::53D1 did not produce the heterologous
chitinase -neither inside nor outside the cells - in any of
the cultivation media used (data not shown). 53D1 was
instead secreted by the recombinant S. venezuelae/pl]86::53D1
growing in YEME medium (data not shown) and, to a major
extent, by S. coelicolor/pl]86:53D1 cultivated in the same
condition (Figure 2). Western blot analysis indicated that
S. venezuelae/pl]86:53D1 produced a maximum of 8.75 mg/L
of extracellular 53D1 (corresponding to 0.27 mg/g cell) (data

TABLE 2 | Chi18H8 and 53D1 activity on colloidal chitin at different pHs
(mean =+ standard error from at least three independent experiments).

pH Chi18H8 (U/mg protein) 53D1 (U/mg protein)
3.0 0.32 +£0.07 2.75+0.35
5.0 1.47 £0.25 10.15 £ 1.40
7.0 1.22 £ 0.01 7.10 +£0.20
9.0 1.06 + 0.04 7.00 £0.10
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not shown), whereas S. coelicolor/pI]86::53D1 secreted up to
45 mg/L (0.83 mg/g cell) of 53D1 (Figure 2B). No traces of
53D1 were detected into cytoplasmic soluble fractions of both the
recombinant strains (data not shown).

Comparison of S. coelicolor/pI]86::53D1 (Figure 2B) growth
curve with the one of its control strain carrying the empty vector
(Figure 2A) indicated that S. coelicolor/pl]86::53D1 grew faster
and consumed glucose more efficiently. This better performance
of S. coelicolor/pl]86:53D1 was quite unexpected since the
expression of heterologous genes usually causes a metabolic
burden to the producing bacterial host, which slows down
its growth rate (Binda et al., 2013). When observed at the
optical microscope, the mycelium of S. coelicolor/pl]86::53D1 was
less clumpy than in the control strain; this phenotype might
be due to a putative lysozyme-like activity of 53D1. It has
been demonstrated that lysozyme, producing a more disperse
mycelium, facilitates streptomycetes growth in liquid media

(Hobbs et al., 1989). A lysozyme activity of several chitinases was
indeed previously reported by other authors (Bokma et al., 1997;
Wohlkonig et al., 2010).

Cells of S. coelicolor/pl]86::53D1 started to secrete 53D1
after approximately the first 24 h of growth and continued
to produce the heterologous protein during the stationary
growth phase: the maximum specific productivity was reached
after 240 h (Figure 2B). Consistently, in the same period
of time, the chitinase enzyme activity measured in cell-
free culture broths of S. coelicolor/pl]86::53D1 progressively
increased and reached a maximum of ca. 18.5 U/g cell after
240 h (Figure 2D). As expected, no 53D1 was detectable
by western blot analysis in the cell-free culture broths of
S. coelicolor/pl]86 (Figure 2A). The traces of chitinase activity
detectable in the cell-free culture broths of the control strain
(never exceeding the level 0.1 U/g cell; Figure 2C) were due to
the endogenous streptomycetes chitinolytic system, opportunely
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repressed by the addition of glucose to the cultivation medium
(Berini et al., 2018).

53D1 Purification and Characterization

53D1 was recovered from the culture broth of
S. coelicolor/pI]86::53D1, harvested after 192-240 h of growth in
YEME medium, as described in the Sections “53D1 Heterologous
Production” and “53D1 Purification.” Hisg-53D1 was then
purified as a single band of ca. 44 kDa (44.40 kDa is the expected
molecular mass for the recombinant Hisg-tagged protein) by
means of HiTrap-chelating affinity chromatography, with a
purity of ca. 90% (Figure 3). Purification yield was 34.9 mg/L
(Table 1), corresponding to ca. 0.64 mg/g cell. Fluorimetric
enzyme assay using standard synthetic oligosaccharides
confirmed that 53D1 has a prevalent chitobiosidase activity
on 4-MU-(GIcNAc), (31.60 + 2.90 U/mg protein), a weaker
endochitinase activity on 4-MU-(GlcNAc); (16.42 £ 1.85 U/mg
protein), and none PB-N-acetyl-glucosaminidase activity on
4-MU-GIcNAc. On colloidal chitin, the maximum activity of
53D1 was measured at pH 5.0, although the protein conserved
ca. 70% of its maximum activity also at neutral and basic pH.
It conserved ca. 27% of its initial activity at pH 3.0 (Table 2).
None protease or lipase activity was detected in the enzyme
preparation (data not shown).

In vitro Effects of 53D1 and Chi18H8 on

the PM of B. mori Larvae
To evaluate the potential insecticidal effects of 53D1 and
Chil8HS, both chitinases were first tested in vitro by exposing

kDa

FIGURE 3 | SDS-PAGE of 53D1 purification. CE, crude extract, i.e.,

S. coelicolor/pld86::58D17 concentrated culture broth, loaded onto
HiTrap-Chelating affinity column; 1, fractions collected from the initial washing
of the column; 2, purified 53D1; Std, standard reference proteins. 53D1
protein band is indicated with an arrow.

the PM isolated from last instar larvae to a concentrated
preparation of pure enzymes (40.5 Utor). SEM and TEM analyses
of untreated PM (control) highlighted the well-organized and
compact structure of B. mori PM: chitin fibrils were properly
aligned and PM showed a continuous surface (Figures 4A,D).
On the contrary, the analysis of the PM treated with Chil8HS8
revealed a marked effect induced by the chitinase (Figures 4B,E).
In particular, ruptures of the superficial layers (Figure 4B) and
alteration of the integrity of the chitin network (Figures 4B,E)
were clearly visible. The morphological analysis revealed a
significant alteration of the structural organization of PM also
when treated with 53D1 (Figures 4C,F). As for the PM treated
with Chil8HS, the superficial layers of 53D1-treated PM were
damaged (Figure 4C) and the disruption of the fibril network was
visible (Figure 4F).

In vivo Effects of 53D1 and Chi18H8 on

B. mori Larvae

To evaluate the in vivo effects of 53D1 and Chil8HS, bioassays
exposing the larvae of B. mori to chitinase-containing diet were
conducted. The larval mortality, the length of the larval stage, and
the weight of the pupae were not significantly different between
untreated (control) and Chil8HS8-treated larvae (Table 3). In
contrast, the developmental parameters recorded for larvae fed
with 53D1-containing diet indicated a clear detrimental effect
of the chitinase (Table 4). In fact, the mortality of 53D1-treated
larvae was significantly higher than in control larvae, the duration
of the larval stage of the survived larvae was 25% longer, and their
maximal larval weight before pupation was markedly reduced. As
shown in Figure 5, the effect on larval development was visible
from early instars onward. Moreover, pupal and cocoon weight
was significantly lower in 53D1-treated larvae than in controls
(Table 4). Finally, the PM isolated from survived last instar larvae
reared on 53D1 chitinase-containing diet showed a compromised
structure both at SEM and TEM (Figure 6). These effects on PM
caused by 53D1 were comparable to those previously observed in
in vitro experiments (see Figure 4), indicating that the alterations
of the larval growth and development observed in the bioassay
were due to the direct effect of 53D1 chitinase on PM.

53D1 and Chi18H8 Residual Activity in

B. mori Midgut Juice

To explain the different in vivo activity of the two chitinases, the
residual enzyme activity of Chil8H8 and 53D1 was measured
following their incubation for different time intervals in the
absence or presence of midgut juice (at different dilutions)
isolated from B. mori larvae. Indeed, the midgut juice from
lepidopteran larvae has an alkaline pH and contains enzymes
responsible for macromolecule digestion, including proteases
(Terraand Ferreira, 1994). 53D1 activity was stable in the control
buffer at alkaline pH 8 for at least 8 h (Figure 7A). In the presence
of midgut juice, its residual activity was dependent on midgut
juice dilution: anyhow, after 8 h of incubation with undiluted
midgut juice the enzyme still retained ca. the 40% of its initial
activity (Figure 7A). In contrast, the activity of Chil8H8 was
much more drastically reduced by incubating the enzyme in the
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Control

SEM

TEM

FIGURE 4 | Morphology of the peritrophic matrix treated with chitinases. SEM (A-C) and TEM (D-F). (A,D) Control samples; (B,E) in PM treated with Chi18H8,
ruptures of the superficial layers (arrows) and alteration of the fibril network (arrowheads) are visible, as confirmed by TEM analysis; (C,F) similar effects can be

observed in PM treated with 53D1. Bars: (A=C) 10 pm; (D-F) 0.5 um.

Chi18H8

control buffer at alkaline pH and in the presence of midgut juice
(Figure 7B). After 8 h in the control buffer, the residual activity
was reduced to less than 40%. When incubated with 10- and 100-
fold diluted midgut juice, the residual activity after 8 h was ca.
3 and 23% of the initial activity, respectively. In the presence of
undiluted midgut juice, Chil8H8 completely lost its enzymatic
activity within 1 h of incubation. These results indicated that
the lack of in vivo effects of Chil8H8 in B. mori larvae was
due to the loss of enzyme activity in the alkaline midgut juice
environment, coupled with a probable proteolytic damage caused
by the proteases present in the midgut lumen.

DISCUSSION

In the present work, we tested the insecticidal activity of two
recently discovered soil metagenome-sourced chitinases on the
larvae of B. mori, by using a combined in vivo and in vitro
approach. B. moriis amodel organism among Lepidoptera, which
represent the second largest order of insects, including damaging
phytophagous species that are still mainly controlled with
chemicals. The two chitinases used in this study (Chil8H8 and

TABLE 3 | Effects of Chi18H8 on B. mori growth and development.

Doses of Chi18H8 Larval Duration of larval  Pupal weight at

(Utot/cm? diet) mortality (%) stage (days) day 8 (9)
0 (control) 0.00 £+ 0.00 27.21 £0.27 1.32 £ 0.04
6 6.06 + 3.03 27.58 + 0.32 1.31 £0.05

Each value represents the mean =+ standard error of three independent
experiments. Each experimental group was composed of 11 larvae. Larvae
mortality is reported as the percentage of the initial number of larvae.

53D1) are diverse from all those described previously, possessing
specific structural and functional features. Previous results both
from sequence and substrate specificity analyses indicated that
Chil8H8 belongs to family 18 of glycosyl hydrolases (GH18),
showing less than 45% amino acid sequence identity to any
known chitinase (Hjort et al., 2014). Additionally, Chil8HS8
possesses an antifungal activity which is uncommon among
GH18 chitinases (Hjort et al., 2014; Berini et al., 2017b).
This protein seems enough stable to be used in semi-field or
field applications, since its range of activity appears adequate
for inhibiting fungal phytopathogens growing in acidic and
mesophilic environments (Hjort et al., 2014; Berini et al., 2017b).
Also 53D1 belongs to GHI18 chitinases, showing less than
46% amino acid sequence identity to any known chitinase. It
probably derives from an uncultivable bacterium related to the
Chloroflexus species Nitrolancetus hollandicus and Ktedonobacter
racemifer (Cretoiu et al., 2015). Although a more complete
characterization of 53D1 was hampered by the poor production
yield of its recombinant form in E. coli (see below), previous
studies showed that this protein tolerates elevated levels of NaCl:
since its activity increases at higher salt levels, 53D1 is considered
an uncommon halophilic (rather than halotolerant) chitinase
(Cretoiu et al., 2015).

Initially, the major bottleneck to testing insecticidal activity
of the two metagenome-sourced chitinases was providing the
milligrams needed to perform in vitro and in vivo assay in B. mori.
Unfortunately, there is not a highly predictable, all-purpose,
and rational protocol to succeed in metagenome-sourced protein
expression. Each protein requires the development of its own
tailored production process and the selection of the more
adequate expression host (Davy et al., 2017). E. coli still remains
the first-choice host for protein production, but intrinsic limits of
this bacterium are its poor secretory machinery and its tendency
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TABLE 4 | Effects of 53D1 on B. mori growth and development.

Doses of 53D1 Larval Duration of larval Maximal larval weight Pupal weight at Cocoon weight at
(Uot/cm? diet) mortality (%) stage (days) before pupation (g) day 8 (9) day 8 (g)

0 (control) 2.78+2.78 24.83 + 0.21 3.32 + 0.09 1.06 + 0.04 0.24 +0.01

6 61.11 £ 2.78* 31.69 + 1.37* 214 +£0.15* 0.80 + 0.06* 0.13 £ 0.01*

Each value represents the mean + standard error of three independent experiments. Each experimental group was composed of 12 larvae. Larvae mortality is reported
as the percentage of the initial number of larvae. *p < 0.001 versus control, Student’s t-test.

Control 537D1

FIGURE 5 | Pictures of B. mori larvae, on the 11th day after hatching, reared
on artificial diet overlaid with 100 mM sodium acetate, pH 5 (A, control) or 6
Utot/ocm? of 53D1 dissolved in the same buffer (B). All the control larvae are
alive and the majority of them have reached the third instar (A); a few larvae
treated with the chitinase are already dead, and the majority of the survived
larvae are still in the second instar (B). Bars: 1 cm.

Control 53D1

SEM

TEM

FIGURE 6 | Morphology of the peritrophic matrix isolated from larvae treated
with 53D1. SEM (A,B) and TEM (C,D). (A,C) Control samples; (B,D) the
treatment with 53D1 determines ruptures of the PM (arrows) and the
disruption of the fibril network as confirmed by TEM analysis. Bars: (A,B)

5 um; (C,D) 0.5 um.

to accumulate heterologous proteins into IBs, mostly in inactive
form. In the case of Chil8HS8, we could recover hundreds of
milligrams of pure and active chitinase from processing IBs,
following a previously developed and scaled-up process (Berini
et al., 2017b), but this approach was not transferable to 53D1
production. In fact, it is widely recognized that the outcome
of IB processing is unpredictable and has to be empirically
determined for each protein (de Marco et al, 2019; Slouka
et al., 2019). After some unsuccessful attempts, 53D1 was finally
successfully expressed in S. coelicolor A3(2), although its codon
usage was slightly different from the one of streptomycetes
[63% G+C content for 53D1 gene vs. ca. 72% for S. coelicolor
A3(2) genome] (Kieser et al., 2000). The production level in

S. coelicolor A3(2) was satisfactory (around 45 mg/L) and the
heterologous protein was entirely secreted into the culture
broth, thus markedly facilitating its recovery and purification.
A single step of affinity chromatography allowed us to recover
ca. 35 mg/L of highly pure protein, with a 60-fold improvement
in volumetric yield when compared to E. coli. Streptomycetes,
although still relatively poorly explored for the expression
of heterologous chitinases, have important advantages versus
E. coli. They are non-pathogenic microorganisms, commonly
inhabiting soil, where they establish beneficial interactions with
plants, by modulating plant defense mechanisms or facilitating
symbioses between plant roots and beneficial microbes (Schrey
and Tarkka, 2008). Additionally, streptomycetes are already
commonly used as components of commercial soil amendments
for bioremediation (Sharma et al., 2016; Cuozzo et al., 2018)
or biocontrol (Gonzalez-Garcia et al, 2019; Olanrewaju and
Babalola, 2019) and they are generally considered safe for
agricultural use. Using this environment-friendly expression
system for producing chitinases might represent a further
advantage to support their sustainable development as promising
insecticide proteins.

Once the supply issue of both proteins was overcome,
we decided to test the insecticidal activity of the two pure
preparations of Chil8H8 or 53D1 using the PM of B. mori as
in vitro and in vivo target. Insects offer two potential targets for
chitinases: cuticle, which consists of a pluristratified structure
mainly formed by proteins and chitin chains, and PM, where
chitin fibrils act as a scaffold for binding glycoproteins and
proteoglycans. Both structures exert fundamental roles for
the insect survival. Cuticle protects insects from parasites,
pathogens, and dangerous chemicals, while allowing muscle
attachment and preventing water loss from the body (Moussian,
2010). PM helps in the compartmentalization of digestive
processes, protecting the midgut epithelium against abrasive
food particles and defending the insect from ingested pathogens
(Hegedus et al., 2009). Previous works recently reviewed
in Berini et al. (2018) reported that entomopathogenicity
of microbial strains is mediated by a cocktail of cuticle-
hydrolyzing enzymes, which include chitinases. Indeed, the
topical insecticide potential of these enzyme combinations
is often limited due to the long time required for their
action, the need of high local concentrations, and their
poor stability and persistence in changing environmental
conditions. A more promising perspective seems to be
using chitinases for targeting PM via oral ingestion (Berini
et al, 2016, 2018). An advantage of this approach is that
chitinases might be formulated with other insecticidal molecules,
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facilitating their adsorption/penetration into the midgut
epithelium and thus increasing their activity. For instance,
the combined oral administration of chitinases with Bacillus
thuringiensis 8-endotoxin crystal proteins was reported to
dramatically enhance the toxic effect of the latter (Regev
et al, 1996; Liu et al, 2010). Additionally, the insecticide
activity of TMOE a peptide that inhibits trypsin synthesis, was
increased by combined administration with a viral chitinase
(Fiandra et al., 2010).

Our results demonstrated that when the PM of the silkworm
was exposed in vitro to chitinases, the combination of endo-
and exo-activities possessed by both enzymes significantly altered
the structure of PM, disrupting the organization of chitin
fibrils. Peeling of the superficial layers, ruptures, separation
of the fibril networks, and a general weakening of the PM
were observed. The effects of the two enzymes were similar,
although 53D1 appeared to cause a more marked damage to
PM structure. This result was consistent with the demonstrated
53D1 greater activity on colloidal chitin, which mimics the
complex insoluble-chitin-containing natural structures. Once
orally administered to B. mori larvae, 53D1 induced mortality,
enhanced dramatically the duration of the larval stage, and
reduced both the maximal larval weight before pupation and
pupal and cocoon weight, whereas Chil8H8 did not provoke any
consequences on insect development. Ultrastructural analysis
of PMs isolated from larvae reared on 53D1-containing diet,
showed significant alterations, confirming that the structural
damage of this matrix dramatically affected insect development
probably due to a reduced nutrient digestion capability. The
different in vivo activity between Chil8H8 and 53D1, which
might appear puzzling considering that both the enzymes
disrupted (although at a different extent) the PM integrity

in vitro, became understandable once the poor residual activity
of Chil8H8 in the alkaline and proteolytic environment of
Lepidoptera midgut lumen was demonstrated. Apparently, the
intrinsic properties of 53D1 made this enzyme less susceptible
to degradation in the above-mentioned conditions. Although the
administration of both chitinases to other insects, especially to
those having a midgut lumen with neutral or acidic pH, is worthy
to be investigated, this work demonstrates that actually 53D1
can be considered a more promising candidate than Chil8HS8
as insecticide protein for oral administration. Fortunately, 53D1
further in vivo and in-field trials will be possible due to the
development of a reliable and sustainable production process
using as expression platform the unconventional -but more
environmentally acceptable-S. coelicolor.

In conclusion, this work shed light on (i) the efficacy of
metagenomic investigations for discovering novel enzymes to be
implemented as part of integrated pest management programs;
(ii) the potential of metagenome-sourced microbial chitinases
as promising insecticide proteins; and (iii) the need to develop
unconventional heterologous expression platforms to support
insecticide protein development and use. Although insecticide
formulations based on chemically synthesized compounds still
represent a relevant part of crop protection, it is undeniable
that insecticide proteins will contribute in future to the
progressive reduction of chemicals, introducing novel strategies
for managing insect pests. Formulation of chitinases with other
biopesticides or chemically synthesized pesticides might allow the
reduction of the environmental impact of single toxic compounds
and reduce the risk of resistance selection (Chandler et al,
2011; Hardy, 2014). Microbial biotechnology will be crucial to
support the development and sustainable production of novel
insecticide proteins.
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The Epichloé endophyte-Festuca sinensis association produces alkaloids which can
protect the host plant from biotic and abiotic stresses. Alkaloid concentrations depend
on the genetic predisposition of grass and endophyte, and are affected by the environment.
Endophyte infected F. sinensis of six ecotypes were grown in experimental field and
greenhouse for 2 years. Their aboveground plant tissues were collected each season to
test for peramine, lolitrem B, and ergot concentrations. The results showed that seasonal
changes affected the peramine, lolitrem B and ergot concentrations of Epichloé
endophyte-F. sinensis associations; and these three different alkaloids responded differently
to seasonal variation. The peramine concentration of six ecotypes of F. sinensis decreased
significantly (p < 0.05) from spring to autumn. The lolitrem B concentration of £ sinensis
was higher in autumn than in other seasons. Ergot concentrations of five ecotypes (41,
57, 84, 99, and 141) of k. sinensis peaked in the summer, and lowered in spring and
autumn. In addition, the ecotype has insignificant effect (p > 0.05) on the peramine and
lolitrem B concentrations of F. sinensis, but it has a significant impact (p < 0.05) on the
ergot concentrations. We concluded that the seasonal variation and ecotypes can influence
the alkaloids produced by the F. sinensis-endophyte associations, but the effects of
seasonal conditions on the alkaloid concentrations are more pronounced than ecotypes.

Keywords: alkaloids, Festuca sinensis, Epichloé endophyte, ecotype, season

INTRODUCTION

In grassland ecosystems, most grasses are infected by endophytic fungi and produce alkaloids
in their tissues (Nan, 1996a,b; Gao and Nan, 2007). Many grass species are symbiotic with
systemic, vertically transmitted, asymptomatic Epichloé endophytic fungi. These fungi often
generate alkaloids in order to defend the host against herbivores (Helander et al., 2016).
Alkaloids increase the capacity of host plants to resist the biotic and abiotic stresses (Charles,
1993; Malinowski and Belesky, 2000). In the past few decades, scholars have explored the
categories, mechanism of synthesis, and factors driving the synthesis of alkaloids. The
alkaloids are the products of complex biochemical pathways which are becoming well
understood (Schardl et al,, 2012, 2013a). Until recently, four alkaloid categories have been
identified, i.e., indole diterpenes, ergot alkaloids, peramine, and loline (Johnson et al., 2013).

Frontiers in Microbiology | www.frontiersin.org 45

July 2019 | Volume 10 | Article 1695


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2019.01695﻿&domain=pdf&date_stamp=2019-07-25
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2019.01695
https://creativecommons.org/licenses/by/4.0/
mailto:tianp@lzu.edu.cn
https://doi.org/10.3389/fmicb.2019.01695
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01695/full
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01695/full
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01695/full
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01695/full
https://loop.frontiersin.org/people/649832/overview

Linetal

Seasonal Variation on the Alkaloids

Alkaloid concentrations depend on the genetic predisposition
of grass and endophyte, and are influenced by the
environmental conditions, e.g., seasonal variation, plant age,
ecotypes, plant nutrition, temperature change, and drought
occurrence (Helander et al., 2016; Fuchs et al., 2017).

Endophytes are microorganisms that reside within sturdy
plant tissues intercellularly and/or intracellularly but usually
remain asymptomatic and do not show any noticeable damage
to the host (Siegel et al., 1987; Nazir and Rahman, 2018).
They are an important component that colonizes in healthy
tissues of living plants and can be readily isolated from any
microbial or plant growth medium. Endophytic fungal
associations with grasses are very common, and the most
intensively studied are those between ascomycete fungi and
temperate grasses, in particular those involving asexual
endophytes of the genus Epichloé (Schardl et al., 2004; Li
et al.,, 2017). Negative impact on herbivores is attributed to
secondary metabolites alkaloids, which are produced by the
endophytic fungus-grass symbiosis (Schardl et al., 2004).
Animal toxicity due to the accumulation of nitrogenous
compounds, e.g., endophyte-derived alkaloids, particularly
in areas and periods under abiotic stress, still prevents
widespread application of endophyte-infected grasses in
agroecosystems (Hume et al., 2016). Over 30 years of study
on the benefits of symbiotic Epichloé fungal endophytes for
host grasses, investigations have focused on the major
agricultural species, tall fescue and perennial ryegrass.
However, many other grass species remain to be evaluated
for the effects of Epichloé endophytes.

Festuca sinensis is a key native cool-season perennial grass
species that is widely distributed across the cold and semi-arid
regions. It plays an important role in the meadow ecosystem
of the Qinghai-Tibetan Plateau in China (Lin et al., 2018).
This grass species often hosts the systemic endophytic fungus,
Epichloé endophyte (Zhou et al., 2015b; Song et al, 2016).
Recent studies have detected three different alkaloids (i.e.,
peramine, lolitrem B, and ergot) in E sinensis due to the
infection of Epichloé endophyte tissue (Zhou et al., 2015a; Tian
et al., 2018). An earlier study found that the presence of
Epichloé endophyte could promote the growth of E sinensis
(Nan and Li, 2004). Some recent studies reported that Epichloé
endophyte could also enhance host plant resistance to
drought and waterlogged conditions (Wang et al,, 2017) and
promote its seeds’ germination and growth (Peng et al., 2013).
On top of the direct defense (in the form of alkaloids), the
Epichloé endophyte enhances the host plant defense through
improving the plant odor, which in turn attracts more olfactory

foraging aphid predators (Fuchs and Krauss, 2018). Cold shock
also induces ergot alkaloid changes in E sinensis symbionts,
and the degree of these changes differs between ecotypes and
temperatures (Zhou et al., 2015a). Previous studies found that
ecotypes can affect the concentrations of alkaloids in Lolium
perenne and Festuca pratensis (Cagas et al., 1999). In addition,
higher alkaloid levels were detected in Achnatherum inebrians
plants under salt or drought stress and the concentrations of
alkaloids increased over the plant growing period (Zhang et al.,
2011). Interestingly, despite the infection of Epichloé endophyte
on E sinensis, there were no reports of intoxicated grazing
animals on consuming F sinensis-endophyte associations. This
might indicate the existence of “mammalian-safe” nontoxic
endophytes. Nonetheless, it remains unclear whether seasonal
variation and ecotypes affect the alkaloid concentration of
Epichloé endophyte-F sinensis associations.

By performing a series of experiments under field and
greenhouse conditions, we determine the alkaloid concentration
of six ecotypes of Epichloé endophyte-E sinensis associations
under different seasonal conditions. We also explore the effects
of seasonal variation, ecotypes, and their interactions on the
alkaloids (peramine, lolitrem B, and ergot) produced by the
Epichloé endophyte-F sinensis associations.

MATERIALS AND METHODS

Plant Materials and Growing Conditions

The seeds of six E sinensis ecotypes were obtained from the
Institute of Grassland, Qinghai Academy of Animal Husbandry
and Veterinary Sciences and the Sichuan Academy of Grassland
Science. These seeds of six locations were collected in summer
2013 (Table 1), regarded as six ecotypes, and 100 g seed of
per ecotype was dispatched to Lanzhou University in February
2014. The storage temperature was maintained at 4°C to retain
seed viability (Tian et al, 2018).

Here, the first set (consisted of six different plant shoots)
of ecotypes of E sinensis were obtained from the field of
the College of Pastoral Agriculture Science and Technology,
Yuzhong campus of Lanzhou University (latitude: 35°89" N,
longitude: 104°39" E; altitude: 1,653 m). These plants were
grown for about 2 years (from June 2014 to December 2016).
The second set (also consisted of six different plant shoots)
were acquired from the greenhouse of Lanzhou University,
and were grown for about 2 years (from April 2014 to December
2016). Note that the seed sources of these growing conditions
(field and greenhouse) are identical.

TABLE 1 | Collection location of six Epichloé endophyte-F. sinensis association ecotypes.

Location Ecotype Latitude Longitude Altitude (m)
Bazanggou, Pingan, Qinghai, China 41 36°20' N 102°06' E 3,129 m
Bazanggou, Pingan, Qinghai, China 57 36°20" N 102°06' E 2,994 m

Shagou, Pingan, Qinghai, China 84 36°17' N 102°05' E 3,032 m
Guchengzhen, Pingan, Qinghai, China 99 36°17" N 101°68" E 3,060 m
Hongyuan, Sichuan, China 111 32°48' N 102°33' E 3,491 m

Shihuiyao, Pingan, Qinghai, China 141 36°19' N 101°51' E 2,922 m
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Experimental Design

The seeds of six E sinensis ecotypes were planted in the two
sets, to explore the effects of seasonal variation on the alkaloids
of different ecotypes of Epichloé endophyte-E sinensis associations
in the same growing location (Lanzhou University).

In June 2014, the six different ecotypes of E sinensis were
planted under field conditions. There were five field pots for each
ecotype. Each experimental field pot was 4 m long and 3.2 m
wide, and the seedlings were planted at 40-cm intervals. Each
pot contained five plants of each ecotype, which were randomly
arranged. The E+ and E- plants of these six ecotypes of Festuca
sinensis were set up in May 2014 after aniline blue microscopic
examination (Li et al., 2004) in greenhouse and transplanted in
field block with random design (Kuang, 2016; Tian et al., 2018).

In March 2014, healthy and well-filled seeds were planted
into a 72-hole plastic seedling tray containing sterilized vermiculite
under greenhouse conditions. One month after sowing, the
presence of endophyte in the seedlings was determined by
performing the microscopic examination of host leaf-sheath
samples after staining with aniline blue. The selected plants
E+ (infected by endophyte) were transported to the pots and
were randomly placed in the greenhouse. They were maintained
at a constant temperature (temperature: 24°C, moisture: 50%)
and a 12:12-h light-dark cycle. Each ecotype of E sinensis was
transplanted into pot and the process was repeated 40 times.

Plant samples were obtained in March (spring), June (summer),
September (autumn), and November (winter), respectively, in
2016. The sampling conducted four times a year, collected a
total of 1 year. The plant shoots of six E sinensis ecotypes were
harvested by cutting them at 2 cm above the soil surface. For
each ecotype under field conditions, we randomly sampled five
E+ plants from five field pots. All plant samples were freeze-
dried (PowerDry LL 3000; Thermo Fisher Scientific, Waltham,
MA, USA). Subsequently, the plant samples were ground into
powder in a mixer mill (MM 400; Retsch, Haan, Germany) for
2 min at 30 Hz for analyzing the endophyte-derived alkaloid content.

Determination of Alkaloids

The ground shoot powder was weighed for measuring the
concentrations of peramine, lolitrem B, and ergot via high-
performance liquid chromatography (HPLC) (Gallagher et al,,
1985; Barker et al., 1993; Ball et al., 1995; Tian et al., 2013,
2018). The “ergot” is total ergot alkaloid. Five biological replicates
per ecotype and three technical replicates per biological replicate
were tested (Tian et al., 2018).

Peramine Analysis

The 100-mg freeze-dried shoot powder was extracted in a solution
of 3 ml of methanol and 3 ml of trichloromethane for 30 min
under ultrasonic cleaner. The mixture material was centrifuged
for 10 min at 1000 rpm, where 3 ml of n-hexane and 3 ml
of ultra-pure water were added respectively, then extracted for
30 min and centrifuged for 12 min at 1000 rpm. Peramine
was removed from shoot powder extracts by passing 1-ml
portions through preconditioned 1-ml Agilent Bond Elut
carboxylic acid (CBA) columns packed with 100 mg of adsorbent.
The peramine was then eluted with 1 ml of a 5% formic acid-40%

methanol solution. Peramine was measured by HPLC with an
Agilent (Agilent 1100, America) liquid chromatograph fitted
with a CI18 column (Eclipse XDB-C18, 250 mm x 4.6 mm,
5 um). Detection was performed with an ultraviolet (UV)
wavelength spectrophotometric detector set at 280 nm. Mobile
phase “A” was 1.8 g L' guanidine carbonate, and phase “B”
was acetonitrile. The quantity of peramine in 25-pl injection
samples was determined, based on pre-established standard curve
peak area values. All reagents were chromatographically pure.

Lolitrem B Analysis

The 200-mg freeze-dried shoot powder was extracted in
a solution of 4 ml of dichloromethane for 5 min under
ultrasonic cleaner. The mixture material was centrifuged for 10 min
at 1000 rpm. Lolitrem B was removed from shoot powder extracts
by passing 2.5-ml portions through preconditioned Sep-Pak (Agilent
Bont Elut SI, 500 mg, 3 ml) columns. The lolitrem B was then
eluted with 0.7 ml of a 20% methanol-80% dichloromethane
solution. Lolitrem B was measured by HPLC with an Agilent
(Agilent 1100, America) liquid chromatograph fitted with a
Zorbax-RX column (Zorbax RX-SIL, 250 mm X 4.6 mm, 5 pm).
Detection was performed with a fluorescence detector, the excitation
wavelength was set at 268 nm and the emission wavelength was
440 nm. Mobile phase “A” was acetonitrile, and phase “B” was
dichloromethane. The quantity of lolitrem B in 20-ul injection
samples was determined, based on pre-established standard curve
peak area values. All reagents were chromatographically pure.

Ergot Analysis

The 200-mg freeze-dried shoot powder was extracted in a solution
of 4-ml 20% glacial acetic acid for 5 min under ultrasonic cleaner.
The mixture material was centrifuged for 5 min at 1700 rpm.
Ergot was removed from shoot powder extracts by passing 2-ml
portions through preconditioned PCX (Agilent Bond Elute, 60 mg,
3 ml) columns. The ergot was then eluted with 1 ml of a 95%
methanol-5% ammonium hydroxide solution. Ergot was measured
by HPLC with an Agilent (Agilent 1100, America) liquid
chromatograph fitted with a C18 column (Eclipse XDB-C18,
250 mm X 4.6 mm, 5 pm). Detection was performed with a
fluorescence detector, the excitation wavelength was set at 312 nm,
and the emission wavelength was 427 nm. Mobile phase “A”
was 7.708 g L™ ammonium acetate, and phase “B” was acetonitrile.
The quantity of lolitrem B in 20-pl injection samples was
determined, based on pre-established standard curve peak area
values. All reagents were chromatographically pure.

Data Analysis

Statistical data analysis was performed with the SPSS Inc.
(Released 2009. PASW Statistics for Windows, Version 18.0.
Chicago: SPSS Inc). The effects of seasonal variation and ecotypes
on the peramine, lolitrem B, and ergot concentrations were
evaluated using one-way and two-way ANOVA, respectively. A
repeated-measure ANOVA with Fisher’s least significant difference
(LSD) test was applied to determine whether the differences
between the means were statistically significant or not. Statistical
significance was defined at the 95% confidence level. The means
were expressed together with their standard errors.
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RESULTS

Peramine

The two-way ANOVA revealed that seasonal variation significantly
affected the peramine concentration of E sinensis (p < 0.05),
but the role of ecotype appeared statistically insignificant
(Tables 2, 3). However, the interactions between ecotypes and
seasonal variation had a significant impact on the peramine
concentration of E sinensis (p < 0.05; Table 3). The peramine
concentrations of six ecotypes of E sinensis decreased significantly
(p < 0.05) from spring to autumn (Figures 1, 2), but they
increased in winter only under field conditions (Figure 1).
The peramine concentrations of six ecotypes of E sinensis
bottomed in autumn, and the differences between the ecotypes
were insignificant (Figures 1, 2). The peramine concentrations
of ecotype 41 and 141 reached the peak and trough during
the trial period, respectively (Figures 1, 2).

Lolitrem B

The results showed that seasonal variation significantly affected
the lolitrem B concentration of E sinensis (p < 0.05). Although
the ecotype did not significantly affect it, the interactions
between ecotype and seasonal variation were obvious (p < 0.05)
on the lolitrem B concentration of E sinensis (Tables 2, 3).
Under field conditions, the lolitrem B concentration of ecotype
41 of E sinensis was significantly higher in spring-winter
(p < 0.05) than in summer-autumn (Figure 3). Under greenhouse
conditions, the lolitrem B concentration of ecotype 41 of
F sinensis was significantly higher in autumn-winter than in
spring-summer (Figure 4). While the lolitrem B concentration
of ecotype 57 of E sinensis was significantly higher in autumn
(p < 0.05) than other seasons under field conditions (Figure 3),
its concentration hit the lowest in spring with little difference
among other seasons under greenhouse conditions (Figure 4).
The lolitrem B concentrations of ecotype 84, 99, 111, and 141
of E sinensis were significantly higher in autumn (p < 0.05)
than in spring under both field and greenhouse conditions

(Figures 3, 4). Overall, the lolitrem B concentration of
E sinensis was higher in autumn than in other seasons.

Ergot

The interactions between seasonal variation and ecotypes
significantly influenced the ergot concentrations of six E sinensis
ecotypes (p < 0.05); and the seasonal variation significantly
(p < 0.05) affected the ergot concentration of six ecotypes of
E sinensis (Tables 2, 3). Ecotype had a significant (p < 0.05)
impact on the ergot concentration only under greenhouse conditions
(Table 3). For five ecotypes (41, 57, 84, 99, and 141) of E sinensis,
the ergot concentrations peaked in the summer, but lowered in
spring and autumn (Figures 5, 6). The ergot concentrations of
ecotype 99 and 111 were significantly higher in summer (p < 0.05)
relative to other four ecotypes (Figure 5). Note that ecotype has
no significant effect on the ergot concentration (Figure 6).

DISCUSSION

We demonstrated that the concentrations of alkaloids produced
by the Epichloé endophyte-E sinensis associations changed with
seasonal variation. There were differences in the trends of the
three alkaloids (peramine, lolitrem B, and ergot). We revealed
that ecotypes significantly affect some alkaloids under the same
seasonal conditions. The concentrations of similar alkaloids
were quite different under field and greenhouse conditions.
Many previous studies have shown that grasses without
endophyte did not produce alkaloids. It is concluded that the
alkaloids tested in our manuscript were only produced by endophyte
rather than host plants (Young et al., 2009; Schardl et al., 2013a,b).
This study did not detect the three alkoids in the E-E siensis
plants through HPLC. Seasonal variation can influence the
peramine concentrations produced by the endophyte of
E sinensis. A previous study on grazing grassland showed that
the peramine concentrations of L. perenne displayed a seasonal
rhythm with peak concentrations in summer and minimal

TABLE 2 | Results of two-way ANOVA for the effects of season and ecotype on peramine, lolitrem B, and ergot concentration of Epichloé endophyte-F. sinensis under

field conditions.

Peramine Lolitrem B Ergot
Treatment (field) df
F p F P F P
Ecotype 5 0.8810 0.4540 0.4470 0.7200 0.2830 0.8380
Season 3 3.8900 0.0030 3.7900 0.0040 6.9410 <0.001
Ecotype x Season 15 1.6990 0.0640 1.8620 0.0370 4.2810 <0.001

TABLE 3 | Results of two-way ANOVA for the effects of season and ecotype on peramine, lolitrem B, and ergot concentration of Epichloé endophyte-F. sinensis under

greenhouse conditions.

Treatment o Peramine Lolitrem B Ergot

h
(greenhouse) F p F p F P
Ecotype 5 1.8785 0.1157 0.9566 0.4537 5.0900 0.0010
Season 3 384.1653 <0.001 19.4855 <0.001 22.4080 <0.001
Ecotype x Season 15 2.1973 0.0200 2.9501 0.0023 2.9070 0.0030
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concentrations in winter (Fuchs et al., 2017). However, our study
indicated that the peramine concentrations of six ecotypes of
E sinensis decreased from spring to autumn. The E sinensis
prefers cooler growth conditions, with a tendency to grow rapidly
in spring and autumn but achieves slower growth in summer
and winter. The Epichloé endophytes rely on their host plants
to acquire the desired growth nutrients (Nan and Li, 2004).
The growth of Epichloé endophyte slows down as the host plants
grow slowly. This explains why the concentration of peramine
produced by endophyte reduced in summer. In addition, the
peramine concentration produced by the host plant is affected
by the genotype (Faeth et al, 2002). Peramine is a natural
insecticide. High levels of peramine (ranges 54-80 ppm) produced
by the E sinensis-endophyte associations would have strong
resistance to insect feeding (Tian et al, 2018). The present
study showed that the peramine concentrations of six ecotypes
of F sinensis bottomed in autumn. This implied that the insect
resistance of E sinensis-endophyte associations weakened in
autumn. In addition, our results revealed that the ecotype had
no significant effect on the peramine concentration produced
by E sinensis-endophyte associations under field and greenhouse
conditions. We speculated that there were effects of the seasonal
conditions instead of ecotypes on the peramine concentration.
Early studies found that ryegrass staggers was caused largely
by the presence of lolitrem B (Gallagher et al, 1981; Ball
et al, 1995). Endophytic fungal has long been assumed to
grow only at the hyphal tip. However, Christensen et al. (2008)
showed an intercalary division and extension of fungal tissue,
which is connected to enlarging host plant cells, enables the
fungal extension at the same rate as the host growth. This
study showed that the lolitrem B concentration of E sinensis
was higher in autumn than in other seasons corresponding to
the plant phenotype, indicating that endophyte grows concurrently
with the grass through intercalary division, as postulated by
Christensen et al. (2008). Low alkaloid concentrations in young
plants indicate alkaloid biosynthesis to be costly (Fuchs et al.,
2017). Spring and summer are the growth periods for the F
sinensis seedlings. In younger plants, nutrient resources are
mainly used for primary metabolism such as plant and endophyte
growth, rather than secondary metabolite synthesis (Faeth and
Fagan, 2002). The present study also found that the endophytic
fungi of the E sinensis produced peramine instead of lolitrem
B. This could be caused by chemical complexity and biosynthetic
cost difference, which is similar to the plant secondary metabolite
synthesis (Nishida, 2002). In addition, temperature rise might
increase the alkaloid concentrations (Hennessy et al., 2016).
The present study showed that the interactions between
seasonal variation and ecotypes significantly affected the ergot
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Using gamma-ray-induced mutagenesis, we have developed a mutant (named G2) of
Trichoderma virens that produced two- to three-fold excesses of secondary metabolites,
including viridin, viridiol, and some yet-to-be identified compounds. Consequently,
this mutant had improved antibiosis against the oomycete test pathogen Pythium
aphanidermatum. A transcriptome analysis of the mutant vis-a-vis the wild-type strain
showed upregulation of several secondary-metabolism-related genes. In addition, many
genes predicted to be involved in mycoparasitism and plant interactions were also
upregulated. We used tamarind seeds as a mass multiplication medium in solid-
state fermentation and, using talcum powder as a carrier, developed a novel seed
dressing formulation. A comparative evaluation of the wild type and the mutant
in greenhouse under high disease pressure (using the test pathogen Sclerotium
rolfsii) revealed superiority of the mutant over wild type in protecting chickpea (Cicer
arietinum) seeds and seedlings from infection. We then undertook extensive field
evaluation (replicated micro-plot trials, on-farm demonstration trials, and large-scale
trials in farmers’ fields) of our mutant-based formulation (named TrichoBARC) for
management of collar rot (S. rolfsii) in chickpea and lentil (Lens culinaris) over multiple
locations in India. In certain experiments, other available formulations were included for
comparison. This formulation consistently, over multiple locations and years, improved
seed germination, reduced seedling mortality, and improved plant growth and yield. We
also noticed growth promotion, improved pod bearing, and early flowering (7—10 days)
in TrichoBARC-treated chickpea and lentil plants under field conditions. In toxicological
studies in animal models, this formulation exhibited no toxicity to mammals, birds,
or fish.
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INTRODUCTION

Trichoderma spp. are among the most widely used bioagents
in today’s agriculture throughout the world (Mukherjee et al,
2013). The popularity of these fungi stems from their ability
to kill other fungi (mycoparasitism), produce several hundred
secondary metabolites (some are antimicrobial), induce local
and systemic resistance in plants against invading pests and
pathogens, improve nutrient (especially nitrogen) use efficiency,
promote plant growth, and impart tolerance to abiotic stresses
(Lorito et al,, 2010). Even though there are more than 200
well-defined species reported in literature, the formulations
that are in use are based on only a handful of species like
T. harzianum, T. afroharzianum, T. viride, T. asperellum,
T. koningiopsis, and T. virens (Atanasova et al., 2013; Mukherjee
et al, 2013). The main constraint in using these bioagents
has been their inconsistent performance under field conditions,
compared to their chemical counterparts that are not much
influenced by environmental factors (Zaidi and Singh, 2013).
There have been earlier reports to develop novel Trichoderma
strains using mutagenesis (Papavizas et al.,, 1982; Ahmad and
Baker, 1988; Mukherjee et al, 1997, 1999; Szekeres et al,
2007; Olejnikova et al., 2010). However, to the best of our
knowledge, these have not been formulated, field-tested, and
developed as commercial products. Among the formulations that
are commercially available and are successful is one based on
a protoplast fusant strain of T. afroharzianum (Shoresh et al.,
2010; Chaverri et al., 2015; Harman and Uphoft, 2019). We report
here improvement of a strain of Trichoderma virens that has
been widely studied for biocontrol properties (Mukhopadhyay
et al., 1992; Mukherjee et al., 2013; Sherkhane et al, 2017),
using gamma-ray-induced mutagenesis. In addition to strain
improvement, we also report here a novel mass multiplication
protocol and a formulation strategy for Trichoderma, and report
on the non-toxic nature of the T. virens mutant formulation in
mammals, birds, and fish.

MATERIALS AND METHODS

Strains and Culture Conditions

Trichoderma virens IMI 304061 and the plant pathogens Pythium
aphanidermatum and Sclerotium rolfsii were taken from our
previous studies (Mukherjee et al., 2007). Fungal cultures were
routinely grown in potato dextrose medium and stored in —80°C
as glycerol stock for maintaining genetic purity.

Mutagenesis of T. virens and Isolation of
a Secondary Metabolite Overproducing
Mutant

Sporulated culture (grown in potato dextrose agar slants) of wild-
type strain of T. virens was irradiated with gamma ray at 1,250 Gy,
as described previously (Mukherjee and Mukhopadhyay, 1993).
The spores were harvested in sterile distilled water and dilution-
plated on PDA amended with rose bengal (100 mg/L) to
restrict colony growth. Morphologically different colonies were

transferred to fresh PDA plates. One colony having brown color
conidia and secreting dark pigments in the medium was purified
by repeated single-spore isolation and selected for further studies.
Stability of the mutant was tested for 20 generations by repeated
subculturing. For antibiosis assay, the strains were grown in PDB
for 3 days with continuous shaking, and the filtrate was harvested,
passed through 0.22-pum syringe filters, and added to PDA at 3%
(v/v). Control was amended with 3% water. The indicator plant
pathogen P. aphanidermatum was inoculated centrally on filtrate-
amended plates and observation was recorded on the growth
after 24 h of incubation. The ability of wild type and G2 to
overgrow colonies of the plant pathogen S. rolfsii was assessed
using confrontation assay (Mukherjee et al., 2013). The ability of
the strains to colonize and kill sclerotia of S. rolfsii was assessed
by spreading conidial suspension (100 1 of 10%/ml) on 1% water
agar plates and then seeding the sclerotia on it. Parasitization
of the sclerotia was recorded daily and sclerotial viability was
determined by plating on PDA amended with 10 mg/L benomyl
(to selectively inhibit the growth of T. virens). For HPLC, the
filtrates were extracted with ethyl acetate, concentrated (10-fold)
using nitrogen flush, and subjected to HPLC analysis as described
earlier (Mukherjee et al., 2006).

Transcriptome Analysis

For RNA extraction, T. virens WT and G2 were grown on PDA
plates lined with a dialysis membrane (MWCO 12,000-14,000)
for 3 days and the tissue (containing both mycelia and conidia)
were harvested by scraping with a sterile spatula, ground in
liquid nitrogen, and RNA extracted with TriReagent (MRC).
A paired-end library was prepared, and de novo transcriptome
sequencing and assembly were performed on Illumina HiSeq
2500 platform at M/S Scigenom, Cochin, Kerala, India. Adaptor
trimming, quality filtering, and end trimming were performed
and the cleaned reads were assembled using Trinity software with
default settings. All assembled transcripts were found to be of
length of more than 200 bp. The trimmed reads were aligned to
the assembled transcriptome using the Bowtie2 program. Of all
filtered reads, about 95% of reads from each sample were properly
aligned back to the assembled transcriptome. Differential gene
expression analysis was performed using DESeq program. The
assembled transcript was annotated using an in-house pipeline
(CANoPI - Contig AnnotatorPipeline) at M/S Scigenome Labs.,
Cochin, Kerala, India, for de novo transcriptome assembly
using the following steps: Comparison with NCBI database
using BLASTX program, organism annotation, gene and protein
annotation to the matched transcript, and domain search by
using NCBI-CDD search database. Fold change was calculated
based on the FPKM values, and genes having log, fold change
>1.5 was considered for comparison.

Mass Multiplication, Formulation, and
Seed Treatment

For mass multiplication of T. virens, we used a novel medium,
i.e., tamarind seeds in solid-state fermentation. Tamarind seed is
a cheap by-product of tamarind pulp industry and is available
locally in all parts of India. The seeds were cut in four pieces,
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and 100 g was soaked overnight in 180-ml tap water in a 500-ml
conical flask. Even though whole tamarind seeds support profuse
growth of T. virens, cut seeds were used to increase substrate
surface area, resulting in higher fungal biomass production. After
autoclaving for 15 min at 15 psi, seeds were inoculated with
Trichoderma and incubated for 7-10 days. The growth was mixed
thoroughly with 400 g of autoclaved talcum powder and sieved
through a stainless steel sieve (8 mesh). The powder was air dried
and kept refrigerated for further use. The formulation was stable
for at least 6 months at 4-6°C, without any significant loss of
viability. Colony-forming units were counted by dilution plating
on rose bengal agar plates. For seed treatment, 5 to 10 g of the
formulation was suspended in 25 ml of water to make a slurry,
and seeds were treated with this slurry by shaking in a polybag.
Seeds were air dried before sowing.

Greenhouse Assay for Control of S. rolfsii

In order to have a comparative assessment of wild type and
G2, we checked for the ability to protect chickpea seeds and
seedlings from S. rolfsii, a serious pathogen of chickpea (and of
more than 500 plant species), in a greenhouse pot experiment.
Two kilograms of non-sterile soil was taken in plastic pots. For
inoculum, S. rolfsii was grown in sorghum grains for 10 days.
Four grams (determined experimentally to create high disease
pressure, i.e., about 100% mortality) of S. rolfsii culture was mixed
with top 3 cm soil. The pots were covered for 3 days to help
the pathogen get established in soil. Twenty treated (wild type
or G2 @ 2.5 and 5 g/kg seeds, treated in slurry form as described
above) chickpea seeds were sown per pot in pathogen-infested
soil or pathogen-free soil, in three replicates. Observation on seed
germination was recorded after 3 days and healthy plant stand
was recorded after 7 days.

Replicated Field Trials for Control of

Chickpea Collar Rot

Experiment at Crop Research Centre, G.B. Pant
University of Agriculture and Technology, Pantnagar,
Uttarakhand, India

A replicated trial was conducted at Pantnagar in a field naturally
infested with root rot and wilt pathogens (S. rolfsii, Rhizoctonia
solani, and Fusarium oxysporum f.sp. ciceris) in the 2017-2018
crop season. Individual plot size was 3 m x 2 m, and the
experiment was laid out in randomized block design (RBD) with
three replicates. Several biocontrol formulations of Trichoderma
isolates/spp. and Pseudomonas fluorescens were compared with
our formulation. Chickpea seeds were treated with 5 g/kg seeds
(TrichoBARC) or 10 g/kg seeds (other bioagents) formulation,
and 240 seeds were sown per plot. Moist seeds were treated
with dry talcum-based formulations of the bioagents. Seedling
and plant mortality was recorded between 30 and 120 days and
mature plant wilt 120 days after sowing (DAS).

Trials Under All-India Coordinated Research Project
on Chickpea at Four Locations

Multi-location replicated field trials were conducted at Raipur
(Chhattisgarh State), Jhansi (Uttar Pradesh), Jabalpur (Madhya

Pradesh), and Shillongani (Assam) in the 2017-2018 and 2018-
2019 crop seasons. Plot size was 4 m x 3 m and the experiments
were laid out in RBD with three replicates. Seeds of chickpea
were treated with 1% of the T. virens G2 formulation grown
in tamarind seeds. Three other strains of Trichoderma spp.
and chemical seed treatment were included for comparison.
Observations of seedling emergence, seedling mortality, and
yield were recorded.

On-Farm Demonstration Trials

On-farm demonstration trials for control of chickpea
collar rot was conducted in the 2015-2016 and 2016-2017
crop seasons at Indira Gandhi Krishi Vishwavidyalaya,
Raipur, Chhattisgarh. In Raipur in 2015-2016, experiment
was taken in a plot of 16 m x 7 m. Chickpea seeds
treated with 0.5% TrichoBARC formulation was sown and
observation on seed yield and biomass production was
recorded. In 2016-2017, 63 m x 24 m plots were used
to demonstrate the effect of TrichoBARC seed treatment
on chickpea yield.

Trials in Farmers’ Field

In 2017-2018, trials were conducted in the field of 30 lentil
farmers in four villages (Jahirapara, Kurumbelia, Bizra, and
Panpur) in Nadia district of West Bengal province, India.
Experimental plot size was 0.3 acres. Seeds were treated @ 5 g/kg
seeds of Moitri variety, and observations on seedling mortality
and grain yield were recorded, and compared with non-treated
plots. Trials in farmers’ field were repeated the same way in the
2018-2019 crop season.

Toxicological Studies

A toxicological study with TrichoBARC formulation was
conducted at the Department of Toxicology, IIBAT, Padappai,
Tamil Nadu, India. The study was performed in accordance
with the US-EPA, OPPTS microbial pesticide test guidelines
and Committee for Control and Supervision of Experiments
on Animals (CPCSEA) Prevention of Cruelty to Animals Act
1960 (formed in 1964 and revived in 1998). Animals were fasted
for 3 h before the treatment and 0.3 ml (twice) containing

WILD TYPE

MUTANT G2

FIGURE 1 | Colony morphology of wild-type and mutant strain of Trichoderma
virens, after growth on potato dextrose agar for 5 days.
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approximately 103 colony-forming units of the formulation
was administered in split dose orally to each animal in the
treatment groups (rat, mice, and rabbit). Untreated animals
were used as controls. Food was withdrawn for 1 h post-
administration. The treated and control animals were sacrificed
at various points during the study on days 3, 7, 14, and 21.
All animals were observed daily for clinical signs, mortality,

CONTROL

G2

FIGURE 2 | Inhibition of Pythium aphanidermatum by culture filtrate of WT
and G2.

S. rolfsii S. rolfsii x Wild Type S. rolfsii x G2

FIGURE 3 | Confrontation assay between Sclerotium rolfsii and Trichoderma
virens mutant/wild-type strain.

and morbidity until the day of their scheduled sacrifice. Body
weights of individual animals were recorded shortly before the
administration, weekly thereafter, at interim and final sacrifice.
For toxicity studies in chicken (Gallus gallus domesticus), the
desired quantity (20 g) of the test item was weighed and made
up to 100 ml using distilled water and thereafter administered
to the birds by oral intubation to five female chickens (bird
nos. 6-10) at the dose level of 2,000 mg/kg body weight.
Five control female chickens (bird nos. 1-5) were similarly
treated but with distilled water alone. All birds were observed
individually for toxicity signs and mortality thrice on day 0

G2

Wild Type

Control

FIGURE 4 | Parasitism of sclerotia of Sclerotium rolfsii by wild type and
mutant of Trichoderma virens. (A) Sclerotia colonized after 5 days of
co-incubation of Trichoderma and sclerotia of S. rolfsii. (B) Growth of S. rolfsii
from sclerotia after 3 days of incubation on benomyl-amended PDA medium.
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and thereafter daily for 14 days. The body weight of each
bird was recorded just prior to administration of dose (0
day) and on days 3, 7, and 14 after administration. Food
consumption was measured daily. Water consumption data were
collected on days 3, 7, and 14. At the end of the test, all
surviving birds were humanely euthanized by carbon dioxide
asphyxiation and gross pathology was conducted on all birds
from the treatment group and control. Samples of liver, lungs,
kidney, brain, spleen, and blood were collected aseptically and
homogenized in cold phosphate buffered saline for microbial
evaluation from the treated and control birds at the end of
the experimental period. Similar studies were conducted in
Pigeon (Columba livia). A study was also conducted to evaluate
the acute toxicity of the formulation to freshwater fish, Danio
rerio. In a range-finding experiment, groups of seven fish each

FIGURE 6 | Genes upregulated in T. virens mutant G2, over wild type, when
grown on PDA for 3 days. Hypo: hypothetical/unknown proteins; SSCP:
small, cysteine-rich secreted proteins; OXIDO: oxidoreductases; GH: glycosy!
hydrolases; SEC. META.: gene predicted to be involved in secondary
metabolism (includes PKS, P450, NRPS-like, OMT-B, and MFS transporters);
HYD: hydrophobins; PEP: peptidases.

WILD TYPE MUTANT (G2)

‘"
-

P

FIGURE 7 | Growth of Trichoderma virens wild type and mutant on tamarind
seeds, 7 days after inoculation.

in two replicates were exposed to control and test material
concentrations of 25.0, 50.0, and 100.0 mg/L TrichoBARC
formulation corresponding to 0, 3.9 x 10° 7.8 x 10°, and
1.56 x 10° CFU/ml, respectively, for 96 h. The fish were observed
for mortality and abnormal behavior twice on the day (3 and 6 h)
of exposure and, thereafter, at the end of every 24 h throughout
the experimental period. Based on the results of the range-
finding experiment, the limit test was conducted with control
and test material concentration of 100 mg/L in two replicates at
7 fish/replicate for 96 h. The fish were observed for mortality
and abnormal behavior as described above. All the data were
analyzed statistically.

RESULTS AND DISCUSSION

G2 Is a Secondary Metabolite

Overproducing Mutant
Exposure to 1,250 Gy of gamma ray followed by selection for
varied colony morphology and hyperpigmentation of culture

FIGURE 9 | Colony-forming units of Trichoderma virens on PDA-rose bengal
medium.

UNTREATED

FIGURE 10 | Seeds treated with wild type and G2 formulations.
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medium (by examining the reverse side of the culture plate)
led to the isolation of a stable mutant (designated as G2)
that has yellow-brown conidia, dark coloration of the medium,
and normal growth and conidiation like the wild-type strain
(Figure 1). The mutant, when grown in potato dextrose broth
for 3 days in shake culture, produced dark pigment(s) in liquid
medium and the filtrate was more inhibitory than the wild type on
growth of the test plant pathogen P. aphanidermatum (Figure 2).
In a confrontation assay, the mutant was as effective as the wild
type in overgrowing the plant pathogen S. rolfsii (Figure 3). The
mutant was also as effective as the wild type in parasitism of the

25

B3 days

|7 days

Control SR SR+WT SR+WT SR+G2 SR+G2 WTO0.5% G20.5%

0.5% 0.25% 0.5% 0.25%

FIGURE 11 | Pot assay for biocontrol of Sclerotium roffsii in chickpea treated
with wild type or mutant, in the presence and absence of the pathogen.
Treatments with same letters (case-sensitive) are not significantly

different (P < 0.05).

sclerotia of S. rolfsii (Figure 4). In HPLC analysis, the mutant
produced about 3-fold more of secondary metabolites, including
the known metabolites viridin and viridiol, and many yet-to-be
identified compounds (Figure 5). These data indicate that the
mutant is a hyper-producer of several secondary metabolites,
and as effective as the wild type in mycoparasitism. The mutant
has been deposited with the Microbial Type Culture Collection,
Chandigarh, India (Acc. No. MTCC 11567).

Several Genes Related to Secondary
Metabolism, Mycoparasitism, and Plant

Interactions Are Upregulated in G2

In order to understand the genomic basis of enhanced secondary
metabolite biosynthesis, we did a transcriptome analysis of the
mutant vis-a-vis the wild-type strain, grown on potato dextrose
agar medium for 3 days. Indeed, several secondary metabolism
biosynthesis and transport-related genes like polyketide
synthases (6), O-methyl transferases (4, including one involved
in viridin biosynthesis — Bansal et al., 2018), cytochrome P450s
(4), and MFS transporters (4) were upregulated in the mutant,
compared to wild type (Figure 6 and Supplementary Table S1).
This excludes 16 oxidoreductases that are upregulated in the
mutant; oxidoreductases are also known to be part of several
secondary metabolism gene clusters and some of these might
also be involved in secondary metabolite biosynthesis (Zeilinger
et al., 2016). Interestingly, in addition to genes for secondary
metabolism, 18 glycosyl hydrolases (GHs) are also upregulated
in the mutant. This is surprising because most of the GHs are
under catabolite repression in glucose-rich medium (like PDA).

TABLE 1 | Efficacy of bio-agents against seed and plant mortality of chickpea in field at Crop Research Centre, Pantnagar (2017-2018).

Treatment Plant stand Germination (30 Plant stand Plant mortality Plant stand (120  Mature plant wilt Plant mortality
(30 DAS) + SE DAS) (%) (30-120 (30-120 DAS) (%) DAS) + SE (N) (120 DAS) (%) including wilted
(N) DAS) + SE (N) plants (30-120
DAS)(%)
TCMS-36 1567.0£3.2 65.4 1443+ 0.9 8.0 180.0 £ 4.6 9.9 17.9
PBAT-3(Ta + Pf)  165.0 £ 2.1 68.7 146.3+ 4.3 1.3 139.3+3.8 4.7 15.8
Th-14 1565.3 + 4.4 64.7 1476 £ 4.7 4.9 138.6 &+ 6.1 6.0 10.9
Th-17 163.0 £ 4.7 67.9 1439420 1.7 1834.6 £ 4.7 6.4 18.1
Th-39 166.3+ 7.3 68.8 135.6 £ 5.6 17.9 129.0£7.0 4.8 22.7
Th-19 150.6 & 3.7 62.7 1262+ 4.8 16.2 1146+ 6.4 9.1 25.3
Psf-173 166.6 £3.2 64.8 1282+ 3.4 17.6 121.6 £ 4.3 5.1 22.7
Psf-2 162.6 £5.5 67.7 138.3+ 4.3 14.9 131.0£ 5.5 5.2 20.1
NBAIR1-Th 167.6 + 5.5 69.8 1422+ 3.3 15.1 129.6 + 6.5 8.8 23.9
NBAIR2-Ta 158.6 £8.0 64.0 1246+8.2 18.8 112.0+£6.5 101 28.9
TrichoBARC 168.3 £3.8 65.9 147.3 £ 4.1 6.9 140.3 £ 6.4 4.7 11.6
Sanjeevni TV 158.0+ 5.2 65.8 18309+ 1.2 17.1 1213+ 5.6 7.3 24.4
Carbendazim 167.6 £ 4.6 69.8 125.2+6.2 25.2 1146 £5.2 8.4 33.6
Control 156.0 + 3.2 65.0 1146 + 3.9 26.5 102.6 £7.2 10.4 36.9
CD (0.05) 114 12.98
CV (%) 4.1 - - 130.0 - -

Seeds were treated with the following bioagents: TCMS-36: Trichoderma asperellum; PBAT-3: T. asperellum strain;, Th14 + : Pseudomonas fluorescens strain Psf 173;
Th-14: T asperellum; Th-17: T. asperellum, Th-39: T. harzianum; Th-19: T. harzianum; Psf-173: P, fluorescens; Psf-2: P, fluorescens; NBAIR1-Th: T. harzianum; NBAIR2-Ta:
T. asperellum; Sanjeevni TV: T. viride each @10 g/kg seeds; TrichoBARC: T. virens mutant G2 @ 5 g/kg seeds. Other Trichoderma and Pseudomonas strains were isolated
from the Uttarakhand state of India, grown in sorghum grains (Trichoderma) or nutrient broth (Pseudomonas), and applied as talcum-based non-commercial formulations.
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TABLE 2A | Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2017-2018) — Seedling emergence.

S. No. Treatment Details Raipur + SE Jhansi + SE Shillongani + SE Jabalpur + SE Mean
T4 Trichoderma harzianum T-6 (@10 g/kg seed) 196 + 28.5 225+5.8 313+ 19.2 177 £ 941 227.75
To Trichoderma harzianum T-28 (@10 g/kg seed) 263 + 50.5 209 + 8.7 286 + 12.0 181 £ 3.1 234.75
Ts Trichoderma viride T-18 (@10 g/kg seed) 292 + 8.7 168 + 19.2 297 £ 9.4 185+ 8.7 235.50
Ty TrichoBARC (@10 g/kg seed) 291 +£ 4.7 186 + 6.6 288 + 15.8 185+ 9.3 237.50
Ts Propineb (Antracol) @3 g/kg seed 238 + 66.7 203 £ 4.0 287 £12.6 178 £ 4.8 226.50
Ts Hexaconazol + Zineb (Avtar) @3 g/kg seed 301 £10.8 204 £17.1 286 + 20.0 182 +5.8 243.25
T7 Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed) 182+ 26 273+ 129 309 £ 5.7 182 +£2.3 236.50
Tg Control 181 £ 13.9 140 £ 8.9 277 £ 151 175 +£7.5 193.25
C.D. at 5% 69.60 25.90 7.91 1.40
C.V. (%) 19.54 8.80 13.02— 1.368
TABLE 2B | Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2017-2018) — Disease incidence (%).
S. No. Treatment Details Raipur + SE Jhansi + SE Shillongani + SE Jabalpur + SE Mean
T4 Trichoderma harzianum T-6 (@10 g/kg seed) 196 + 28.5 225+ 5.8 3183 +£19.2 177 £ 9.1 227.75
To Trichoderma harzianum T-28 (@10 g/kg seed) 263 + 50.5 209 +£8.7 286 + 12.0 181 4+ 3.1 234.75
Ts Trichoderma viride T-18 (@10 g/kg seed) 292 + 8.7 168 + 19.2 297 £9.4 185+8.7 235.50
Ty TrichoBARC (@10 g/kg seed) 291+ 4.7 186 £ 6.6 288 + 15.8 185 +£9.3 237.50
Ts Propineb (Antracol) @3 g/kg seed 238 + 66.7 203 +£ 4.0 287 £12.6 178 £ 4.8 226.50
Te Hexaconazol + Zineb (Avtar) @3 g/kg seed 301 £10.8 204 £17.1 286 + 20.0 182+ 5.8 243.25
Tz Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed) 182+ 2.6 273 £12.9 309 £56.7 182+ 2.3 236.50
Ts Control 181 +13.9 140+ 8.9 277 £ 151 175+75 193.25
C.D. at 5% 69.60 25.90 7.91 1.40
C.V. (%) 19.54 8.80 13.02 1.368
TABLE 2C | Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2017-2018) — Yield (kg/ha).
S.No. Treatment Details Raipur + SE Jhansi = SE  Shillongani + SE  Jabalpur £ SE = Mean
T4 Trichoderma harzianum T-6 (@10 g/kg seed) 676 + 96.6 564 +22.5 733+7.3 520 + 23.1 623.25
T Trichoderma harzianum T-28 (@10 g/kg seed) 902 + 160.1 410 £+ 40.0 848 +£7.3 497 £3.8 664.25
Ts Trichoderma viride T-18 (@10 g/kg seed) 952 + 44.6 226 +25.5 825+ 8.7 603 + 6.0 651.50
Ty TrichoBARC (@10 g/kg seed) 925 + 61.2 282 +£24.4 878 £ 6.0 647 £11.6 683.00
Ts Propineb (Antracol) @3 g/kg seed 995 + 162.1 387 +£28.3 800 + 11.5 436 + 6.6 654.50
Te Hexaconazol + Zineb (Avtar) @3 g/kg seed 980 + 8.3 324 £ 295 927 +£10.1 494 +13.0 681.25
T7 Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed) 796 £ 74.5 674 +£31.3 977 £ 101 500 £ 15.5 736.75
Ts Control 584 +76.5 194 £ 3.7 624 +£9.2 383 +64.2 446.25
C.D. at 5% 223 62 7 75
C.V. (%) 17.82 10.99 0.58 8.32
TABLE 3A | Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2018-2019) — Seedling emergence.
S. No. Treatment Details Raipur + SE Jhansi + SE Shillongani + SE Jabalpur + SE Mean
T4 Trichoderma harzianum T-6 (@10 g/kg seed) 219+17.8 231 +£56.3 330+ 1.8 180 £+ 3.1 240.00
To Trichoderma harzianum T-28 (@10 g/kg seed) 211 £ 259 204 +£7.5 345+ 2.3 184 +£ 4.2 236.00
Ts Trichoderma viride T-18 (@10 g/kg seed) 173+ 13.6 143+ 6 344 +£ 3.0 182+29 210.50
Ty TrichoBARC (@10 g/kg seed) 286 + 11.9 179 +£1.2 349+29 186 £ 0.3 250.00
Ts Propineb (Antracol) @3 g/kg seed 209 +£17.9 207 +£13.3 330+29 186 + 1.2 233.00
Ts Hexaconazol + Zineb (Avtar) @3 g/kg seed 232 £13.2 203 £ 4.5 353 +2.4 178 +£1.2 241.50
T7 Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed) 260 + 14.4 288 £ 3.2 366 + 3.1 180+ 0.9 273.50
Ts Control 143 £10.7 130 £ 9.6 284 +29 170 £ 1.5 240.00
C.D. at 5% 50.130 23.078 5.690 7.274
C.V. (%) 13.068 6.588 0.952 2.271
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Several GHs like chitinases, chitosanases, and beta-glucanases
that are upregulated in the mutant are known to be involved in
mycoparasitism and biocontrol (Inbar and Chet, 1995; Haran
et al., 1996; Carsolio et al., 1999; Djonovi¢ et al., 2006b, 2007b).
Certain GHs like pectinases are induced during root colonization
by Trichoderma and are known to be involved in penetration
of roots (Moran-Diez et al., 2009, 2015). Small cysteine-rich
secreted proteins (SSCPs) are a broadly defined group of proteins
that are secreted, small (300 amino acids or less), and have at least
four cysteine residues (Mendoza-Mendoza et al., 2018). Many of
the proteins involved in plant-microbe interactions (as elicitors
and effectors) are SSCPs, for example, Sm1 and Sm2 of T. virens
as elicitors and four SSCPs as effectors that presumably facilitate
root internalization (Djonovi¢ et al., 2006a, 2007a; Gaderer et al.,
2015; Lamdan et al., 2015; Mendoza-Mendoza et al., 2018). In this
study, as many as 12 SSCPs are upregulated in mutant G2 over
wild type, even when it was grown on PDA, and not in association
with roots. In addition, an ortholog of hce2, gene encoding a
pathogen effector and a putative necrosis-inducing factor (Ecp2
is a member of this family), is also induced in G2. Trichoderma
hydrophobins are known to be involved in attachment of hyphae
to roots — deletion of hyd2 resulted in compromising cucumber

root colonization by T. asperellum (Viterbo and Chet, 2006).
Trichoderma hydrophobins are also reported to be involved
in mycoparasitism, plant growth promotion, and induced
resistance (Ruocco et al.,, 2015; Guzmdan-Guzman et al., 2017;
Przylucka et al., 2017; Yu et al., 2019; Zhang et al., 2019). Three
hydrophobins are upregulated in G2, compared to wild type. In
short, many genes that can have a positive effect on plants are
induced in G2 even when grown on a nutrient-rich medium not
under induction by its host fungi or plants.

Tamarind Seeds Support Profuse Growth

of T. virens

Tamarind seeds are a by-product of tamarind pulp industry and
are cheap and locally available. In order to replace widely used
food grains as a medium for growth of Trichoderma, we tested
the ability of tamarind seeds to support growth and conidiation
of T. virens in solid-state fermentation. Broken tamarind seeds
supported profuse growth and conidiation of both wild type
and the mutant (Figure 7). The final formulation with talcum
powder (80%, W/W) appeared darker for the mutant, because
of hyperpigmentation (Figure 8). The colony-forming units

TABLE 3B | Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2018-2019) — Disease incidence (%).

S. No. Treatment Details Raipur + SE Jhansi + SE Shillongani + SE Jabalpur + SE Mean
Ty Trichoderma harzianum T-6 22.82 + 9.8 (28.459) 22.33 + 2.2 (28.155) 31.80 + 1.3 (34.30) 15.333 + 2.73 (22.866) 23.07
(@10 g/kg seed)
To Trichoderma harzianum T-28 30.57 + 11.8 (33.495) 32.00 + 3.2 (34.402) 22.20 £+ 0.7 (28.10) 18.867 + 3.1 (25.578) 25.91
(@10 g/kg seed)
T3 Trichoderma viride T-18 34.04 + 5.5 (35.536) 52.00 + 5.2 (46.129) 24.20 + 0.9 (29.50) 14.917 £ 0.7 (22.701) 31.29
(@10 g/kg seed)
Ty TrichoBARC (@10 g/kg seed) 14.39 £ 7.3 (22.199) 40.00 + 4.0 (39.215) 16.80 + 1.2 (24.20) 20.48 + 2.5 (26.811) 22.92
Ts Propineb (Antracol) @3 g/kg 23.37 + 8.7 (28.839) 30.67 + 3.1 (33.486) 28.40 + 1.6 (32.2) 20.333 + 3.2 (26.644) 25.69
seed
Ts Hexaconazol + Zineb (Avtar) 25.00 + 8.8 (29.938) 32.00 + 3.2 (34.425) 12.90 + 1.8 (20.90) 17.847 £ 3.5 (24.777) 21.94
@3 g/kg seed
T7 Trichoderma harzianum 9.18 + 4.6 (17.376) 4.00 + 0.4 (11.277) 7.30 + 0.4 (15.70) 31.667 + 2.0 (34.209) 13.04
T-6 + Propineb
(@10 g + 1.5 g/kg seed)
Tg Control 38.14 + 9.5 (38.038) 56.67 + 5.7 (48.830) 58.10 + 1.7 (49.60) 29.667 + 0.9 (32.984) 45.64
C.D.at5% 6.911 5.020 2.150 3.619
C.V. (%) 13.369 8.232 4.150 7.561
TABLE 3C | Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2018-2019) — Yield (kg/ha).
S. No. Treatment Details Raipur + SE Jhansi + SE Shillongani + SE Jabalpur + SE Mean
T4 Trichoderma harzianum T-6 (@10 g/kg seed) 570.00 + 26.5 567 + 13.8 765 £+ 2.08 481 +£ 121 595.75
To Trichoderma harzianum T-28 (@10 g/kg seed) 693.33 + 30.9 426 + 12.6 890 + 30.6 525 + 46.7 633.58
T3 Trichoderma viride T-18 (@10 g/kg seed) 673.33 + 23.1 222 +11.3 860 + 23.1 581 +42.2 584.08
Ty TrichoBARC (@10 g/kg seed) 836.67 +28.4 262 +15.4 935 + 15.3 500 + 12.0 633.42
Ts Propineb (Antracol) @3 g/kg seed 616.33 + 23.6 409 £ 5.2 830 £+ 20.8 596 + 52.3 612.83
Ts Hexaconazol + Zineb (Avtar) @3 g/kg seed 735.00 £ 17.3 314+5.2 980 + 20.8 530 £+ 45.0 639.75
T7 Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed)  773.33 &+ 20.3 671 +£17.4 1030 £ 20.8 442 +29.8 729.08
Tg Control 438.33 £ 28.9 196 £ 9.3 650 + 36.1 360 + 6.4 411.08
C.D.at5% 71.861 29.246 78.3 70.87
C.V. (%) 6.097 4.308 5.1 7.978
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were determined to be 108/g for both the wild type and the
mutant formulations (Figure 9). The formulation was free of any
bacterial or mold contamination.

G2-Based Formulation Is Superior to
Wild Type in Greenhouse Assays

Most Trichoderma formulations available in the market have
added amendments like carboxy-methyl cellulose and/or a
detergent that acts as a spreader/sticker. Hence, sensu stricto,
these formulations are not organic. Tamarind seeds have
intrinsic sticking properties as it is rich in xylo-glucan (Mishra
and Malhotra, 2009). Seeds could be easily coated with this
formulation without adding any sticker (Figure 10). When
coated chickpea seeds were sown in pot soil heavily infested
with the pathogen S. rolfsii, the mutant-based formulation
showed improved disease control potential compared to wild
type (Figure 11). This experiment was repeated several times
and the superiority of the mutant to reduce seedling mortality
was reproducible. We therefore proceeded to field trials with
the mutant-based formulation (named TrichoBARC) at multiple
locations over several years.

The Formulation Is Effective in Reducing
Seedling Mortality and Improving Yield of
Chickpea Under Field Conditions

In a replicated filed trial at Pantnagar conducted during the
2017-2018 crop season in soil naturally infested with collar
rot, root rot, and wilt pathogens, TrichoBARC formulation
significantly reduced chickpea plant mortality (11.6% wilted
plants, as against 36.9% in control plot) and was superior to
other Trichoderma or P. fluorescens-based formulations (Table 1).

In multi-location trials on collar-rot control, TrichoBARC was
evaluated and compared with a few other Trichoderma strains,
fungicides, and combination treatment, at four locations/states
of India over 2 years. TrichoBARC treatment of seeds
significantly improved seedling emergence, reduced disease
incidence, and improved yield in all four locations over both
years (Tables 2A-C, 3A-C).

The Formulation Enhanced Chickpea
Yield in “On-Farm” Demonstration Trials

We demonstrated the potential of the formulation to enhance
chickpea yield at Raipur, Chhattisgarh (for chickpea) over
2 years. In the 2015-2016 demonstration trial in Raipur,
TrichoBARC-treated chickpea plot (112 m?) recorded 54.2 kg
bundle weight (biomass production) and 14 kg grain vyield,
compared to 29.16 and 8.8 kg, respectively, in the control plot;
the TrichoBARC-treated plot had lower incidence of seedling
mortality (Figure 12). In 2016-2017, in a bigger plot size
(1512 m?), the grain yield was 161 kg in the TrichoBARC-treated
plot, compared to 142 kg in control, and bundle weight was 386
and 271 kg per plot, respectively.

TrichoBARC Seed Treatment Improved

Lentil Yield in Farmers’ Field

In 2017-2018, trials were taken up in 30 lentil farmers
field in West Bengal. On average, yield per hectare was
1,533 kg, compared to 1,269 in the non-treated field, with
the maximum yield recorded in the TrichoBARC-treated field
being 1,800 kg/ha and the minimum being 1,275 kg/ha,
compared to 1425 and 1125 kg/ha in control fields, and the

| 1 Seed treatment with TrichoBARC

(44

CONTROL

FIGURE 12 | Demonstration trial on control of collar rot of chickpea in experimental field at Raipur (2015-2016).
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FIGURE 13 | Vield data of farmers’ field trials taken at 30 farmers’ fields in Nadia district of West Bengal (2017-2018).

yield gain was statistically significant (Figure 13). In 2018-
2019 too, average yield gain in 30 farmers fields across four
villages in Nadia district of West Bengal was more than
200 kg/ha (Figure 14).

The Formulation Developed Is Non-toxic

to Mammals, Birds, and Fish
The toxicological studies of TrichoBARC formulation on rat,
mice, rabbit, chicken, pigeon, and a freshwater fish D. rerio

revealed that the formulation is non-toxic to these test
animals (Table 4).

SUMMARY AND CONCLUSION

Trichoderma spp. are widely used in agriculture, several
formulations being available as biofungicides and plant
growth promoters. T. virens is also commercially sold as a
biofungicide! and plant growth promoter (in combination

Thttp://certisusa.com/pest_management_products/biofungicides/soilgard_12g_
microbial_fungicide htm

with Bacillus amyloliquefaciens®) in the United States. Even
though natural strains of Trichoderma are effective, there is
always a scope for strain improvement. Induced mutation
is a powerful tool for genetic enhancement of microbes.
For example, the industrial strain RutC 30 of Trichoderma
reesei (used for enzyme production) is derived from a natural
strain QM6A through repeated mutagenesis resulting in 15-
to 20-fold improvement in cellulase biosynthesis (Peterson
and Nevalainen, 2012). Another example is the enhancement
of penicillin biosynthesis - it has been possible to enhance
the titer by 85-fold through mutation (Ziemons et al., 2017).
There are several such examples in industry, but only a
few in microbes of agricultural importance. Even though
attempts were made to “improve” biocontrol potential of
Trichoderma strains through mutagenesis, seldom they have
been commercialized. Biocontrol potential of Trichoderma
spp. can also be enhanced by improving formulation
strategy. In the present study, we have demonstrated that
it is possible to improve the antagonistic and biocontrol
potential of a strain of T. virens that has widely been studied

Zhttps://www.aganytime.com/dekalb/protection/Pages/Monsanto- BioAg.aspx
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FIGURE 14 | Vield data of farmers’ field trials taken at 30 farmers’ fields in Nadia district of West Bengal (2018-2019).
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TABLE 4 | Toxicity of TrichoBARC formulation on mammals, birds, and fish.

S.No.  Study Title Results

1 Acute Oral Toxicity/Pathogenicity in No toxicity, infectivity, or
Wistar Rat pathogenicity

2 Acute Oral Toxicity/Pathogenicity in CD No toxicity, infectivity, or
1 Mice pathogenicity

3 Acute Pulmonary Toxicity/Pathogenicity No toxicity, infectivity, or
Study in Wistar Rat pathogenicity

4 Acute Dermal Toxicity/Pathogenicity No treatment-related
Study in New Zealand White Rabbits toxicity, pathogenicity, or

skin irritation

5 Acute Intraperitoneal No treatment-related
Toxicity/Pathogenicity Study in Wistar toxicity, infectivity, or
Rats pathological effects

6 Acute Dermal Irritation in New Zealand Non-irritating
White Rabbits

7 Acute Eye Irritation in New Zealand Non-irritating
White Rabbits

8 Acute Oral Toxicity Study in Chicken Non-toxic and non-virulent

9 Acute Oral Toxicity Study in Pigeon Non-toxic and non-virulent

10 Acute Toxicity Study to Freshwater >100 mg/L (non-toxic and

Fish, Danio rerio

non-virulent)

for biocontrol properties as well as genetics. We have combined
genetic enhancement with novel formulation strategy, and
through extensive evaluation over many years in several
locations, we demonstrate the commercial potential of such

a novel formulation. The use of tamarind seeds as a mass
multiplication medium has unique advantages. In developing
countries, including India, food grains like sorghum are
extensively used for growing Trichoderma at industry scale,
while tamarind seeds are by-products of tamarind pulp
that are very popular as a culinary ingredient throughout
India. This technology thus replaces expensive food grains
with cheap tamarind seeds. Moreover, tamarind seed-based
formulations, being sticky in nature, do not require addition of
stickers/spreaders like carboxy-methyl cellulose and detergents
that are routinely used in Trichoderma formulations. This
formulation described here is thus an organic formulation
sensu stricto. The extensive field testing data (including farmers’
field) that we present here clearly establish our formulation
as an excellent technology for crop production, especially
pulses. The formulation has been proven to not only be
effective in controlling collar rot, a serious problem in more
than 500 crop species, but also cause robust plant growth
(Supplementary Figures S1, S2). We also noticed early
flowering (by 7-10 days) in TrichoBARC-treated chickpea and
lentil under field conditions at multiple locations. We are yet
to study the mechanism of improved biocontrol and growth
enhancement, which could be due to the overproduction of
secondary metabolites, and constitutive overexpression of
many genes known to be involved in mycoparasitism (like
chitinases, chitosanases, and glucanases), root colonization
(like pectinases), and SSCPs (known to play role as
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elicitors and effectors). The formulation developed by us
using a novel mutant combined with a novel formulation
strategy thus holds promise for commercial success as a
novel plant bio-inoculant. Additionally, through toxicology
studies, we also provide evidence that this formulation
is safe, which adds to the commercial prospect of this
technology described here.
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The zinc finger transcription factor PAC-3/RIM101/PacC has a defined role in the
secretion of enzymes and proteins in response to ambient pH, and also contributes
to the virulence of species. Herein we evaluated the role of PAC-3 in the regulation
of Neurospora crassa genes, in a model that examined the plant-fungi interactions.
N. crassa is a model fungal species capable of exhibiting dynamic responses to its
environment by employing endophytic or phytopathogenic behavior according to a
given circumstance. Since plant growth and productivity are highly affected by pH
and phosphorus (P) acquisition, we sought to verify the impact that induction of a
Apac-3 mutation would have under limited and sufficient Pi availability, while ensuring
that the targeted physiological adjustments mimicked ambient pH and nutritional
conditions required for efficient fungal growth and development. Our results suggest
direct regulatory functions for PAC-3 in cell wall biosynthesis, homeostasis, oxidation-
reduction processes, hydrolase activity, transmembrane transport, and modulation of
genes associated with fungal virulence. Pi-dependent modulation was observed mainly
in genes encoding for transporter proteins or related to cell wall development, thereby
advancing the current understanding regarding colonization and adaptation processes
in response to challenging environments. We have also provided comprehensive
evidence that suggests a role for PAC-3 as a global regulator in plant pathogenic fungi,
thus presenting results that have the potential to be applied to various types of microbes,
with diverse survival mechanisms.

Keywords: Neurospora crassa, mycorrhizal association, phytopathogen, inorganic orthophosphate, RNA-
sequencing

INTRODUCTION

Soil nutrient cycling is primarily performed by microorganisms and serves to support plant
development through the uptake of soil minerals and by facilitating the decomposition of
organic matter. Phosphorus (P) acquisition and soil pH are two of the most influential factors
affecting plant growth and productivity and are regulated primarily by the indigenous microbial
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community. Moreover, studies have suggested that changes in
the composition of the soil fungal community are strongly
correlated with changes in soil pH, which subsequently controls
the availability of carbon (C), nitrogen (N) and phosphorus
(P) (Hinsinger, 2001; Kemmitt et al., 2006; Rousk et al., 2009;
Zhang et al., 2016).

In the soil, P exists as inorganic orthophosphate (Pi), either
as H,PO,~ or HPO,?™, depending on the soil pH, or less
commonly, as organic Pi (phytates). Uptake of P occurs via
two distinct routes. The first is direct and occurs through plant
roots. The second route is indirect and occurs via mycorrhizal
symbiosis. Briefly, the host plant obtains P primarily from soil
fungal partners supported by chemotropism, which is the ability
of fungi to sense and grow toward a chemical gradient. The
association with specialized soil fungi, and subsequent formation
of mycorrhizal roots, serves to improve and increase the P
content in plants. However, the beneficial effect afforded by the
development of mycorrhizal symbiosis varies according to the
fungal species involved (Hinsinger, 2001; Plassard et al., 2011;
Johri et al., 2015; Turra and Di Pietro, 2015).

Despite the importance of fungus-plant interactions, our
current knowledge regarding the molecular regulation of these
systems is rudimentary. However, recent advances have been
made in the genomics of fungal model systems, which have
contributed to our understanding of the cellular machinery
responsible for regulating the chemoattraction of filamentous
hyphae by plant roots, thereby enabling plants to forage for
essential nutrients (Turra and Di Pietro, 2015).

An example of a model for the study of plant-fungi
interactions is the filamentous fungus Neurospora crassa, which
has contributed significantly to the development of modern
genomic studies. N. crassa grows on decaying plant material,
and is capable of exhibiting endophytic or phytopathogenic
behavior depending on the specific environmental circumstances
(Kuo et al., 2014). Further, this fungal species has been shown
to express defense- and pathogenicity-related genes including
oxidoreductases and necrosis-inducing proteins (Leal et al., 2009;
Kuo et al.,, 2014). It has also exhibited the ability to synthesize
and secrete cellulases and hemicellulases, which function in the
degradation of lignocellulosic material (Kuo et al., 2014; Kourist
et al.,, 2015; Antonieto et al., 2017). Thus, N. crassa serves as a
model organism for the investigation of a wide range of plant-
fungal relationships.

The availability of P and the modulation of soil pH are
important limiting factors in plant health and development,
and thus, the ability to rapidly adapt to the environment via
modulation of specific genes, is critical for efficient utilization
of the available nutrients and overall survival. The transcription
factor PAC-3, a new designation for N. crassa PacC (Virgilio
et al, 2016), has a well-defined role in the pH-signaling
pathway, and has also been shown to be required for virulence
in specific plant pathogens, namely, Penicillium digitatum
(Zhang et al., 2013), Fusarium oxysporum (Caracuel et al,
2003b), Sclerotinia sclerotiorum (Rollins, 2003), Colletotrichum
gloeosporioides (Miyara et al., 2008), and Colletotrichum acutatum
(You and Chung, 2007), thus suggesting a critical role for this
protein in host-pathogen interactions.

Herein we present an overview of the effect induced following
deletion of pac-3in N. crassa when cultivated in media containing
low and high concentrations of Pi. Results from the Gene
Ontology (GO) enrichment analysis indicated that the most
highly modulated gene groups were integral to the membrane,
or with associated with oxidation-reduction processes, hydrolase
activity, and transmembrane transport.

Our results suggest potential regulatory mechanisms
employed by pac-3 in a ubiquitous filamentous fungus, thereby
providing a comprehensive overview of genetic modulation in a
model organism that is proficient in deconstruction of plant cell
walls (Antonieto et al., 2017). These results, therefore, contribute
to the understanding of possible mechanisms associated with
plant-pathogen interactions.

MATERIALS AND METHODS

Neurospora crassa Strains and Culturing

Conditions

The N. crassa Apac-3 knockout strain (pac-3X©) was generated
by replacing the pacC open reading frame (ORF; NCU00090)
with the bar gene from a mus-52X0 background strain. Gene
knockout in the mutant strain was confirmed via polymerase
chain reaction (PCR) using specific oligonucleotides (Cupertino
etal,, 2012). All strains were maintained on solid Vogel’s Minimal
(VM) medium supplemented with 2% sucrose at 30°C and pH 5.8
(Vogel, 1956).

Following 5 days (Amus-52) or 10 days (Apac-3) of culturing
consisting of 3 days at 30°C in the dark and 2 (Amus-52) or
7 (Apac-3) days at room temperature in ambient light, conidia
(approximately 107 cells/mL~!) were germinated in an orbital
shaker for 5 h at 30°C (200 rpm) in low- and high-Pi media
(final concentrations, 10 WM or 10 mM Pi, respectively). Media
was supplemented with 44 mM sucrose as the carbon source,
and 50 mM of sodium citrate was used to adjust the pH to
5.4, as previously described (Nyc et al, 1966; Nahas et al.,
1982; Gras et al, 2007). The mycelium was then harvested,
frozen in liquid nitrogen, and stored at —80°C until RNA
isolation was performed. All experiments were performed in
three biological replicates.

RNA Extraction

Total RNA was isolated using TRIzol™ Reagent (Invitrogen,
United States) according to manufacturer’s instructions
and treated with DNAse I, RNAse-free (Thermo Fisher,
United States). The RNA concentration was quantified using
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher).
RNA integrity was determined via agarose electrophoresis
and by employing the Agilent Bioanalyzer platform 2100
(Agilent, United States).

RNA-Seq Data Analysis

Four cDNA libraries were sequenced (Amus-52 and Apac-3
strains, cultivated in media with high- or low-Pi concentration),
with their respective biological triplicates to generate 100 bp
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paired-end reads using an Illumina HiSeq 2000 sequencer
(lumina, United States). To assess the library quality prior
to and after trimming, we used the FastQC software. To
remove the sequencing bases from the end of the reads,
we applied a minimum Phred score of 20. The genome
of N. crassa' and the Bowtie2 software (Langmead and
Salzberg, 2012) were then employed to map the filtered
reads. The coverage and alignments of the transcripts were
visually inspected using Integrative Genomics Viewer software
(IGV) (Robinson et al., 2011; Thorvaldsdottir et al., 2012).
After performing library alignment and quality filtering steps,
read count values were obtained. Once the read count table
was generated, differential expression and statistical analysis
were performed using the DESeq2 Bioconductor package
(Love et al., 2014).

We adjusted the p-value threshold set to 0.05 with a log,
fold change +1.5 using the Benjamini-Hochberg procedure
(Benjamini and Hochberg, 1995) to denote statistical significance
in changes for a given gene’s expression levels. Functional
annotation was performed according to GO (Blake and Harris,
2008), using the Bast2GO software (Gotz et al., 2008). The BayGO
algorithm was then applied to perform GO term enrichment
(Vencio et al., 2006).

Validation of RNA-Seq by RT-qPCR

One microgram of total RNA, extracted from the fungal mycelia,
was reverse transcribed into complementary DNA (cDNA)
using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, United States) according to manufacturer’s
instructions. The expression pattern for the selected genes
was quantified via real-time quantitative reverse transcription
polymerase chain reaction (QRT-PCR) using Power SYBR Green
PCR Master Mix (Applied Biosystems) with the StepOnePlus
Real-Time PCR System (Applied Biosystems) for 40 cycles.
The initial denaturation step was performed at 50°C for
2 min and at 95°C for 10 min, followed by 40 cycles
at 95°C for 15 s and 60°C for 1 min. Specific primer
sequences used as well as the concentration in each reaction,
and reaction efliciencies are presented in Supplementary
Table S1. Two reference genes, namely, actin (NCU04173),
and B-tubulin (NCU04054) were used as controls. Each gene
had its relative expression level quantified using the Livak
(2= 22CY method (Livak and Schmittgen, 2001). We performed
statistical analysis using Student f-tests with GraphPad Prism
v. 5.1 software.

The Analysis of Putative PAC-3 Binding
Sites in silico

The complete genome sequence of N. crassa OR74A was used
to obtain the 5'upstream regions (1 kb) for each gene. The
occurrence of the PAC-3 motif, 5'-GCCARG-3', was determined
using an ad hoc perl script.

Yftp://ftp.broadinstitute.org/pub/annotation/fungi/neurospora_crassa/assembly/
NC12/

RESULTS

The Transcriptional Response of the

N. crassa Apac-3-Mutant

Results from Bowtie2 analysis revealed that approximately 84-
86% of the total high-quality reads were found to align with
the reference genome of N. crassa (Langmead and Salzberg,
2012; Supplementary Table S2). Furthermore, we identified 145
DEGs that were modulated regardless of the Pi concentration,
however, were responsive to deletion of pac-3; while 171
DEGs were found to be modulated concomitantly with the
deletion of pac-3 and with low-Pi availability. An additional
111 DEGs were found to be responsive to pac-3 deletion
and high-Pi concentration (Figure 1). For each condition
analyzed, a list of all DEGs was generated and is presented in
Supplementary Table S3.

An analysis of the relevant biological processes associated
with the DEGs was conducted to increase the understanding
of the functional categories affected by the deletion of pac-3.
The most representative gene group in both Pi conditions was
identified as being integral to membranes, followed by those
that are related to oxidation-reduction processes. Genes related
to hydrolase activity, transmembrane transport, cytoplasm, and
nucleus were also significantly represented in both analyzed Pi
conditions (Figure 2). Further, the most significantly affected
DEGs in both nutritional conditions were plotted in a volcano
plot, highlighting those genes with log, fold change > or <5.0
(Supplementary Figure S1).

low-Pi
Apac-3 vs Amus-52

high-Pi
Apac-3 vs Amus-52

high-Pi
Up Down
a Up 86 0
_g Down 2 57

FIGURE 1 | Venn diagram indicating the number of DEGs identified in the
mutant Apac-3 strain (test) compared to the control (Amus-52 strain) in
media containing low-Pi (orange) and high-Pi (blue). The green color indicates
down-regulated genes and the red color indicates up-regulated genes.
Thresholds for the classification of DEGs were (P < 0.05), up-regulated: logy
(Fold Change) >1.5 or down-regulated: logy (Fold Change) <—1.5.
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Modulation of Genes Identified as
Integral to Membrane and

Transmembrane Transport

A large high number of genes were identified as being
modulated in response to both high- and low-Pi concentrations,
thereby revealing a transcriptional response that was exclusive
to the deletion of pac-3. Among these genes, the most
highly up-regulated was the amino-acid permease INDA1
(NCUO07129), which was modulated by approximately 200-
fold (log, = 7.82 in high- and 7.16 in low-Pi). Moreover,
a high-affinity potassium transporter-1 (NCU00790), three
hypothetical proteins (NCU06328, NCU08490, and NCU03240)

and a sugar transporter (NCU07607) were also up-regulated in
both Pi conditions.

Further, we assessed the repressive effects caused by deletion
of pac-3 in both Pi conditions. Most notably, different ATPase
coding-genes, including the plasma membrane proton pump
Ht-ATPase (E1-E2 ATPase-1; NCU05046), a P-type ATPase
(NCUO08147), and a calcium-transporting ATPase 3 (NCU07966),
all of which have central roles in fungal physiology, were found
to be down-regulated. Furthermore, pac-3 deletion was seen to
induce the repression of transporters for zinc/iron (NCU02879
and NCUO06132), phosphorus (NCU08325 and NCU09564), and
ammonium (NCU01065).
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Influence of pac-3 in the

Oxidation-Reduction Process

We determined that the catalase-3 (NCU00355) gene, along
with other essential genes, including l-amino acid oxidase
(NCUO01066), a flavoprotein oxidoreductase (NCU06061), and
an ornithine-N5-oxygenase (NCUO07117), were repressed in
both Pi conditions.

Among the genes that were up-regulated in response
to pac-3 deletion were an oxidoreductase (NCU00260), a
polyketide synthase-3 (NCU04865), a norsolorinic acid reductase
(NCU07723), a glutathione S-transferase-1 (NCU05780), the P-
450-related genes (NCU05185, NCU09185, and NCU06327) and
a dyp-type peroxidase (NCU09210).

Differentially Expressed Genes
Associated With Hydrolase Activity

Our results revealed the down-regulation of a f-(1,3)-
glucanosyltransferase gene (gell; NCU07253), that codes
for the GEL/GAS/PHR protein, in both low- and high-Pi
conditions. The lipase (NCU03639) was also down-regulated in
response to pac-3 deletion. Alternatively, one metalloprotease
(NCU07200) as well as members of the glycosyl hydrolase family
(NCU07355, NCU08127, NCU04395, and NCU00130) were
identified as up-regulated in both Pi conditions, along with.

Gene Modulation in Response to Pi

Variation

NCU06351, which codes for a phytase-1 gene, was found to
be down-regulated in conditions with high-Pi concentration.
Alternatively, an alternate phytase gene, NCU03255, exhibited
opposing modulation and was up-regulated. However,
only phytase-1 possesses a binding motif for PAC-3 in its
promoter region.

Among the several proteins modulated in response to
low Pi concentration and pac-3 deletion a large portion
were identified as down-regulated while only a few were up-
regulated. Specifically, we identified many genes encoding
for proteins related to cell wall that were down-regulated,
including a chitinase-1 protein (NCU02184), a GNAT family
N-acetyltransferase (NCU04039), two non-anchored cell
wall proteins, -3 and -6 (NCU07817 and NCUO00586), and
the glycosylhydrolase family 61-5 (NCU08760). Further, the
hypothetical protein NCU01311 was determined to also be
repressed, which gene is associated with pathogenesis, according
to GO functional annotation. The asparagine synthetase 2
(NCU04303) was also found to be down-regulated in these
experimental conditions. The genes that were identified as up-
regulated in response to low Pi concentration were determined
to be also be associated with the deletion of pac-3.

In conditions containing high Pi concentrations, a
large proportion of the DEGs were identified as genes
that encode for transporter proteins, specifically the ABC
drug exporter AtrF (NCU08056), the multidrug resistance
protein MDR (NCU07546), a major facilitator superfamily
transporter (NCU06847), the MFS monocarboxylate transporter
(NCU05089), and the MFS multidrug transporter (NCU06860).

In high Pi conditions we observed significantly more induced
genes than repressed, in response to pac-3 deletion.

Modulated Genes Contained the
Consensus Binding Motif for PAC-3

To determine which DEGs were directly or indirectly affected
by the deletion of pac-3, we examined which DEGs contained
PAC-3 binding motifs within their 1 kb promoter region.
Of the total 427 identified DEGs, 231 contained potential
motifs for PAC-3 binding, 85 of which (36.8%) were found
within the low Pi conditions and 62 (26.84%) in high Pi
conditions. Furthermore, 84 (36.36%) DEGs with the PAC-
3 putative consensus-binding site (5'-GCCARG-3’) had their
expression modulated in both low and high Pi concentrations.
Conversely, 196 DEGs were modulated in response to the
absence of the PAC-3 even without the binding motif in
their promoter region, which suggests that either indirect
regulation by PAC-3 occurred or there was a PAC-3 binding
motif located outside the promoter region that was analyzed
(1 kb). Among these DEGs, 86 (43.88%) and 49 (25%) were
determined to be modulated in low and high Pi environments,
respectively; while 61 DEGs (31.12%) were identified in both
culture conditions simultaneously.

Validation of Gene Expression

Expression analysis by qRT-PCR for the 15 selected genes using
independent RNA samples was employed to validate the RNA-
seq data. The results from both experiments were compared to
the log, ratio between the Apac-3 mutant and control strains
(Table 1 and Figure 3). The correlation between RNA-seq
and qRT-PCR results, obtained from biological replicates, was
determined to be strong and statistically significant (Pearson’s
correlation, r = 0.953, P < 0.001).

DISCUSSION

The transcription factor PAC-3 is critical component in the
regulation of pH-responsive genes in fungi. As observed in
various pathogenic fungi species, deletion of this transcription
factor affects many cellular and molecular pathways thereby
serving to interfere in the appropriate control of physiological
processes essential for induction of pathogenesis (Rollins, 2003).
N. crassa Apac-3-mutation negatively impacts on aerial hyphae
growth, conidiation, and raises the production of dark pigment
(Virgilio et al., 2016). These phenotypical disturbances suggest
an important role for PAC-3/PacC in fungal infective success,
as observed in a dermatophyte fungus (Ferreira-Nozawa et al.,
2006). In Aspergillus nidulans, nutrient changes have been shown
to modulate the transcription of the pac-3 homolog gene,
indicating the presence of interconnections between ambient
pH, carbon availability, and Pi variance in a complex metabolic
network (Trevisan et al., 2011; Rossi et al., 2013). Through the
assessment of transcriptional changes arising from the deletion
of pac-3, we evaluated the relevance of this transcription factor in
the model fungal species N. crassa.

Frontiers in Microbiology | www.frontiersin.org

September 2019 | Volume 10 | Article 2076


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Martins et al.

PAC-3 Regulates Fungal Pathogenesis

TABLE 1 | Validation of differentially expressed genes by real-time PCR (qPCR).

ID Gene product name GO classification Low-Pi High-Pi
RNA-seq qPCR RNA-seq qPCR
NCU00282 Hypothetical protein Seg-specific DNA binding RNA polymerase 3.89 2.69 4.34 4.91
Il transcr fact activity
NCU01386 Hypothetical protein Zinc ion binding - 0.58 1.50 0.97
NCU02879 Zinc/iron transporter Zinc ion transmembrane transporter activity —4.61 —-3.52 —4.32 —3.63
NCU03107 MFS transporter —1.79 —2.06 - —0.51
NCU03921 Mitochondrial chaperone bcs1 ATP binding —2.12 —4.14 2.15 1.74
NCU04197 CipC protein Molecular function 6.62 6.64 8.44 6.52
NCU04912 HET domain-containing protein 1.94 1.50 2.21 0.94
NCU05308 Zn(I)2Cys6 transcription factor Seg-specific DNA binding RNA polymerase 1.94 0.34 1.79 1.93
Il transcr fact activity
NCU06132 Siderophore iron transporter Integral to plasma membrane —2.98 —2.64 —2.09 —2.72
NCU06328 Hypothetical protein Integral to membrane 412 3.52 4.43 4.67
NCU07253 1.3-beta-glucanosyltransferase gell Integral to membrane —3.56 —0.69 —3.26 —3.33
NCU08325 Phosphorus-5 Integral to plasma membrane —5.04 —5.75 —3.86 —5.34
NCU08726 Fluffy Zinc ion binding - 2.61 1.94 1.65
NCU09210 Dyp-type peroxidase Heme binding 3.96 5.61 4.78 2.84
NCU09629 Hypothetical protein —1.81 —-3.41 2.12 1.77

(-) not modulated at the time point.

The Import and Export of Essential
Substrates Requires PAC-3

The repression of specific genes that encode proteins related
to membrane transport in both high and low Pi conditions
revealed a regulatory role for PAC-3 in transmembrane transport
activity. Specifically, the E1-E2 ATPase-1 (ENAI), the P-type
ATPase, and the calcium-transporting ATPase 3 are P-type
ATPases that are involved in the active transport of cations
across cellular membranes (Moller et al., 1996). As was observed
in F. oxysporum, a functional link exists between pH signaling
and the expression of the gene encoding a P-type Na™-
ATPase. Moreover, at ambient alkaline pH, PacC serves to
activate the P-Type Nat-ATPase enal gene. This is achieved
through binding of the activated form of PacC to its cognate
binding sites in the promoter of enal, which results in the
control of ion homeostasis, a determinant for Nat detoxification
(Caracuel et al., 2003a).

We also determined that the ammonium transporter MEP2
was down-regulated in response to pac-3 deletion. Since
phytopathogenic fungi secrete ammonia to alkalinize the host
tissue, reduced expression of MEP genes would function to
directly impact fungal pathogenicity (Miyara et al., 2010).

Our results have also revealed that PAC-3 is involved in the
effective transport of jons and in the homeostasis of fungal
virulence. Specifically, we also observed down-regulation in the
expression of a zinc/iron transporter, which is important in
trafficking of metal ion substrates and in fungal homeostasis,
and a siderophore-iron transporter, which functions in iron
acquisition and is essential in both virulence and modulation
of the plant immune system (Greenshields et al., 2007; Bailao
et al., 2012; Albarouki et al., 2014). Further, expression of the
H™-coupled pho84/pho-5 gene, which encodes a high affinity

inorganic phosphate transporter that transports manganese, zinc,
cobalt, and copper ions (Jensen et al., 2003), was found to be
down-regulated following the deletion of pac-3.

The transport-regulatory activity associated with PAC-3 seems
to impact the fungal-pathogen relationship, and also symbiotic
fungal associations. ATPases are thought to contribute to the
uptake of Pi and other nutrients from the symbiotic interface
via proton symport (Johri et al., 2015). Moreover, the acquisition
of N from the soil is dependent on ammonium transporters;
while the internal concentration of ions such as calcium, are
responsible for the regulation of rhizobial symbiosis (Hazledine
et al., 2009; Bonfante and Genre, 2010). PAC-3 serves to regulate
all of these transmembrane flux processes. Furthermore, all of
the genes analyzed in our study contained the PAC-3 binding
motif in their promoter regions, save for the P-type ATPase
(NCU08147) and the siderophore-iron transporter (NCU06132)
(Supplementary Table S4).

The high-affinity transporters pho84/pho-5 and pho89/pho-
4, which have been described as having Na + /Pi symporter
activity (Versaw, 1995), were found to be strongly down-
regulated in our study. These results suggest that PAC-3
regulates the phosphate traffic in the cell. Similarly, the PiPT
gene, which is a pho84 phosphate transporter homolog, from
the root of the endophytic fungus Piriformospora indica, was
reported to actively transport phosphate to the hosting plant.
Further, PiPT knockdown mutants resulted in detrimental effects
to both fungal and host, indicating that these transporters
function to ameliorate the nutritional status of the host plant
(Yadav et al., 2010).

Among the DEGs that were identified as being up-regulated
in response to the deletion of pac-3, one of the strongest
modulations was observed in the amino-acid permease INDA1,

Frontiers in Microbiology | www.frontiersin.org

September 2019 | Volume 10 | Article 2076


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Martins et al. PAC-3 Regulates Fungal Pathogenesis

NCU00282 NCU01386 NCU02879
1.59 0+

2

0.54

log, fold change

*
(] Q
j=) f=)
E 1.04 §
o o
3 3
[<] [<]
L -
~ o~ -4
f=d [
o o ek

-6

NCU03107 NCU03921 NCU04197

log, fold change

log, fold change
& B °
*
o
*
: J
log, fold change
i » s ?
*
= :
+
H

NCU04912 NCU05308 NCU06132
(] (] (]
1= i j=2)
c = i
£ g £
3] &) o
z T T
K 8 8
g g g

NCU06328 NCU07253 NCU08325

64
8 % &
5 § g
K= E=4 K=
o o o
T z k)
L 8 2
S =] S
° 2 k)
-8
NCU08726 NCU09210 NCU09629

1.0

0.54

0.0-

log, fold change
- N
o o
? T
*
log, fold change
i T
*
i
log, fold change
s 2
*
*
; J

@l High-Pi B Low-Pi

FIGURE 3 | Gene expression levels represented as log,-fold change comparing the mutant strain Apac-3 (test) to the control (Amus-52 strain) in media containing
low and high Pi concentrations. Asterisks indicate statistical significance determined by Student’s t-tests comparing treatment and control conditions at each time
point (*P < 0.05; **P < 0.01; ***P < 0.001).

Frontiers in Microbiology | www.frontiersin.org 73 September 2019 | Volume 10 | Article 2076


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Martins et al.

PAC-3 Regulates Fungal Pathogenesis

which has three PAC-3 binding sites within its promoter
region (Supplementary Table S4). The transporter activity
of INDAI, previously reported in Trichoderma harzianum,
and expressed during development of Rhizoctonia solani cell
walls, is thus an important factor in the mycoparasitic activity
(Vasseur et al, 1995). Additionally, the expression of the
high affinity potassium transporter-1, the hypothetical proteins
NCU08490, with proposed Ca’*/Cation antiporter activity,
NCU06328, identified as the integral membrane protein pthll
(Pare et al., 2012), and NCU03240, identified as a member of the
glycosyltransferase family group 2 (Wang et al., 2015), as well
as a sugar transporter were all identified as being up-regulated
following deletion of pac-3, suggesting that PAC-3 serves to
coordinate the efficient acquisition of nutrients and efflux of
toxic compounds.

PAC-3 Is Involved in Secondary
Metabolism, Detoxification, and

Virulence

Sequencing of the Neurospora genome revealed several
putative genes that encode proteins associated with secondary
metabolite catabolism, including proteins from the polyketide
synthase (PKS), non-ribosomal peptide-synthetase (NRPS)
and terpenoid families (Galagan et al, 2003). Moreover,
we identified DEGs whose putative products are strictly
associated with fungal pathogenesis. We observed the up-
regulation of the polyketide synthase-3, similar to the type I
PKS from Cochliobolus heterostrophus (Bohnert et al.,, 2004),
of a norsolorinic acid reductase, as well as the induction
of an oxidoreductase gene, which are associated with the
biosynthesis of aflatoxins, highly toxic and carcinogenic
substances produced by specific fungi, including Aspergillus
flavus and Aspergillus parasiticus (Yabe and Nakajima, 2004).
These results suggest a role for PAC-3 in the regulation of
secondary metabolism-related genes.

We also observed an up-regulation in the expression of
glutathione S-transferase-1 (GST), which is associated with
tolerance to oxidative stress and detoxification of a wide range of
endogenous and environmental chemicals, thereby functioning
to protect fungal species from plant-derived toxic metabolites.
Thus, suggesting that there is an apparent regulatory effect
exhibited by PAC-3 in fungal protection. GSTs are also essential
for full aggressiveness of Alternaria brassicicola on the host plant,
evidencing a role for PAC-3 in the regulation of fungal virulence
(Calmes et al., 2015).

Genes that encode for the hypothetical protein NCU09185,
which has potential pisatin demethylase cytochrome P450
activity, together with genes for benzoate 4-monooxygenase
cytochrome P450, and a bifunctional P-450:NADPH-P450
reductase were found to be up-regulated in the absence of PAC-
3. Moreover, the fungal cytochrome P450 systems are critical
components in the primary and secondary metabolic pathways,
and in the detoxification of xenobiotics in plant pathogenic fungi
(Podobnik et al., 2008). Thus, the observed regulation via PAC-
3 in N. crassa suggests a role for this transcription factor in
plant-pathogen interactions.

A previous study has reported extracellular peroxidase activity
in Thanatephorus cucumeris, capable of degrading lignin through
the dyp-type peroxidase activity (Sugano, 2009). In our results,
the up-regulation of a similar peroxidase that has been shown
to be active in cellular oxidant detoxification, and to also be
associated with enzymatic functions including hydrolase activity,
demonstrates a potential role for PAC-3 in regulating the
decomposition of extracellular compounds.

Deletion of pac-3 also resulted in the down-regulation of
cat3 gene, which encodes an enzyme essential for detoxification
of reactive oxygen species (ROS) such as hydrogen peroxide
(H,03). Plants produce hydrogen peroxide as a mechanism
of defense during pathogen interactions; thus, the observed
repression in the expression of this catalase enzyme would affect
the success of the pathogenic process (Tondo et al., 2010).

Furthermore, the down-regulation in the expression of
L-amino acid oxidase, a flavoprotein that catalyzes the oxidative
deamination of the L-amino acid a-amino group resulting
in subsequent release of H;O, and ammonia (Nuutinen and
Timonen, 2008), suggests a perturbation in the fungal infection
progress, since release of ammonia and H;O, serves to
propagate fungal spread.

Differential Hydrolase Activity Affects
Virulence and Activates Compensatory

Enzymes

Fungal pathogens secrete a myriad of extracellular enzymes,
which are assumed to be involved propagating in host infection.
Specifically, in Fusarium graminearum, a destructive pathogen
of cereals, reduced extracellular lipolytic activity was seen to
reduce virulence (Voigt et al., 2005). Herein, we revealed that
repression of the hydrolytic-related encoding enzyme lipase, also
suggests a role for PAC-3 in fungal virulence, thereby affecting
host-fungal interactions.

The B-(1,3)-glucanosyltransferase gene (gell), of the glycosyl
hydrolase family GH72, was identified as significantly down-
regulated in the Apac-3 mutant in both low and high
Pi cultures. This enzyme is related to cell wall biogenesis
through the incorporation of nascent p—1,3—glucan molecules
into the existing p—glucan network (Kamei et al, 2013). In
F. oxysporum, the B-1,3-glucanosyltransferase (gasI) is required
for virulence in tomato plants, and in Candida albicans, the
orthologue gene (PHRI) was reported to be pH-regulated.
These enzymes have crucial roles in cell wall assembly, thus
serving to maintain hyphal growth and the maintenance of
the morphological state, which is imperative for its adhesive
and invasive pathogenic properties (Calderon et al., 2010). Our
data, therefore, highlights the direct regulatory activity that
PAC-3 has on cell wall integrity, which was supported by the
presence of a PAC-3 consensus sequence in the gell promoter
region (Supplementary Table S3). As previously observed,
Rim101/PacC is required for fungal virulence and functions to
positively control cell wall functions in C. albicans (Nobile et al.,
2008). Conversely, a different beta-1,3-glucanosyltransferase was
found to be up-regulated in response to pac-3 deletion. However,
since gell contains a PAC-3 motif in its promoter region,
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and the other modulated glucanosyltransferase does not, we
hypothesize that the up-regulation of this alternate enzyme is
a means by which the fungus is compensating for the loss of
PAC-3 function.

Among the up-regulated genes, we also identified an
extracellular metalloprotease. In Fusarium oxysporum f. sp.
lycopersici, a metalloprotease acts synergistically with a serine
protease to cleave host chitinases thereby preventing their
activity in the degradation of fungal cell wall (Jashni et al.,
2015). Moreover, the hydrolytic activity of secreted proteases
serves to promote the colonization and growth of the pathogen.
Therefore, the induction of the metalloprotease gene suggests a
protective function, acting to enhance fungal virulence thereby
compensating for pac-3 deletion.

Genes that code for glycosyl hydrolases were also found to be
up-regulated as a consequence of pac-3 deletion. Rim101/PacC
have been previously shown to differentially regulate the
expression of genes involved in the synthesis of specific cell
wall components, including glycosyl hydrolases (Franco-Frias
et al,, 2014). The hydrolase-related genes found to be up-
regulated in our study, may therefore, suggest the occurrence of
noticeable changes in cell wall structure to compensate for the
absence of PAC-3.

Deletion of pac-3 Modulates Genes
According to Pi Availability

The predominant form of organic phosphorus present in soils
is phytate, which must be dephosphorylated via phytase and
phosphatase activity before being utilized by the plants. Plants
naturally produce phytases (myo-inositol hexakisphosphate
phosphohydrolases), however, the lack of adequate levels
of extracellular phytases compromises the acquisition of
phosphorous. Microorganisms, principally fungi, are capable of
favoring phytate-phosphorus acquisition by plants (Wyss et al.,
1999; Singh and Satyanarayana, 2011). Our results revealed
down-regulation of the phytase-1 gene in environments with
high-Pi, thereby confirming its phosphatase activity, which is
unnecessary in the presence of free Pi. Moreover, the 3-phytase
A gene was found to be up-regulated in high Pi conditions.
However, only the phytase-1 protein was found to contain a
PAC-3 binding motif in its promoter region and thus, the
induction of a 3-phytase A gene, was not regulated by the
presence of PAC-3 motif.

Further, the expression of the asparagine synthetase 2 (asn—2),
which is a notoriously non-Pi—repressible gene, was found to
be down-regulated in low Pi conditions in response to deletion
of pac-3. This enzyme is involved in de novo biosynthesis of
nucleotides and amino acids. Within an alternate study, similar
patterns of repressiveness were observed in the Amak—2 strain,
irrespective of the supply of Pi (Gras et al., 2013; Mendes et al.,
2016). Therefore, Pi-repressiveness is potentially affected by both
pac-3 and mak—2 deletions in N. crassa.

Many of the DEGs found to be down-regulated in response
to pac-3 deletion and low-Pi were those that encode proteins
related to cell wall development, including chitinase-1, a member
of the GNAT N-acetyltransferase family, the non-anchored

cell wall proteins -3 and -6, and the glycosylhydrolase family
61-5. As demonstrated in various fungi, fungal development,
cell wall-degradation, and virulence genes are regulated by
PacC/Rim101 (Caracuel et al., 2003b; Rollins, 2003; Zhang
et al, 2013; Franco-Frias et al, 2014). The Apac-3 mutant
revealed that PAC-3 also serves to mediate adaptations in
N. crassa within Pi-restrictive conditions through changes in cell
wall biosynthesis.

Conversely, in high Pi environments, we observed many
up-regulated genes in response to both the Pi condition and
the absence of PAC-3. Several up-regulated genes encoding
for transporter proteins were identified as being associated
with drug export, multidrug resistance, and monocarboxylate
transport. Neurospora contains a notably high number of
transporter systems, which function in the secretion of secondary
metabolites, the regulation of resistance to plant-produced
secondary metabolites or other toxic compounds, or in the flow of
signaling molecules (Borkovich et al., 2004). Here, we identified
a relationship between Pi active transport and pac-3 deletion,
thereby associating PAC-3 with Pi homeostasis.

CONCLUSION

We have generated a robust dataset, which advances our
knowledge on regulatory mechanisms of PAC-3 within a fungus-
host system. We found that in a mutually beneficial, symbiotic
fungus-plant relationship (as occurs during interactions in
mycorrhizal symbiosis) or during a pathogenic interaction,
PAC-3 functions to regulate ambient pH while also affecting
myriad of physiological functions, including adaptation to
nutritional conditions, regulation of virulence, or regulating the
transcription of genes associated with structural and metabolic
features. Herein, we highlight the role of PAC-3 in Pi adaptation,
acting as a critical regulator of environmental challenges. We
hypothesize that the widespread regulatory activity of PAC-3
in fungal physiology indicates its role in the propagation of
successful infections within hosts.
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Wheat is one of the most important crops worldwide. The use of plant growth promoting
microorganisms, such as those of the genus Trichoderma, constitutes an alternative to
chemical fertilizers, since they are cheaper and are not detrimental to the environment.
However, the interaction between Trichoderma and wheat plants has been scarcely
studied, at least at a molecular level. In the present work, a microarray approach was
used to study the early transcriptomic changes induced in wheat roots by Trichoderma
harzianum, applied alone or in combination with different concentrations of calcium
nitrate [Ca(NQOg)»], which was last used as nitrogen (N) source. Our results show that
T. harzianum causes larger transcriptomic changes than Ca(NOg), in wheat roots,
and such changes are different when plants are challenged with Trichoderma alone
or treated with a combination of T. harzianum and Ca(NOsg)s. Overall, T. harzianum
activates the expression of defense-related genes at early stages of the interaction with
the roots, while this fungus reduces the expression of genes related to plant growth
and development. Moreover, the current study in wheat roots, subjected to the different
T. harzianum and Ca(NOs), combinations, reveals that the number of transcriptomic
changes was higher when compared against those caused by the different Ca(NO3)»
concentrations than when it was compared against those caused by T. harzianum.
N metabolism gene expression changes were in agreement with the levels of nitrate
reductase activity measured in plants from Trichoderma plus Ca(NOgz)> conditions.
Results were also concordant with plant phenotypes, which showed reduced growth
at early interaction stages when inoculated with T. harzianum or with its combination
with Ca(NQOg)» at the lowest dosage. These results were in a good agreement with the
recognized role of Trichoderma as an inducer of plant defense.

Keywords: Wheat Genome Array, plant defense, plant growth, Trichoderma, chemical fertilization, nitrogen use

INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most important crops on Earth, with an area harvested
of 220 million ha and a global production of 770 million tons, China and India being the major
producers followed by Russia and United States (FAOSTAT, 2018). It is considered to be the most
important food grain source for humans, providing about a 19% of the total calories consumed
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by humans, as well as representing a 20% of proteins in the
human diet (Botha et al., 2017; International Wheat Genome
Sequencing Consortium [IWGSC], 2018). Wheat flour is used
for the production of bread, pasta, biscuits and other bakery and
industrial products.

Nitrogen (N) is the most important nutrient for plants
and, after water, is the major limiting factor for their growth
and development. Thus, in modern extensive agriculture, the
application of N fertilizer is a common practice, aiming to
increase production and achieve maximum yields in many crops
(Rockstrom et al., 2009). There is an absolute requirement
of N for wheat growth, and crop yield and quality depend
upon substantial N inputs (Vicente et al., 2016; Zorb et al,
2018). However, it is well known that the most diffused
cereal crops, like wheat, rice and maize, use only 30-40%
of the applied N fertilizers, while the rest remains unused
causing severe environmental pollution (Curci et al., 2017). It
has been reported that the human processes -primarily the
manufacture of fertilizer for food production- have converted
around 120 million tons of N, from the atmosphere per year
into reactive forms, and most of them end up polluting the
environment. Thus, this value has overcame by four times
the capacity of recycling that our planet possesses (Rockstrom
et al., 2009). The H2020 program of the EU has suggested a
reduction of N fertilization to reach a limit of 170 kg/ha/year.
However, currently in Spain, 2.4 million ha are devoted to
wheat crops employing 200 kg/ha/year. This drastic situation is
a suitable scenario for developing novel strategies to increase
crop yields. This need has led to the search for biostimulants
for plant nutrition as biological and environmentally friendly
alternatives to reduce or substitute the use of inorganic
fertilizers, while ensuring the yield and high quality of crops
(Vita et al., 2018).

Despite the fact that wheat is economically one of the
most important crops, until quite recently, there have not been
many tools available for analyzing the molecular mechanisms
of gene expression. Most probably due to the vast size of
the wheat genome (about five times larger than the human
genome or 40 times than the rice genome) and its high
content of repetitive highly sequences, as a consequence of
being a hybrid of three highly similar subgenomes (International
Wheat Genome Sequencing Consortium [IWGSC], 2018). Early
transcriptomic studies used 8K wheat microarrays derived from
expressed sequence tag (EST) clones. These initial tools allowed
to partially study the response of the wheat plant to pathogens,
such as Fusarium graminearum (Golkari et al., 2007, 2009),
or to abiotic stresses such as low temperature (Laudencia-
Chingcuanco et al., 2011). The availability of 61K commercial
microarrays enabled analysis of around a half of the wheat
genome, which represented a seven-fold increase when compared
with previous microarray versions (Brenchley et al., 2012).
For instance, wheat plant responses to a herbicide have been
analyzed using that tool (Pilcher et al,, 2017). Nowadays, up
to 94% of wheat genome has been covered and 107,891 gene
models proposed (Brenchley et al., 2012; International Wheat
Genome Sequencing Consortium [IWGSC], 2018), facilitating
genome-wide studies. In fact, a recent study has employed

RNA-seq technology to analyze the transcriptomic response of
wheat plants to N starvation (Curci et al, 2017). RNA-seq
is currently the most advantageous and economical tool for
exploring genomes, as it does not suffer from hybridization-
based limitations and has demonstrated a broader dynamic
range than microarrays. Although, when using the same set
of samples, both platforms have shown a high correlation
between gene expression profiles (Zhao et al., 2014). In any case,
RNA-seq data storage is particularly challenging and analysis
is more complex when it comes to analyzing wheat genes
belonging to what is likely the most complicated genome. The
limited number of wheat studies based on RNA-seq is likely a
consequence of its polyploidy, which complicates the step of
sequence assembly and annotation, generating a bottleneck for
data interpretation.

Trichoderma is a genus of filamentous fungi that includes
strains that are able to colonize the rhizosphere and promote
plant growth (Shoresh et al.,, 2010; Hermosa et al., 2012), and
can help plants to overcome biotic and abiotic stress conditions
(Rubio et al., 2014, 2017). The growth-promoting activity of
Trichoderma isolates was already described in horticultural plants
during the 80’s decade (Chang et al., 1986) and their beneficial
effects have been attributed to different mechanisms including
solubilization of several plant nutrients, root colonization
and secretion of siderophores, phytohormones, vitamins and
enzymes (Altomare et al., 1999; Viterbo et al., 2010; Li et al., 2015).
However, the Trichoderma-plant cross-talk is a dynamic process
that depends on the Trichoderma strain, the concentration used,
the plant material, the developmental stage of the plant and the
interaction time (Harman, 2006; Hermosa et al., 2012). Actually,
the EU legislation allows the registration and commercialization
of Trichoderma strains as biostimulants with the limitation of
those strains already registered as biocontrol agents and included
in the EU list of approved active substances (Annex I of
Directive 98/8/EC).

Little is known about Trichoderma-wheat interactions, and
transcriptional responses of wheat plants to strains belonging
to this fungal genus. Here, we have studied the early global
transcriptomic responses of wheat seedling roots to Trichoderma
harzianum T34 under different N supplies, using wheat genome
61K microarrays. The former results indicate that under our
experimental conditions, after 48 h interaction, strain T34 causes
transcriptional changes to a larger extent than the N source, these
being majorly related to an increase of defenses accompanied by
reduced growth of wheat seedlings.

MATERIALS AND METHODS

Microorganisms and Wheat Seeds
Trichoderma harzianum CECT 2413 (Spanish Type Culture
Collection, Valencia, Spain), also referred to as strain T34,
was grown on potato dextrose agar medium (PDA, Difco
Laboratories, Detroit, MI, United States) and spores were
harvested as previously described by Rubio et al. (2017).

Wheat seeds (Triticum durum “Dorondon”) were surface-
sterilized by gentle sequential shaking in 2% (v/v) sodium
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hypochlorite for 20 min and 0.1N HCI for 2 min, and then rinsed
four times with sterile distilled water. Stratification of the seeds
was conducted for 2 days at 4°C.

Plant Material and Total RNA Extraction

Wheat seeds were placed inside Phytatray II boxes (Sigma-
Aldrich, Madrid, Spain) containing Murashige & Skoog
medium (MS, Duchefa Biochemie BV, Haarlem, Netherlands),
as previously described in Rubio et al. (2014), and boxes
were kept at 25°C under gentle stirring for 72 h. Spores
of T34 were used to inoculate flasks containing 100 mL of
potato dextrose broth medium (PDB, Difco Laboratories) at
a concentration of 10° spores/mL. T34 cultures were then
maintained at 25°C and 180 rpm for 16 h. Then, fungal
germlings were harvested by centrifugation at 4000 x g for
10 min, washed, resuspended in sterile distilled water and
used to inoculate, at a concentration of 10° germlings/mL,
Phytatray II boxes that contained 72-h-old wheat seedlings.
Phytatray II boxes containing wheat seedlings without
inoculation of fungus were grown in parallel as a control.
After 24 h incubation at 25°C and gentle shaking, the lids
were removed in sterile conditions and the MS medium
was replaced with a minimal medium (Lullien et al., 1987)
containing 0, 0.1, 0.5, or 1 mM Ca(NO3); as N source. The
eight culture conditions assayed were coded as follows: TONO
[without T34 strain and 0 mM Ca(NO3),], TONO.1 [without
T34 strain and 0.1 mM Ca(NOs3),], TONO.5 [without T34
strain and 0.5 mM Ca(NOj3);], TON1 [without T34 strain and
1 mM Ca(NOs3);,], TINO [T34 strain and without Ca(NO3);],
TINO.1 [T34 strain and 0.1 mM Ca(NOs3),], TINO0.5 [T34
strain and 0.5 mM Ca(NOj3);] and TIN1 [T34 strain and
1 mM Ca(NOs3),]. These culture conditions were chosen
after evaluating the growth of 72-h-old wheat seedlings for
48 h in the above described Phytatray boxes in minimal
medium containing 0, 0.1, 0.5, 1, 2, 5, 7, or 10 mM Ca(NO3),
(Supplementary Figure S1).

Roots from 10 wheat seedlings were pooled and homogeneized
under liquid nitrogen. A fraction of 0.1 g of roots was taken
and used for analyzing nitrate reductase activity, and the rest
was kept at —80°C until total RNA extraction. At the same
time, ten wheat seedlings from each 48 h-Phytatray culture were
taken to measure length of aerial part, fresh weight and dry
weight, after maintaining wheat seedlings at 65°C for 2 days.
48-h Phytatray cultures were performed in duplicate for each
tested condition.

RNA from roots was extracted using TRIZOL reagent
(Invitrogen, Gaithersburg, MD, United States), following
manufacturer’s instructions. For microarray hybridizations, RNA
was purified using the RNeasy MinElute Cleanup kit (Qiagen,
Hilden, Germany). Purified total RNA samples were quantified
with a NanoDrop® ND-1000 (NanoDrop, Wilmington, DE,
United States) spectrophotometer, and satisfactory purity
was indicated by A260:280 ratios of 1.9-2.1. Integrity of total
RNA samples was assessed by denaturing formaldehyde gel
electrophoresis, where the presence of sharp 28S and 18S
ribosomal RNA bands at an intensity ratio of ~2:1 (28S:18S)
indicated good integrity.

Wheat Genome Array Hybridization and

Data Analysis

cDNA was synthesized from 100 ng of purified RNA and used for
production of labeled probes, which were used to hybridize the
Affymetrix GeneChip Wheat Genome Array (Affymetrix, Santa
Clara, CA, United States), employing the GeneChip Fluidics
Station 450. The GeneChip Wheat Genome Array contains
61,127 probe sets representing 55,052 transcripts for all 42
chromosomes (21 in duplicate) in the wheat genome. 59,356
probe sets represent a modern hexaploid bread wheat (Triticum
aestivum) and 1,759 probe sets derive from ESTs, 1,215 being
from a diploid wheat (T. monococcum), 539 from a tetraploid
macaroni wheat (T. turgidum), and five from a diploid known as
Aegilops tauschii.

A total of 16 GeneChips were used in this study, two for each
one of the eight assayed growth conditions. Purified RNA from
roots of 10 wheat seedlings was labeled and used for hybridizing
each GeneChip. All steps were done according to protocols
described in the Gene Expression Analysis Technical Manual'.
Briefly, following chips hybridization, the fluorescent signals
emitted were scanned in a calibrated Affymetrix GeneChip
Scanner 3000, and images analyzed in an Affymetrix GeneChip
Operating Software (GCOS 1.2) for calculating the mean signal
and for normalizing with the on-chip control genes using the
Model Based Expression (dChip) Index (Li and Wong, 2001). The
probe sets, showing differential expression [fold-change (FC) > 2
and corrected - value < 0.015] in both biological replicates, were
associated to wheat transcripts through a search in the IWGSC
v0.4 genome and manually annotated using Gene Ontology (GO)
terms (Ashburner et al., 2000), which were based on the BLAST
definitions, applying an E-value < 1020 level.

Validation of Differential Expression by
Quantitative Real-Time PCR

Seven genes, which showed significant differential expression
from the microarray data, were selected for quantitative real-
time PCR (qPCR) analysis. cDNA was synthesized from 1 pg
total RNA using the Transcriptor First Strand cDNA Synthesis kit
(Takara, Inc., Tokyo, Japan) with an oligo (dT) primer, following
the manufacturer’s protocol. Then, 1 pL of cDNA was used
in the subsequent PCR. All PCRs were performed in triplicate
on a StepOne PlusTM device (Applied Biosystems, Foster City,
CA, United States). Reaction mixtures and PCR amplification
conditions were carried out as previously described (Rubio
et al., 2017). Primers used are listed in Supplementary Table
S1, and were designed using PerlPrimer software. The relative
expression levels were calculated applying the 274t method
(Livak and Schmittgen, 2001) and using the actin transcript as an
internal reference.

Nitrate Reductase Assay

Protein extract was obtained from root material (0.1 g) that
was grounded under liquid nitrogen. Extraction buffer (0.5 mL)
containing 50 mM Tris (pH 8.5), 10 mM DTT, 0.02 mM

'http://www.affymetrix.com
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Leupeptin, 0.01 mM FAD and 10 mM MgCl, was added to
the vegetal tissue, homogenized by vortexing, and supernatant
containing proteins were recovered by centrifugation at
12,000 rpm for 10 min at 4°C. Nitrate reductase activity was
determined following a previously described method (Abenavoli
et al., 2016). Non-phosphorilated nitrate reductase activity was
defined as pmol of nitrite produced in 1 min, and specific
activity was such activity expressed per mg of protein. A standard
curve was prepared using buffer, without NADH, with a final
concentration of KNO, ranging from 0 to 0.015 mM. The protein
concentration was measured by Bradford assay using the Dye
Reagent Concentrate (Bio-Rad Laboratories GmbH, Miinchen,
Germany) and bovine serum albumin as a protein standard.

Statistical Analyses

Data used for statistical analyses were obtained from at least
three independent replicates, and expressed as the mean values.
Statistical comparisons were evaluated by one-way ANOVA,
followed by a post hoc Tukey’s test using the Statview 5.0 software.
Confidence intervals of 95% were set.

RESULTS AND DISCUSSION

Overview of the Wheat Gene Expression
Data From Microarray Analysis

A microarray-based transcriptome analysis was done using
roots of wheat seedlings after 48 h culture under different N
supplies, and colonized or not by Trichoderma with the aim
of identifying genes that are differently regulated due to the
presence of the fungus, the concentration of the N source or a
combination of both parameters. In the present study, we have
used wheat microarrays because this technology has become
more available to us (Mordn-Diez et al., 2012; Rubio et al., 2014),
with well-established protocols and capacity to analyze data. Out
of a total of 61,127 probe sets deposited on the microarray,
only 226 genes showed at least a twofold significant change
in expression using a P-value < 0.015 in at least one of the
eight assayed conditions (Supplementary Table S2). No GO
categories were significantly over-represented after comparing
the expression changes detected in the eight considered growth
conditions. For this reason, all the differentially expressed
genes were analyzed independently and then manually grouped
into physiological processes (Supplementary Table S2). The
vast majority of the differentially expressed genes (50.9%)
corresponded to hypothetical proteins with unknown function,
without matches in databases, or to probes to which no
transcript was found associated, despite having a hit in the
wheat genome (Figure 1). A plausible explanation for this
fact could be that the durum wheat is a polyploid plant,
thus, obtaining a suitable sequence assembly and annotation
is very complex due to occurrence of multiple copies of gene
sequences (homologous or paralogous genes) (Singh et al., 2014).
The largest number of the genes with a putative function
were classified into “metabolism” (21.7%), most of them being
involved in “carbohydrate metabolism” (6.6%), and a second gene
set was grouped in “cellular processes and signaling” (19.5%),

the majority of them corresponding to transport processes
(6.2%) (Figure 1). The expression changes observed affecting
such biological processes could be an indication of the active
adaptation process of wheat seedlings to new growth conditions.
Most of the genes exhibited expression changes only in one of the
eight tested conditions and only 19 genes showed transcriptional
changes in two or more conditions (Supplementary Table S2).
Six out of the 19 genes encoded hypothetical proteins with
unknown function or had no matches in databases. The other
13 were related to metabolism (five genes), cellular processes
and signaling (six genes), response to stimulus (one gene) and
information storage and processing (one gene).

To validate microarray results, qPCR assays were performed
for seven genes within the set of 111 genes with putative function,
that were differentially expressed in wheat roots under at least
one of the eight growth conditions assayed (Figure 2). Non-
specific lipid transfer protein gene represents those genes for
which expression is dependent on Ca(NO3), concentration in the
absence of T. harzianum T34, two genes coding for an expansin
and an ABC transporter represent those differentially expressed
in response to T34 strain in the absence of N source, and
five genes are representative of those differentially expressed in
growth conditions where T34 strain and Ca(NO3), combinations
were applied. qPCR results correlated well with the data from the
microarray experiment.

Wheat Genes Differentially Expressed in

Response to Ca(NO3), or T. harzianum

It has been recently described that Ca(NOs3), concentrations
higher than 5 mM suppressed cucumber seedlings growth (Fan
et al,, 2017). Thus, the N concentration effect on the growth
of 72-h-old wheat seedlings was firstly evaluated, employing a
Ca(NOs3), concentration ranging from 0 to 10 mM. In terms
of plant size after 48 h growth, the best result matched with
1 mM since 95% of plants had a size of 13 cm or larger,
while a detrimental effect was observed when N concentration
was increased (Supplementary Figure S1). It is noteworthy
to mention that concentrations of 5, 7, or 10 mM Ca(NO3),
gave rise to percentages lower than 35% plants belonging to
the larger size group. Results obtained for wheat seedlings
growth under the described experimental conditions are in a
good agreement with those reported for cucumber (Fan et al,
2017). Therefore, in the current study, plant culture media
containing a Ca(NO3), concentration ranging from 0 to 1 mM
were used for exploring the effect of the N dosage on wheat
seedling roots at a transcriptomic level. No differences in gene
expression were detected between TONO.1 and TONO conditions,
thus indicating that, at least after 48 h Ca(NO3), application, a
0.1 mM concentration was not sufficient to cause transcriptomic
changes in wheat seedling roots, in comparison with those
that occurred in the absence of a N source. Four and ten
genes, respectively, differed significantly in expression by at least
twofold in TONO.5 and TONI conditions when compared to
the TONO condition (Supplementary Table S3). Most of them
being down-regulated. Among them, three genes were common
for both conditions (TONO.5 and TON1), encoding a putative
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ripening-related protein, a cysteine peptidase and a non-specific
lipid transfer protein, respectively (Table 1). It has been reported
that cysteine proteases are strongly expressed in wheat upon
exposure to abiotic stresses, such as drought, heat or salinity
conditions, which can also cause premature senescence (Botha
et al, 2017). On the other hand, non-specific lipid transfer
proteins are able to transfer lipids between membranes and it
has been reported that they play several roles in plants, including
defense against pathogens (Boutrot et al., 2005), as well as
tolerance to salinity, cold and drought (Pitzschke et al., 2014).
Similarly, a gene coding for an F-box protein was differentially
down-regulated in the TON1 condition, and it has been described
that it is involved in wheat tolerance to abiotic stresses (Li
et al., 2018). Thus, the down-regulation of these genes could be
indicative of an absence of stress in wheat seedlings after 48 h
growing under TONO.5 or TON1 conditions.

Regarding Trichoderma application, a total of 67 genes differed
significantly in their expression in root by at least twofold
when TONO and T1INO conditions were compared. They would
be associated with the effect of the T34 strain in the absence

of a N source (Supplementary Table S4): 55 genes were up-
regulated, whereas 12 were down-regulated. “Metabolism” and
“cellular processes and signaling” were the two most affected
physiological processes. Interestingly, in spite of being grouped
in different biological processes, several of the up-regulated genes
were related to plant defense responses and tolerance to stress
conditions. In this sense, numerous studies have shown that
several transcription factors are important in regulating plant
responses to environmental stress (Chen et al., 2002; Rubio et al.,
2017). In the present study, four genes encoding transcription
factors, two ethylene response factors (ERF), elongated hypocotyl
5 (HY5)-like and nucleus accumbens associated 1 (NACI1),
showed higher expression levels in roots of the condition TINO
than in TONO roots. ERF genes play a role in the ethylene (ET)-
dependent defense pathway, which is activated upon infection
with different types of pathogens, including bacteria, fungi
and oomycetes (Gimenez-Ibanez and Solano, 2013). ET is also
an important phytohormone for plant growth, development,
senescence, and abiotic stress tolerance. In addition, it is
described that ERFs are not only involved in response to ET
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signal transduction, but can also regulate ET biosynthesis in plant
tissues (Hoang et al., 2017). HY5 is a master regulator of seedling
development which modulates the expression of one third of
the genes in Arabidopsis (Gangappa and Botto, 2016), being
ERFs among them. HY5-ERF regulon restrains overproduction
of ET, which is important for plant growth. According to this,
it could be expected that TINO plants had a larger size than
TONO. In our study, length and fresh and dry weight values
obtained from aerial wheat seedling parts, after 48 h growing
in the presence of T. harzianum T34, were lower than those
in absence of the fungus. This phetotype was reproducible in
several independent experiments (Figure 3). An explanation
might be the involvement of HY5 in the modulation of abscisic
acid (ABA) and auxin pathways (Liu et al.,, 2018), and in the
repression of cell elongation-responsive genes (Gangappa and
Botto, 2016). In this sense, down-regulation of a gene coding an

expansin 2 protein was detected in the condition TINO when
compared to TONO (Figure 2). In wheat plants, expansins are
involved in growth and developmental processes, as well as in
tolerance to stress conditions, and their expression in other plants
confers tolerance to salt, drought, cadmium and oxidative stresses
(Zhang J.F. et al.,, 2018). In addition, down-regulation of a gene
encoding a multicopper oxidase-like protein was also detected
in the condition TINO. It has been suggested that an homolog
gene takes part in growth processes, possibly by participating
in cell wall expansion in Arabidopsis (Sedbrook et al., 2002).
In the same way, a reduced expression of AKTI potassium
channel gene was detected. Potassium is a macronutrient for
plants that is required for numerous physiological processes, such
as membrane potential maintenance and turgor pressure, enzyme
activation, osmotic pressure regulation, stomatal movement and
tropism phenomena (Golldack et al, 2003). The induction
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TABLE 1 | Short list of annotated hits for wheat genes that alter their expression in response to Trichoderma and/or calcium nitrate selected due to their putative role in
plant defense or development.

TONO.5 TON1 T1NO T1NO.1 T1NO.5 T1N1

Up-regulated

12-oxo-phyto dienoic acid reductase
Acylglycerol-3-phosphate-O-acyltransferase
Arginine decarboxylase
Beta-1,6-N-acetylglucosaminyltransferase
Chitinase

Cysteine-rich receptor-like kinase
Cytochrome P450

Drug transmembrane transporter
Endo-beta-1,3 glucanase (PR-2)

Ethylene Response Factor (ERF)
Expansin-B7-like protein

Flavonoid 7-O-methyltransferase
GTP-binding protein SAR1A

Laccase

NADPH-dependent 6'-deoxy chalcone synthase
Non-annotated glycosyl hydrolase (GH)
Omega-3 fatty acid desaturase
Pectin-esterase

Pleiotropic drug resistance (PDR)-type ABC transporter
Polygalacturonase

PR-1

Protein LNK1-like

Protein LNK4-like

S-adenosylmethionine (SAM) decarboxylase
Salutaridine reductase

Somatic embryogenesis receptor kinase
Stress-induced transcription factor NAC1
Subtilisin-chymotrypsin inhibitors
Thaumatine (PR-5)

Thioredoxin

Transcriptional activator (gluthatione S-transferase)
Transcription factor HY5-like

Trehalose-6-phophate phosphatase
UDP-glycosyltransferases

Wall-associated receptor kinase -

Xylanase inhibitor

Xyloglucan endotransglucosylase -
Down-regulated

24-methylene sterol C-methyl transferase 2 -

AKT1 potassium channel gene
Cysteine peptidase

Expansin protein

F-box protein

Gliadin/LMW glutenin proteins
Multicopper oxidase-like protein

Non-specific lipid transfer protein
Nitrate reductase
Pleiotropic drug resistance-type ABC transporter

(Continued)

Phosphatidylinositide phosphatase SAC1
Potassium channel AKT1
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TABLE 1 | Continued

TONO.5 TON1

T1NO T1NO.1 T1NO.5 T1N1

Polygalacturonase
Putative ripening-related protein

Repressor (MYB transcription factor)
Transcriptor factor ILI6
UDP-glycosyltransferase

Different growth conditions, including Trichoderma harzianum T34 (T1) or not (TO) and O (NO), 0.1 (NO.1), 0.5 (NO.5), or 1 (N1) mM calcium nitrate, were

used for comparison.

of potassium channel genes by phytohormones like auxins
gives them a central role in seedling growth and embryonic
development. It has been shown that the potassium transporter
AKT1 is required for the plant response to changes in external
potassium, and subsequent regulation of potassium-dependent
root growth and auxin redistribution in the root (LiJ. et al., 2017).

In another way, the transcription factor family NAC has been
reported to have pivotal functions in mediating plant responses
against various abiotic stresses due to their ability to specifically
bind to the sequence of ABA-responsive elements (Hoang et al.,
2017). Although more than 100 NAC members are present in
the bread wheat genome, NACI is a novel member of this
family, which has dual roles in response to pathogens, since it
may modulate plant jasmonic acid (JA)- and salicylic acid (SA)-
signaling defense cascades (Wang et al., 2015). The up-regulation
of NACI gene in wheat seedling roots from the condition,
TINO, is indicative of defense response activation mediated by
T34 strain, at the same time compromising the plant growth.
It can be thought that ABA-dependent defenses are triggered
by T34 strain. In this sense, four genes encoding cytochrome
P450 monooxygenase were up-regulated in the condition, T1NO.
Proteins of this class have been involved in ABA biosynthesis
(Narusaka et al., 2004). Also, a gene coding for a pleiotropic drug
resistance (PDR)-type ABC transporter was up-regulated, which
seems to play a role in ABA transport (Kang et al., 2011; Curci
et al., 2017). Several ABC transporters were also up-regulated
in durum wheat roots stressed by N starvation when analyzed
through an RNA-sequencing approach (Curci et al, 2017).
These changes detected at a transcriptomic level are in a good
agreement with the phenotypic differences observed between
wheat seedlings of the TINO and TONO conditions (Figure 3),
because elements like HY5, cytochrome P450 monooxygenase
and ABC transporter would be able to trigger NAC1-dependent
defense pathways by means of ABA (Figure 4).

Three genes encoding decarboxylases, enzymes involved
in N and amino acid metabolism, were up-regulated in
wheat seedlings in response to T34. Two of them encoded
arginine decarboxylases and the third one coded for a
S-adenosylmethionine (SAM) decarboxylase. Both enzymes
participate in polyamine biosynthesis, being the arginine
decarboxylase involved in the formation of putrescine from
arginine, and the SAM decarboxylase in the spermidine
and spermine biosynthesis process from putrescine. The
activation of polyamine metabolism correlates with the smaller
growth of the TINO seedlings since spermine and spermidine

induce concentration-dependent oxidative damage, resulting in
decreased wheat biomass (Szalai et al, 2017). Recently, an
up-regulation of tomato genes included in categories such as
“spermine and spermidine biosynthetic process” and “arginine
catabolic process” has been associated with T. atroviride P1-
tomato interactions (Coppola et al, 2019). Accumulation of
polyamines, as well as the up-regulation of genes coding for
SAM decarboxylase in wheat plants, under environmental stress
conditions have been previously described (Li and Chen, 2000),
highlighting the role of polyamines in plant resistance to adverse
circumstances. Polyamine profiles analyzed in Trichoderma-
Arabidopsis interactions have been related to the Trichoderma
species used, the timing of the interaction and whether it
occurred with physical contact or not, which may confer
upon these compounds a role reprogramming the changes
undergone by plants to fine tune their defense and growth
responses (Salazar-Badillo et al., 2015). The relationship between
polyamines and phytohormones has been also established since
ET induces SAM descarboxylase in plants (Van de Poel et al,
2013) and endogenous SA and polyamine content have been
linked in wheat plants (Szalai et al., 2017).

Different defense mechanisms could be activated by strain T34
in the wheat seedling roots. Supporting this, an up-regulation of
three genes encoding glycosyl hydrolase (GH) proteins involved
in “carbohydrate metabolism” (an non-annotated GH, an endo-
B-1,3 glucanase and a 1,6-N-acetylglucosaminyl transferase) was
observed in the condition TINO. GHs catalyze the hydrolysis
of glycosidic bonds and have been described to participate in
plant defense and development processes. Within GHs, f-1,3
glucanases belong to the GH family 17 and are considered to be
pathogenesis-related (PR) proteins, since they are coordinately
expressed in response to various biotic and abiotic stress
stimuli (Thomas et al., 2000). The up-regulation of a gene
encoding a xylanase inhibitor was also observed. This enzyme
inhibits microbial endoxylanases belonging to the GH family 11
(Raedschelders et al., 2004), and it has a role in the protection
of wheat plants against biotic or abiotic stresses (Pollet et al.,
2009). The up-regulation of a gene coding for a calcium binding
protein can be related to plant defense because its involvement
in wheat defense response to pathogens and abiotic stresses
has been described (Feng et al., 2011). Since an up-regulation
of two genes encoding UDP-glycosyltransferases was observed
in the condition TINO, it can be assumed that T34 strain
is triggering the anthocyanin biosynthesis pathway in wheat
seedlings. Anthocyanins, a main class of flavonoids, play multiple
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FIGURE 3 | Measurements of wheat seedlings after being growth for 48 h
under eight different conditions: with (TO) or without (T1) Trichoderma
harzianum T34 and 0 (NO), 0.1 (NO.1), 0.5 (NO.5) or 1 (N1) mM calcium nitrate
as nitrogen source. (A) Aerial part length, (B) fresh weight, and (C) dry weight.
For each measurement, mean values of 20 plants from two independent
experiments are shown.

roles in higher plants since they provide colors, absorb UV and
high light irradiation, act as insect and animal attractants and
are also antioxidants. Apart from that, they are effective agents
against pathogens in plants (Li D. et al., 2017).

Wheat gluten comprises glutenin and gliadin proteins that
account for up to 80% of the total protein content in the mature
grain and determine viscoelastic properties of wheat flour dough,
which govern the behavior of dough processing and baking
quality (Wan et al., 2013). Genes encoding glutenin and gliadin
proteins are regulated by N supply in developing wheat grain
(Wan et al, 2013). Currently, wheat crop yield and quality

rely on chemical nitrogenous fertilizers application (Zorb et al.,
2018). The present microarray analysis showed no differential
expression in such kinds of genes after comparing data from
TONO and TONO.1, TONO.5 or TON1 conditions (Supplementary
Table S3). However, a down-regulation of two genes encoding
gliadin/Low Molecular Weight (LMW) glutenin proteins was
detected in the condition TINO when compared with TONO.
Since we are analyzing changes in a root transcriptome, it is
not possible to forecast that T34 strain will cause a decrease in
gluten protein content of wheat grain. Recently, proteins with a
gliadin domain have been identified as being involved in wheat
plant immunity against F. graminearum (Zhang Y. et al., 2018).
The observed down-regulation of glutenin genes in response to
T34 may indicate that this strain of T. harzianum would not be
triggering this novel plant defense mechanism.

The observed transcriptomic changes, together with the TINO
seedling phenotype (Figure 3) would seem contradictory to some
attributes associated with the beneficial effects of Trichoderma.
Although, we ought not forget that the transcriptome had been
analyzed when the Trichoderma colonization was still active. It
would be reasonable to speculate that wheat seedlings, at least
locally, and in response to T34 strain, increase defense to limit
the fungal penetration to the outer layers of root cortical cells,
being compromised the plant growth in return. Moreover, the
up-regulation of ERF, NACI and HY5 genes in plants inoculated
with Trichoderma indicates that, at least through these regulation
hubs, the fungus adjusted the phytohormone networking leading
to activate defenses, which in party explains the reduced size of
the wheat seedlings treated with T34.

Wheat Genes Differentially Expressed in
Response to Ca(NO3), and Trichoderma

Combinations

The root transcriptional response of wheat seedlings to the
combined application of T. harzianum T34 and different
concentrations of N source (TINO.1, TINO.5 or TINI
conditions) was analyzed, either taking as reference TINO
(Supplementary Table S5) or TONO.1, TON0.5 and TON1
conditions (Supplementary Table S6). The huge difference in
the number of the differentially expressed genes between both
comparatives, seven and 157, respectively, would be a good
indicator of the important role that Trichoderma plays in the
transcriptomic changes detected in wheat roots.

N Source Effect When Applied in Combination With

T. harzianum T34

Only seven genes showed differential expression after comparing
TINO.1, TINO.5 or TIN1 conditions with the condition T1NO.
No differences in gene expression were detected when the
conditions, TINO and TINO.1, were compared. There were
two and five genes that differed significantly in expression by
at least twofold in wheat seedling roots between TINO and
T1INO.5 or TIN1, respectively (Supplementary Table S5). One
of the up-regulated genes (ID TraesCS6B01G024900.1), which
was shared by both conditions (T1INO0.5 and TIN1), codes for
nitrate reductase. This enzyme catalyzes the reduction of nitrate

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2444


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Rubio et al.

Wheat Transcriptome and Trichoderma/Nitrogen

A B

) LNK I-like
Phenylalanine protein (T)\’
lm MYB (1)
LNK4-like
Cinnamic Acid protein (1) Gluthatione
l S-transferase (1)
Flavonoid

4-coumaroyl-CoA

‘CHS

Chalcone

'

NOI
Naringenin —  Sakuranetin

7-O-methyltransferase (1)

Polygalacturonase
inhibiting protein (1)

Polygalacturonase

i Subtilisin-chymotrypsin
i inhibitors (1)

l PR-1 (1)
PR-2(1)

Anthocyanins

\TINO.1 PR-5(1) /

/TINOS  (pyq(a

CHS (T) AB A ‘
Polygalacturonase HYS ™M
Inlnbltmg protein (1)
Cytochrome

\Polyg,alac(umnasc( ) FleOﬂOldS

Defense )
7" %

FIGURE 4 | Schematic representation of defense activation by Trichoderma harzianum T34 in wheat seedlings. (A) Scheme of the major branch pathway of
flavonoid biosynthesis, seven genes differently expressed in wheat seedling roots resulting from the GeneChip Wheat Genome Array analysis under different growth
conditions with Trichoderma harzianum T34 and O (T1NO, green), 0.1 (T1NO.1, red), 0.5 (T1NO.5, blue) or 1 (T1N1, black) mM calcium nitrate belong to this pathway.
Enzyme names are abbreviated as follows: Chalcone synthase (CHS), Naringenin 7-O-methyltransferase (NOMT) and Phenylalanine ammonia-lyase (PAL).

(B) Signaling networks involving major genes related to plant-Trichoderma interaction that show upregulation (1) or downregulation ({) in the current study.

Auxin
Iranspon

UDP-glycosyltransferase (1)

ABC
transporter (1)

Expansin2(])
P450 (1)

NAC (1)

rcsponsc
/ clements/NAC

/

\ — Xylanase inhibitor (1)
\ B-1,3 glucanases (1)

\ SF()

TIN1
endotransglucosylase (1)

Xyloglucan

TINO

to nitrite, which is highly toxic to plant cells and is reduced
to ammonium by the enzyme nitrite reductase and finally,
this ammonium can be used by the plant to produce amino
acids and proteins (Krapp, 2015). Surprisingly, genes coding
for N metabolism enzymes were not detected in response to
an increase of the N source, that is when comparing TONO.1,
TONO.5 or TON1 conditions with the condition TONO. However,
this scenario changes when T34 strain is present, thus indicating
that the fungus is able to modulate the plant N metabolism,
at least at the two highest N concentrations tested. In order
to confirm these microarray data, nitrate reductase activity was
measured in the same root material employed for microarray
analysis, as well as in the aerial part of wheat seedlings
(Table 2). The highest nitrate reductase values were obtained
in roots from TINO.5 condition, likewise the aerial part of
seedlings from TINO.5 condition also gave the highest levels
of this activity. Similar results were obtained in independent
experiments. It has already been shown that changes in N
concentration govern plant N metabolism, allowing them to
mitigate the acclimatory effect to adverse environments (Vicente
et al, 2016). Another up-regulated gene in the condition
TIN1, with respect to TINO, codes for a thioredoxin. Wheat
thioredoxins have been involved in germination and seedling
development by promoting mobilization of primary storage
proteins, inactivation of small amylolytic enzyme inhibitors,
and activation of calcium-dependent substrate-specific proteases
(Pilcher etal., 2017). Previous studies have reported the induction
of genes coding for thioredoxins by the herbicide metribuzin in
wheat (Pilcher et al., 2017).

Three more genes, encoding an UDP-glycosyltransferase
and two PDR-type ABC transporters, were down-regulated in
seedling roots from T1N1 condition in comparison with TINO
condition, one out of two transporter genes being up-regulated

TABLE 2 | Specific nitrate reductase activity, expressed as umol-min~" per mg

protein, measured in either aerial part or root from wheat seedlings after growing
for 48 h under eight different conditions: with or without Trichoderma harzianum

T34 and 0, 0.1, 0.5, or 1 mM calcium nitrate as nitrogen source.

Conditions Aerial part Root

TONO 13.43 + 1.542 11.78 + 1.06%°
TONO.1 12.10 + 1.35%° 11.18 & 1,122
TONO.5 13.51 + 1.062 10.58 + 0.612°
TON1 14.02 + 0.992 10.43 + 0.872
TINO 9.40 + 2.47° 9.50 + 1.01°
TINO.1 11.83 + 1.78% 10.01 =+ 1.39%°
TINO.5 12.27 £0.712 12.20 +2.192
TINT 12.88 + 1.052 9.88 + 1.03°

Values are means of three technical replicates from two biological replicates with
the corresponding standard deviation. For each biological replicate, roots or aerial
part from ten plants were pooled. Values in the same column with different letters
are significantly different according to Tukey’s test (P < 0.05).

in roots of the condition TINO compared with TONO condition.
These data were confirmed by qPCR analysis (Figure 2).
The differences detected for this ABC transporter, for some
of the assayed conditions, suggest that the scenario can be
drastically changed when different N source concentrations and
Trichoderma are applied in combination. Thus, great care must
be taken for selecting the right combination to obtain the
desired outcome.

T. harzianum T34 Effect When Applied in
Combination With Different N Inputs

The larger number of transcriptomic changes observed among
all different conditions tested for wheat seedling roots was in
the presence of T34 strain combined with the lowest N supply.
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Almost 80% of differently expressed genes were up-regulated.
Just in the presence of T34 strain without N source (T1NO), 67
genes were differentially expressed, but when N was included
this number was higher, reaching 73 genes in the comparison
between TINO.1 and TONO.1 conditions (Supplementary Table
$6). Although less numerous, a great variety of changes, 61 and
23 genes, were detected when comparing TINO0.5 and TONO.5
or TIN1 and TON1 conditions, respectively. More than the half
of the genes (56%) that differentially varied in their expression
when T34 strain was applied in combination with different N
supplies corresponded to hypothetical proteins with unknown
function or had no matches in databases. The largest number of
genes with putative function were associated with physiological
processes included within the “metabolism” category (20.4%),
being mainly affected the carbohydrate metabolism but also
differential expression changes were detected for several genes
related to lipid and fatty acid metabolism. The second largest
set of genes was located within the “cellular processes and
signaling” category (15.3%). In addition to the expected genes
from subcategories, such as “transport” or “response to stimulus,”
it is noteworthy to mention that six genes from the “signaling”
subcategory were up-regulated. Most of these last six genes code
for kinase receptor proteins (Supplementary Table §6). On the
basis of these results, we can conclude that the Trichoderma
effect is more striking when low concentrations of Ca(NO3); are
supplied, existing a correlation between an increase of N source
applied in combination with T34 strain and a reduction in the
number of transcriptomic changes in root of wheat seedlings, at
least after 48 h of growing.

Overall, many of the genes differentially expressed in wheat
seedling roots, due to a combined application of T34 and
Ca(NO3); as an N source, have already been described as
components of plant defense responses against pathogens. In
wheat, PR-protein activation has been described in a resistant
genotype as a defense response to infection by F. graminearum,
in comparison with susceptible lines to this pathogen (Golkari
et al.,, 2009). An up-regulation of endo-p-1,3 glucanase (PR-2)
and chitinase genes was detected in wheat seedlings from TINO.1
and TINO.5 conditions. In addition, genes encoding proteins,
such as PR-1, thaumatine (PR-5), and polygalacturonase and
subtilisin-chymotrypsin inhibitors, which have been previously
described and are involved in wheat defense against pests
and pathogens (Caruso et al, 1999; Golkari et al, 2009),
were differentially up-regulated in the TINO.1 condition. In
parallel to wheat defense activation, detected in response to
the application of strain T34 combined with the lowest N
concentration, the up-regulation of genes related to plant
development was also detected. This is the case for the gene
encoding trehalose-6-phophate phosphatase, an enzyme involved
in trehalose production, which was up-regulated in TINO.1
condition. It is well known that trehalose has a protector role
in plant against abiotic stresses by preventing the denaturation
of cellular proteins (Fernandez et al., 2010). However, trehalose-
6-phosphate has emerged as an important signaling metabolite,
regulating carbon assimilation and the sugar status in plants,
thus having an essential role in development (Ponnu et al,
2011). Several genes that are also involved in cell wall structure

modulation (Zhang J.F. et al., 2018) were up-regulated when T34
was applied along with different N concentrations. This is the case
for genes coding for pectin-esterase (ID TraesCS3B01G258100.1)
(T1NO.5), expansin-B7-like protein (ID TraesCS4B01G375600.1)
(T1INO.1), laccase (ID TraesCS3B01G489800.1) (T1NO.1), and
xyloglucan endotransglucosylase (ID TraesCS2A01G433500.1)
(TINI). On the other hand, some genes coding for proteins
like polygalacturonase (ID TraesCS3B01G020300.1) (T1NO.1
and TINO.5), 24-methylene sterol C-methyl transferase 2
(ID TraesCS1A01G204700.1) (T1NO.5), phosphatidylinositol
phosphatase SAC1 (ID TraesCS1A01G020700.1) (T1NO.1), and
the transcription factor ILI6 (ID TraesCS4A01G016300.1)
(T1INO.5), which are involved in plant growth and development
(Yang et al., 2018), were down-regulated. Transcriptomic analysis
shows that the Trichoderma effect is more evident when it is
applied in combination with low N supply. In this sense, the
lowest number of differentially expressed genes was detected
in the condition, TIN1, in comparison with those detected in
T1INO.1 or TINO.5. The hability of T34 strain to modulate plant
defense and growth responses is remarkable.

It is noteworthy to mention that, in the condition TINO.5,
an important number of up-regulated genes were associated
with the major physiological processes “signaling” or “response
to stimulus stress” (Table 1 and Supplementary Table S6),
being annotated as receptor kinase or ABA-responsive protein,
respectively. Such up-regulation observed in wheat roots is in
good agreement with a previous study, in which up-regulation
of ABA-related genes was described in Arabidopsis after 24 h of
incubation in the presence of T. harzianum T34 (Moran-Diez
etal., 2012). It is known that ABA plays a key role in the activation
of plant cellular adaptation to abiotic stresses, and that, under
adverse environmental conditions, this phytohormone functions
as a growth inhibitor. Moreover, it is accepted that mitogen-
activated protein kinase (MAPKs) mediates signal transduction
cascades, they being central integrators of plant abiotic stress
signaling since they link to cellular signaling, and metabolic
and stress adaptative processes in the plant (Golldack et al.,
2014). In view that an evident up-regulation of ABA-responsive
element and receptor kinase genes was detected in the TINO.5
condition, together with the above described up-regulation of
ABA-related genes in TINO, it could be thought that MAPKs
and ABA also have a central role in plant defense responses
to Trichoderma (Figure 4), linking primary metabolism and
developmental processes. According to this scenario, it has
recently been suggested that future plant holistic studies must
consider biotic stress, abiotic stress and development processes
(Bigeard and Hirt, 2018).

In a previous study, down-regulation of induced systemic
resistance-linked genes was observed in Arabidopsis roots
colonized by the endopolygalacturonase Thpgl-silenced
transformant of T. harzianum T34 (Moran-Diez et al., 2009).
Chalcone synthase (CHS) and xyloglucan endotransglucosylase
genes were among the 10 Arabidopsis genes that were significantly
affected by the silencing of Thpgl in T34, and in the present work,
these two genes (Table 1) were up-regulated in wheat seedling
roots from the conditions, TINO.5 and T1N1, respectively. CHS
is a member of the plant polyketide synthase superfamily, and it is
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the key enzyme of the flavonoid biosynthesis pathway, providing
the starting materials for the synthesis of these compounds
(Dao et al, 2011) (Figure 4). An up-regulation of the CHS
gene, accompanied by a down-regulation of a polygalacturonase
gene, was observed in wheat seedling roots from the treatment
TINO.5. Moreover, genes involved in the flavonoid biosynthesis,
such as flavonoid 7-O-methyltransferase gene, were differentially
expressed in TINO.1 condition (Table 1). In this regard, the
up-regulation of genes encoding transcriptional activators (i.e.,
glutathione S-transferase) and coactivators (i.e., LNKI1- and
LNK4-like proteins) was observed, as well as the down-regulation
of repressor genes (i.e., MYB transcription factor), indicative of
an increased resistance in wheat seedling roots. In addition to the
accumulation of flavonoids in plants, which have an important
role in auxin regulation by inhibiting its polar transport, CHS
is involved in the SA defense pathway. It is known that
plants activate SA biosynthesis in response to Trichoderma root
colonization to prevent the fungus from entering the vascular
system (Alonso-Ramirez et al, 2014). Regarding flavonoids,
it is worth highlighting that several genes involved in their
biosynthesis were differentially expressed under TINO, TINO.1,
and TINO.5 conditions, thus reinforcing the relevance of such
pathway during plant-Trichoderma interaction.

CONCLUSION

The early root transcriptomic changes observed in wheat seedling
roots colonized by the T. harzianum T34 under different N
supplies show that Trichoderma contributes to a larger extent
than the N source to such changes. When the fungus is applied in
combination with low N concentrations, the plant transcriptional
changes are led to balance growth with the need for defense.
Based on the fact that many changes observed affect the flavonoid
biosynthesis pathway, we assume that Trichoderma induces plant
defenses through such mechanism.
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Meloidogyne is the most damaging plant parasitic nematode genus affecting vegetable
crops worldwide. The induction of plant defense mechanisms against Meloidogyne
in tomato by some Trichoderma spp. strains has been proven in pot experiments,
but there is no information for tomato bearing the Mi-71.2 resistance gene or for
other important fruiting vegetable crops. Moreover, Trichoderma is mostly applied
for managing fungal plant pathogens, but there is little information on its effect on
nematode-antagonistic fungi naturally occurring in soils. Thus, several experiments were
conducted to determine (i) the ability of two commercial formulates of Trichoderma
asperellum (T34) and Trichoderma harzianum (T22) to induce systemic resistance in
tomato and cucumber against an avirulent Meloidogyne incognita population in split-
root experiments; (i) the effect of combining T34 with tomato carrying the Mi-1.2
resistance gene to an avirulent M. incognita population in sterilized soil; and (i) the
effect of combining T34 with tomato carrying the Mi-1.2 resistance gene to a virulent
M. incognita population in two suppressive soils in which Pochonia chlamydosporia is
naturally present, and the effect of T34 on the level of P chlamydosporia egg parasitism.
Both Trichoderma formulates induced resistance to M. incognita in tomato but not in
cucumber. In tomato, the number of egg masses and eggs per plant were reduced
by 71 and 54% by T34, respectively. T22 reduced 48% of the number of eggs per
plant but not the number of egg masses. T34 reduced the number of eggs per plant
of the virulent M. incognita population in both resistant and susceptible tomato cultivars
irrespective of the suppressive soil, and its effect was additive with the Mi-1.2 resistance
gene. The percentage of fungal egg parasitism by P chlamydosporia was not affected
by the isolate T34 of T. asperellum.

Keywords: Cucumis sativus, induced resistance, nematode virulence, Pochonia chlamydosporia, root-knot
nematodes, Solanum lycopersicum
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INTRODUCTION

The root-knot nematodes (RKN), Meloidogyne spp., are the most
damaging obligate plant-endoparasitic nematode worldwide in
a wide range of plant species (Jones et al., 2013). Among the
more than 100 species included in this genus, the tropical
RKN species, Meloidogyne arenaria, Meloidogyne incognita, and
Meloidogyne javanica, cause the majority of vegetable yield
losses (Hallman and Meressa, 2018). For instance, maximum
yield losses reported for fruiting solanaceous and cucurbit
crops, the most cultivated worldwide, range from 30 to
100% (Giné et al, 2014, 2017; Lépez-Goémez et al., 2014;
Seid et al, 2015; Giné and Sorribas, 2017; Hallman and
Meressa, 2018). Despite that several methods for control
are available (Nyczepir and Thomas, 2009), most producers
rely on the use of chemical nematicides (Djian-Caporalino,
2012; Talavera et al., 2012). Nonetheless, due to the risks
and impacts on human health and the environment, its use
must be reduced in favor of alternative methods according
to legislative regulations, such as the European Directive
2009/128/EC. Sustainable and safe alternatives are required, such
as plant resistance and biological control (Hallmann et al., 2009;
Williamson and Roberts, 2009).

Plant resistance is defined as the ability of a plant
to suppress infection, development, and/or reproduction of
plant parasitic nematodes (Roberts, 2002). Resistance can be
conferred by one or a few specific genes or quantitative
trait loci (Williamson and Roberts, 2009) or be induced by
microorganisms (Hallmann et al., 2009; Schouten, 2016). Plant
resistance conferred by resistance genes (R-genes) is an effective
and economically profitable control method against the tropical
RKN species (Sorribas et al., 2005). However, the availability of
commercial fruiting vegetable-resistant cultivars and rootstocks
is currently restricted to solanaceous crops such as tomato,
pepper, and aubergine. Therefore, the continuous cultivation
of plant germplasm carrying the same R-gene will lead to
the selection of virulent nematode populations (Verdejo-Lucas
et al, 2009; Thies, 2011; Ros-Ibanez et al., 2014; Expdsito
et al., 2019). Some fungal and bacterial species are able to
induce resistance against RKN in vegetable crops (Hallmann
et al, 2009), including some strains of Trichoderma spp.,
i.e.,, Trichoderma asperellum strain 203, Trichoderma atroviride
strain T11, and Trichoderma harzianum strain T-78 in tomato
(Sharon et al, 2009; de Medeiros et al., 2017; Martinez-
Medina et al, 2017). Several Trichoderma spp. strains are
approved by the EU legislation for controlling plant diseases
caused by fungi but none of them for those caused by plant-
parasitic nematodes.

The possibility of using Trichoderma spp. to induce resistance
to RKN has been studied in susceptible tomato cultivars
(Sharon et al, 2009; de Medeiros et al.,, 2017; Martinez-
Medina et al, 2017) but never on tomato carrying the Mi-
1.2 resistance gene. Induction of resistance in plants carrying
R-genes could contribute to limit the selection of virulent
nematode populations and thus enhancing the resistance
durability. On the other hand, if resistance can be induced
in plant species for which no commercial RKN-resistant

cultivars or rootstocks are available, such as cucurbits, or
against virulent nematode populations, primed plants could
be included in rotation schemes to manage RKN and reduce
crop yield losses.

Trichoderma is a cosmopolitan genus of filamentous
fungi in the order Hypocreales, with a flexible lifestyle that
includes endophytic, saprophytic, and facultative mycoparasitic
capabilities. Thus, Trichoderma spp. might limit growth
of other soil microorganisms by predation or resource
competition, including nematode antagonistic fungi such as
Pochonia (Metacordyceps) chlamydosporia. This fungal species
is frequently isolated from RKN eggs produced in vegetable
crop roots cultivated in northeastern Spain (Giné et al., 2012)
and has been reported as the main biotic factor responsible for
soil suppressiveness to RKN in this area (Giné et al., 2016). In
addition, it has been reported that some P. chlamydosporia strains
can induce systemic resistance in tomato plants (Ghahremani
et al., 2019). Consequently, the proper use of Trichoderma must
consider the possible side effect on fungal nematode antagonists
present in soils. Previous studies have shown that the effects of
Trichoderma to P. chlamydosporia can vary depending on the
analyzed fungal strains. For example, some harmful effects such
as a reduction in mycelial growth due to volatile compounds
produced by a strain of Trichoderma spp. from Brazil (Ferreira
et al, 2008) or mycelium lysis by a strain of T. harzinaum
from the Netherlands (Kok et al, 2001) have been reported.
On the other hand, non-observable effects on percentage of
RKN-parasitized eggs by P. chlamydosporia due to a strain of
T. harzianum from Cuba was noticed (Puertas et al., 2006).
However, as far as we know, there is no information regarding
the effect of commercial formulates of Trichoderma spp. on the
level of fungal egg parasitism by natural occurring antagonists in
soil to avoid side effects.

Thus, in this work, several experiments were conducted to
determine (i) the ability of commercial formulates of strains T34
of T. asperellum [T34 Biocontrol (10'2 cfu kg’l); Biocontrol
Technologies S.L.] and T22 of T. harzianum [Trianum P (10°
cfu g~1); Koppert] to induce systemic resistance in tomato
and cucumber against M. incognita in split-root experiments;
(ii) the effect of combining T34 with tomato carrying the Mi-
1.2 resistance gene to an avirulent M. incognita population in
sterilized soil; and (iii) the effect of combining T34 with tomato
carrying the Mi-1.2 resistance gene to a virulent M. incognita
population in two suppressive soils where P. chlamydosporia is
naturally present, as well as the effect of T34 on the level of
P. chlamydosporia egg parasitism.

MATERIALS AND METHODS

Plants, Fungi, and Nematodes

Susceptible (mi/mi) tomato cv. Durinta, resistant (Mi/mi) tomato
cv. Monika (Cortada et al., 2008), and cucumber cv. Dasher II
were used for this study. For the split-root and the combination
of plant resistance with T34 to an avirulent M. incognita
population experiments, seeds were surface sterilized following
the procedure described in Ghahremani et al. (2019).
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The commercial formulates of T. asperellum T34 (T34
Biocontrol; Biocontrol Technologies S.L.) and of T. harzianum
T22 (Trianum P; Koppert) were used. These Trichoderma strains
were selected because, despite the T. asperellum strain T203 and
the T-78 of T. harzianum have been demonstrated to induce
resistance to RKN in susceptible tomato (Sharon et al., 2009;
Martinez-Medina et al., 2017), they are not currently approved
in Europe. The strains used in this study are approved in Europe
for the management of some fungal plant pathogens, and there
are commercial formulates based on these strains available for
producers in Spain. The viability of the inoculum was assessed by
serial dilution from the commercial formulate and plating onto
PDA, and the number of colony forming units were counted after
24 h of incubation at 25°C in the dark.

Second stage juveniles (J2) of the avirulent M. incognita
population Agropolis and the virulent population Agrovir were
used in this study. The Agrovir population was selected from the
Agropolis population after cultivation of tomato grafted onto the
resistant tomato rootstock cv. Aligator (Expdsito et al., 2019).
J2 were obtained from eggs extracted from resistant (Agrovir
population) or susceptible (Agropolis population) tomato roots
by blender maceration in a 5% commercial bleach solution
(40 g 17! NaOCl) for 10 min (Hussey and Barker’s, 1973). The
suspension was passed through a 74-um aperture sieve, and
the eggs were collected on a 25-pm sieve. Eggs were placed on
Baermann trays (Whitehead and Hemming, 1965) and incubated
at 25 & 2°C. J2 were collected daily for 7 days using a 25-pm sieve
and stored at 9°C unless used.

Induction of Systemic Plant Resistance
to an Avirulent M. incognita Population
by T. asperellum T34 and T. harzianum
T22

Tomato and cucumber were grown in a split-root system,
following the procedure described in Ghahremani et al. (2019),
in which the plant root is divided into two halves transplanted
in two adjacent pots: the inducer, inoculated with the antagonist,
and the responder, inoculated with the nematode. The main
root of 5-day-old seedlings was excised, and plantlets were
individually transplanted into seedling trays containing sterile
vermiculite and maintained in a growth chamber at 25 £ 2°C
with a 16/8 h (light/dark) photoperiod for 2 weeks for cucumber
and 3 weeks for tomato plants. Afterward, plantlets were
transferred to the split-root system by splitting roots into two
halves planted in two adjacent 200-cm? pots filled with sterilized
sand. The inducer part of the root was inoculated with a
suspension of 10° cfu of T. harzianum T22 (T22) or T. asperellum
T34 (T34) just before transplanting. This fungal dosage was
selected because it was the same at which P. chlamydosporia
induced resistance in tomato (Ghahremani et al., 2019). One
week later, the responder part of the root was inoculated with
the avirulent M. incognita population Agropolis at a rate of
1 J2 ecm™3 of soil (RKN). Five treatments were assessed: (i)
the inducer inoculated with T22 and the responder with the
nematode (T22-RKN), (ii) the inducer inoculated with T34

and the responder with the nematode (T34-RKN), (iii) the
inducer non-inoculated with any fungal strain (None) and the
responder inoculated with the nematode (None-RKN), (iv) the
inducer inoculated with T22 and the responder non-inoculated
(T22-None), (v) the inducer inoculated with T34 and the
responder non-inoculated (T34-None), and (vi) neither inducer
nor responder inoculated (None-None). Treatments (i)-(iii)
served to assess the capability of each Trichoderma strain to
induce plant resistant against the nematode, and treatments (iv)-
(vi) were included to assess the effect of each Trichoderma strain
on plant development. The non-inoculated inducer or responder
parts of the root received the same volume of water than
those inoculated with the fungal strains or the nematode. Each
treatment was replicated 10 times. The plants were maintained
in a growth chamber at 25 £ 2°C and photoperiod of 16-/8-h
light/dark in a completely randomized design for 40 days. The
plants were irrigated as needed and fertilized with Hoagland
solution twice per week. Soil temperatures were recorded daily
at 30-min intervals with a PT100 probe (Campbell Scientific,
Ltd.) placed in the pots at a depth of 4 cm. At the end of
the experiments, the foliar surface area of each single plant
was measured with a Li-3100 AREA ETER (LI-COR, Inc,
Lincoln, NE, United States). Afterward, the aboveground part
of each plant was oven dried at 70°C for 2 days, and the dry
shoot weight was recorded. The fresh weight of the inducer
and responder part of the root system was also recorded. The
number of egg masses produced in the responder part of the
roots inoculated with the nematode was counted after being
stained with a 0.01% erioglaucine solution for 45 min (Omwega
et al, 1988). After that, the nematode eggs were extracted
from the responder part of the roots by blender maceration
in a 10% commercial bleach solution (40 g 17! NaOCQl) for
10 min following the Hussey and Barker’s (1973) procedure
and counted.

Combined Effect of T. asperellum T34
and Tomato-Resistant Germplasm to an
Avirulent M. incognita Population

Resistant tomato cv. Monika and susceptible cv. Durinta plants
were germinated as previously stated and grown in a growth
chamber at 25 £ 2°C and photoperiod of 16/8 h light/dark. Three
leaves stage plants were transferred to 200-cm? pots filled with
sterilized sand. The experiment was composed by the following
treatments: (i) susceptible tomato plants inoculated with 1 J2
cm~3 of soil, (i) susceptible tomato plants inoculated with T34
7 days before nematode inoculation, (iii) resistant tomato plants
inoculated with 1 J2 em™3 of soil, and (iv) resistant tomato plants
inoculated with T34 7 days before nematode inoculation. The
T. asperellum T34 was applied at the rate recommended by the
manufacturer, 0.01 g 17! of soil as liquid suspension (2 x 10°
cfu per plant). Each treatment was replicated 15 times. Plants
were maintained in a growth chamber at the same conditions
for 40 days. At the end of the experiment, roots were processed
as previously described before the number of egg masses and
eggs were counted.
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Combined Effect of T. asperellum T34
and Tomato-Resistant Germplasm to a
Virulent M. incognita Population and
Effect of T34 on Natural Nematode

Antagonism by P. chlamydosporia

Plants of the resistant tomato cv. Monika and the susceptible
cv. Durinta supplied by Hishtil Gelpi Spain were used for the
experiment. The experiment was conducted with soil taken
from two sites located at the Tarragona Province (northeastern
Spain), M10.23 and M10.55, where vegetables are commercially
produced under organic standards in plastic greenhouse. The
site M10.23 was a loam soil (45% sand, 40% silt, and 15%
clay), pH 8.3, 5.8% organic matter (w/w), and 276 nS cm™!
electric conductivity. The site M10.55 was a sandy clay loam
soil (68% sand, 0% silt, and 32% clay), pH 8.1, 2.5 organic
matter (w/w), and 1,069 pS cm™! electric conductivity. Both
soils were previously characterized as suppressive to Meloidogyne,
with P. chlamydosporia as the only fungal species recovered
from RKN-parasitized eggs (Giné et al., 2016). Each soil was
mixed with steam-sterilized sand at a ratio of 1:1 (dry w/dry
w), to avoid soil compaction and to improve plant growth,
and served as substrate for cropping tomato plants in 3-1 pots.
The population density of Meloidogyne J2 in the soil mixture
was determined by counting the nematodes extracted from
three 500-cm® samples of each soil mixture by Baermann trays
(Whitehead and Hemming, 1965) and incubated at 27 £ 2°C
for 1 week. The experiment consisted of four treatments per soil:
(i) susceptible tomato plants inoculated in the seedling tray with
T34 7 days before transplanting and also just after transplanting
and with J2 of the virulent M. incognita Agrovir population
to achieve 1 J2 cm™3 of mixed soil per pot, (i) susceptible
tomato plants inoculated with the virulent nematode population,
(iii) resistant tomato plants inoculated in the seedling tray with
T34 7 days before transplanting and just after transplanting and
with the virulent nematode population, and (iv) resistant tomato
plants inoculated with the virulent nematode population. The
T. asperellum T34 was applied at the dose recommended by
the manufacturer as liquid suspension, 0.5 g of T34 m~2 of
seedling tray before transplanting (1.9 x 10° cfu per plantlet)
and 0.01 g 17! of soil (3 x 10”7 cfu per plant) just after
transplanting. Each treatment was replicated 15 times per
each soil (M10.23 and M10.55). Plants were maintained in a
greenhouse for 40 days. In addition, three plants of each tomato
cultivar growing in sterilized sand and inoculated with T34 at
the same dose and timing were included to compare the ability
of T. asperellum to colonize roots in non-sterilized mixed soil
versus sterilized sand. At the end of the experiment, three egg
masses per plant were taken for quantification of fungal egg
parasitism as described in Giné et al. (2016). Afterward, eggs
were extracted from roots and counted following the procedure
previously described.

The detection and quantification of T. asperellum in tomato
roots and in M10.23 and M10.55 soils were estimated using the
TagMan-quantitative PCR (qPCR) protocol specifically designed
for this fungus by Gerin et al. (2018). Root colonization of plants
grown in the M10.23 and M10.55 soils was estimated from three

biological replicates per treatment. Each biological replicate
consisted of a pool of 3-g, 1-g root per each of three plants. For
plants cultivated in sterilized sand, each plant was considered
an independent biological replicate. For soil replicates, the
pooled soil from three independent pots per treatment was used.
DNA extraction from roots was carried out as in Lopez-Llorca
et al. (2010), while DNA was extracted from soil samples using
the DNeasy PowerLyzer PowerSoil Kit (Qiagen) following the
manufacturer’s instructions. All DNA samples were quantified
using Qubit dsDNA BR assay kit (Thermo Fisher Scientific).
qPCR reactions were performed using the Sso AdvancedTM
Universal Probes Supermix (Bio-Rad Laboratories, Hercules, CA,
United States) in a final volume of 20 I containing 40 ng of total
DNA, 250 nM of each primer (5" to 3’ direction) Ta_rpb2_fw
(GGAGGTCGTTGAGGAGTACGAA) and Ta_rpb2_rev_3
(TTGCAGATAGGATTTACGACGAGT) and 150 nM of
Ta_rpb2_probe (FAM-CGCTGAGGTATCCCCATGCGACA-
BHQ1) (Gerin et al., 2018). Negative controls containing
sterile water instead of DNA were included. Reactions were
performed in duplicate in a 7900HT Fast Real-Time PCR System
thermocycler (Applied Biosystems) using the following thermal
cycling conditions: initial denaturation step at 95°C for 2 min,
then 40 cycles at 95°C for 5 s, and 64.5°C for 30 s. Genomic
DNA dilutions of the T. asperellum T34 were used to define
a calibration curve from 10 pg to 100 ng. The specificity of
the PCR amplicons was verified by agarose gel electrophoresis.
T. asperellum DNA biomass was referred to the total DNA
biomass (40 ng).

Statistical Analysis

Statistical analyses were performed using the JMP software
v8 (SAS Institute, Inc., Cary, NC, United States). Both data
normality and homogeneity of variances were assessed. When
confirmed, a paired comparison using the Student’s t-test
was done, or Dunnetts test for multiple comparisons with
a control. Otherwise, paired comparison was done using the
non-parametric Wilcoxon test or multiple comparison using
the Kruskal-Wallis test and groups separated by Dunn’s
test (P < 0.05).

RESULTS

Induction of Systemic Plant Resistance
to an Avirulent M. incognita Population
by T. asperellum T34 and T. harzianum
T22

The split-root system did not influence tomato or cucumber root
development since root fresh weight did not differ between the
two halves of the split-root system of the None-None treatment
(P < 0.05) (data not shown). Both tomato shoot dry biomass and
leaf surface area did not differ (P < 0.05) between treatments
(data not shown). In cucumber, shoot dry biomass did not differ,
but the leaf surface area of the None-None treatment was lower
(P < 0.05) than the remaining ones (Figure 1).
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FIGURE 1 | Cucumber leaf area surface (cm?) in a split-root system
experiment conducted in two adjacent 200-ml pots (inducer—responder) in
which the inducer part of the root was non-inoculated (None-) or inoculated
with 10° cfu of Trichoderma harzianum T22 (T22-) or T. asperellum T34 (T34-)
just before transplanting and the responder part of the root was
non-inoculated (-None) or inoculated at a rate of 1 J2 cm~2 of soil of the
avirulent Meloidogyne incognita population Agropolis (-RKN) 1 week after
fungal inoculation. Each value is mean (column) of 10 replications and the
standard error (bar). Column with asterisk differ (P < 0.05) from the treatment
None-None according to the Dunnett’s test.
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FIGURE 2 | Number of eggs (x 103) (white column) and egg masses (spotted
column) produced by the avirulent M. incognita population Agropolis (-RKN) in
the responder part of the root of the susceptible tomato cv. Durinta in a
split-root system experiment conducted in two adjacent 200-ml pots
(inducer-responder) in which the inducer part of the root was non-inoculated
(None-) or inoculated with 10° cfu of T. harzianum T22 (T22-) or T. asperellum
T34 (T34-) just before transplanting and the responder part of the root was
non-inoculated (-None) or inoculated at a rate of 1 J2 cm~2 of soil of the
avirulent M. incognita population Agropolis 1 week after fungal inoculation.
Each value is mean of 10 replications and the standard error (bar). Column for
each variable with asterisk differ (P < 0.05) from the treatment None-RKN
according to the Dunnett’s test.

Both Trichoderma strains induced systemic resistance in
tomato (Figure 2) but not in cucumber (Figure 3). Trichoderma
asperellum T34 reduced both nematode infectivity and
reproduction (P < 0.05) by 71 and 54%, respectively. Meanwhile,
T. harzianum T22 suppressed nematode reproduction by 48%,
but did not affect nematode infectivity (P < 0.05). For cucumber,
the number of egg masses in the responder part of the root of
the T22-RKN treatment was 2.7 times higher (P < 0.05) than

FIGURE 3 | Number of eggs (x 102) (white column) and egg masses (spotted
column) produced by the avirulent M. incognita population Agropolis (-RKN) in
the responder part of the root of the susceptible cucumber cv. Dasher Il in a
split-root system experiment conducted in two adjacent 200-ml pots
(inducer-responder) in which the inducer part of the root was non-inoculated
(None-) or inoculated with 10° cfu of T. harzianum T22 (T22-) or T. asperellum
T34 (T34-) just before transplanting and the responder part of the root was
non-inoculated (-None) or inoculated at a rate of 1 J2 cm~2 of soil of the
avirulent M. incognita population Agropolis 1 week after fungal inoculation.
Each value is mean of 10 replications and the standard error (bar). Column for
each variable with asterisk differ (P < 0.05) from the treatment None-RKN
according to the Dunnett’s test.

in the None-RKN treatment, and the number of eggs in the
responder part of the root of T22-RKN and T34-RKN treatments
was 2.7 and 2.2 times higher (P < 0.05) than in the None-RKN
treatment, respectively.

Combined Effect of T. asperellum T34
and Tomato-Resistant Germplasm to an
Avirulent M. incognita Population

The infectivity and reproduction of the avirulent M. incognita
population Agropolis in the non-inoculated T34 resistant tomato
were 97.7 and 97.2% lower (P < 0.05) than in the susceptible
cultivar. For resistant tomato inoculated with T34, we observed
a reduction of 98.2 and 98.7%, respectively, compared to the
susceptible cultivar treated with T34 (P < 0.05).

The number of egg masses and eggs of M. incognita produced
in the susceptible tomato plants inoculated with T34 were 20 and
30% lower (P < 0.05) than those observed in the non-inoculated
susceptible plants. Regarding the resistant tomato, non-statistical
differences (P < 0.05) were found between T34-inoculated and
non-inoculated plants. Nonetheless, fewer egg masses and eggs
per plant were recorded in the resistant tomato inoculated with
T34 than in the non-inoculated (Figure 4).

Combined Effect of T. asperellum T34
and Resistant Tomato to a Virulent

M. incognita Population and Effect of
T34 on Natural Nematode Antagonism by

P. chlamydosporia
In soil M10.23, resistant tomato plants presented a 46% reduction
of eggs compared to susceptible tomato plants (P < 0.05)
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FIGURE 4 | Number of eggs (x 10%) and egg masses produced by the avirulent M. incognita population Agropolis in the resistant tomato cv. Monika (R) and the
susceptible cv. Durinta (S) cultivated in 200-ml pots inoculated with Trichoderma asperellum T34 (T34) at a rate of 0.01 g I~ of soil (2 x 10° cfu per plant) just after
transplanting and 7 days before inoculation with 1 J2 cm~2 of soil. Each value is mean (column) of 15 replications and the standard error (bar). Column with asterisk
indicate differences (P < 0.05) between treatments within each tomato cultivar according to the Wilcoxon test.
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independently of T34 treatment. In both tomato cultivars, the
nematode produced 41% fewer eggs in T34-inoculated than in
non-inoculated plants (Figure 5A). P. chlamydosporia was the
only fungal species isolated from parasitized eggs. The percentage
of parasitized eggs ranged from 21 to 28% and did not differ
(P < 0.05) between tomato cultivars or between T34-inoculated
and non-inoculated plants.

In soil M10.55, the nematode produced 77% fewer eggs
(P < 0.05) in the resistant than in the susceptible tomato
cultivar inoculated with T34, and 62% fewer eggs (P < 0.05)
in the non-T34 inoculated resistant than susceptible tomato
plants. The nematode produced 58% fewer (P < 0.05) eggs in
T34-inoculated than in non-inoculated resistant tomato, and
31.6% fewer eggs in susceptible T34-inoculated tomato than
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FIGURE 5 | Number of eggs (x 10%) produced by the virulent M. incognita population Agrovir in the resistant tomato cv. Monika (R) and the susceptible cv. Durinta
(S) inoculated with Trichoderma asperellum T34 (T34) in the seedling trays at a rate of 0.5 g m~2 (1.9 x 10° cfu per plantlet) 7 days before transplanting, and at rate
of 0.01 g I~ of soil M10.23 (A) or M10.55 (B) at transplanting in 3-L pots (3 x 107 cfu per plant) and inoculated with J2 to achieve a rate of 1 J2 cm~2 of soil. Each
value is mean (column) of 15 replications and the standard error (bar). Column with asterisk indicate differences (P < 0.05) between treatments within each tomato
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in non-inoculated (Figure 5B). The percentage of parasitized
eggs ranged from 25.4 to 28.9% and did not differ between
tomato cultivars or T34-inoculated and non-inoculated plants.
P. chlamydosporia was isolated from 90% of the total parasitized
eggs, T. asperellum from 5%, and the remaining 5% were
parasitized by an unidentified fungal species.

The standard curve for qPCR obtained by representing the
cycle threshold (Ct) against log of 10-fold serial dilution of
DNA from T. asperellum T34 was accurate and reproducible
to estimate the DNA concentration of this fungal species
(y = —3.1479x + 24.79; R% = 0.9956). The DNA concentration
in the M10.23 and M10.55 soil samples was very low since
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Ct values were higher than 35 cycles. Regarding the root
samples, the DNA concentration was also very low except for
two biological replicates of tomato cultivated in soil M10.55,
one biological replicate of cv. Durinta inoculated with T34 and
one of cv. Monika non-inoculated with T34 (Supplementary
Table S1). Regarding the tomato plants cultivated in sterilized
sand inoculated with T34, the majority of the Ct values was
below 35 cycles, and the T. asperellum DNA concentration was
estimated from those replicates. After analyzing 40 ng of DNA
extracted from tomato roots, the estimated DNA content for
T. asperellum did not differ (P < 0.05). It was 0.067 & 0.018 ng in
cv. Durinta and 0.087 £ 0.027 ng in cv. Monika.

DISCUSSION

This study provides evidence for the ability of two commercial
Trichoderma-based formulates, T34 Biocontrol (T. asperellum
strain T34) and Trianum P (T. harzianum strain T22), to induce
systemic resistance in tomato against M. incognita. Systemic
induction of plant defense mechanisms in tomato to RKN by
different species and/or strains of Trichoderma, i.e., T. asperellum
strain 203, T. atroviride strain T11, and T. harzianum strain T78,
has been proven (Sharon et al., 2009; de Medeiros et al., 2017;
Martinez-Medina et al., 2017). Martinez-Medina et al. (2017)
studied the hormonal regulation pathways and proposed a three-
phase model, that is, an early induction of the salicylic acid
pathway suppressing RKN infection, a second phase mediated
by jasmonic acid induction suppressing RKN reproduction
and fecundity, and a final salicylic acid induction that affects
root infection by the next J2 generation. Interestingly, the
results of this study show that the resistance is also induced
in tomato bearing the Mi-1.2 resistance gene. The effect of
combining R-genes with induced resistance by Trichoderma
was more evident against the virulent nematode population
than the avirulent one, which was highly suppressed by the
Mi-1.2 resistance gene although relatively less infection (34%)
and reproduction (67%) was recorded in relation to the non-
inoculated plants. Primed plants by Trichoderma can suppress
the virulent nematode reproduction about 50%. Then, the
resistance induced by Trichoderma is additive to that provided
by the Mi-1.2 gene. Thus, primed plants could be used as
an additional sustainable tool to manage virulent nematode
populations and also be useful for suppressing RKN species
non-affected by the MI.2 resistance gene such as Meloidogyne
hapla (Liu and Williamson, 2006) and Meloidogyne enterolobii
(Brito et al., 2007). Nonetheless, some -omic studies should be
conducted to know the gene regulation and the physiological
changes induced by the fungus in resistant tomato plants
to foresee the possible medium to long-term consequences
of using both types of resistance. If the additive effect is
due to an overexpression of defense mechanisms usually
expressed in R-gene-resistant plants, the probability for selecting
virulent nematodes could be higher than if additional defense
mechanisms are activated.

Interestingly, we found that the induction of resistance to
M. incognita by both Trichoderma strains vary between plant

species. Some reports have demonstrated the capability of
Trichoderma strains to induce resistance in cucumber against
several microbial plant pathogens (Khan et al., 2004; Shoresh
et al., 2005; Segarra et al., 2007; Alizadeh et al., 2013; Sabbagh
et al, 2017; Yuan et al, 2019). Segarra et al. (2007) found
that T. asperellum T34 increased the concentration of salicylic
acid and jasmonic acid in cotyledons of cucumber between
3 and 48 h suppressing Pseudomonas syringae pv. lachrymans
inoculated 24 h after fungal inoculation. That experiment used
a different inoculation regime, including a higher concentration
of fungal spores, and thus, it is possible that the dosage
used in the present work is sufficient to induce resistance in
tomato but not in cucumber. P. chlamydosporia also induced
systemic plant resistance against M. incognita in tomato but
not in cucumber inoculated with 10° viable chlamydospores
(Ghahremani et al., 2019). Increasing the inoculum density of
Trichoderma per cucumber plant could modify this result and
should be investigated. In addition to that, other causes could
be responsible for the lack of induction of plant resistance
to RKN. Recently, Chen et al. (2018) have reported that
vanillic acid, a root exudate of cucumber, influences the
fungal community in the rhizosphere and the abundance of
Trichoderma and Fusarium species depending on the vanillic
acid concentration. In our study, both Trichoderma strains
increased the nematode reproduction in cucumber compared to
the non-fungal-inoculated plants. As such, we cannot discard
the possibility that Trichoderma might increase nematode
susceptibility on cucumber plants. Further studies are needed
to elucidate this.

T34 did not affect P. chlamydosporia egg parasitism that
naturally occurred in soils M10.23 and M10.55. The ability
of some Trichoderma spp. to parasitize nematode eggs and
juveniles has been proven, and the mechanisms involved
have been studied (summarized in Sharon et al., 2011; Szabd
et al., 2012). The T. asperellum T34 used in this study can
parasitize individual eggs in in vitro conditions (data not shown),
but it was only isolated from 5% of the total M. incognita
parasitized eggs produced in tomato cultivated in soil M10.55
inoculated with T34. This reduced ability of Trichoderma
for parasitizing RKN eggs in comparison to other fungal
egg parasites naturally occurring in soil can explain the lack
of references regarding isolation of Trichoderma spp. from
RKN eggs in vegetable growing areas from Spain (Olivares
and Lopez-Llorca, 2002; Verdejo-Lucas et al., 2002, 2013;
Giné et al., 2012).

It is known that Trichoderma spp. strains can act as nematode
antagonists affecting J2 motility, nematode development,
egg hatching, nematode reproduction, and disease severity
(summarized in Sharon et al., 2009; Wann et al., 2016), and also
inducing resistance against RKN in susceptible tomato cultivars
(Sharon et al., 2009; de Medeiros et al., 2017; Martinez-Medina
et al., 2017). This study provides new evidence of the ability
of some additional Trichoderma strains to induce resistance to
RKN in susceptible tomato and demonstrate for the first time the
ability to induce resistance in tomato carrying the Mi-1.2 gene
and that this resistance is additive to that provided by the R-gene
against a virulent nematode population.
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CONCLUSION

This study proves that the strains T34 of T. asperellum and T22
of T. harzianum induce resistance against M. incognita in tomato
but not in cucumber, at least under our experimental conditions.
Resistance conferred by the Mi-1.2 resistance gene and that
induced by T34 in tomato is additive. Finally, T34 does not affect
the egg parasitism by the naturally occurring P. chlamydosporia.
To foresee the potential selection for nematode virulence, future
studies are needed to understand the genes related and the
physiological changes involved in inducing resistance in tomato
plants bearing the Mi-1.2 gene. Moreover, the compatibility of
commercial Trichoderma formulates with nematode antagonists
that occurs naturally should be studied in deep to avoid potential
detrimental effects.
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The use of synthetic fungicides represents the most common strategy to control plant
pathogens. Excessive and/or long-term distribution of chemicals is responsible for
increased levels of environmental pollution, as well as adverse health consequence to
humans and animals. These issues are deeply influencing public perception, as reflected
by the increasing demand for safer and eco-friendly agricultural commodities and their
by-products. A steadily increasing number of research efforts is now devoted to explore
the use of safer and innovative approaches to control plant pathogens. The use of
microorganisms as biological control agents (BCASs) represents one of the most durable
and promising strategies. Among the panoply of microbial mechanisms exerted by BCAs,
the production of volatile organic compounds (VOCs) represents an intriguing issue, mostly
exploitable in circumstances where a direct contact between the pathogen and its
antagonist is not practicable. VOCs are potentially produced by all living microorganisms,
and may be active in the biocontrol of phytopathogenic oomycetes, fungi, and bacteria
by means of antimicrobial activity and/or other cross-talk interactions. Their biological
effects, the reduced residuals in the environment and on agricultural commodities, and
the ease of application in different agricultural systems make the use of VOCs a promising
and sustainable approach to replace synthetic fungicides in the control of plant pathogens.
In this review, we focus on VOCs produced by bacteria and fungi and on their role in the
cross-talk existing between the plant pathogens and their host. Biologic systemic effect
of the microbial volatile blends on both pathogen and host plant cells is also briefly reviewed.

Keywords: volatile organic metabolites, biocontrol, antagonist, yeast, eco-friendly agriculture

INTRODUCTION

Synthetic biocides are the major route to control plant pathogens (Irtwange, 2006). However,
it has been widely demonstrated that prolonged usage of such agrochemicals is associated
with unsustainable levels of environmental pollution, hence raising ecological concern. Long-
term exposure to synthetic fungicides recorded a reduced treatment efficacy due to the
development of resistance mechanisms by plant pathogens. This led farmers to increase
chemical application, with a consequent accumulation of residues in the agricultural commodities
and their by-products which, in turn, are responsible for harmful effects for both human
and animal health (Pal and McSpadden Gardener, 2006). In addition, the appearance of
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resistance mechanisms represents a clinical problem, and
resistance to fungicides among human pathogenic fungi is
being increasingly observed (Cowen et al., 2002; Mehta et al,,
2018). A typical example is represented by the acquired
resistance of Aspergillus fumigatus and other human pathogenic
fungi to azoles (i.e., one of the major class of fungicides,
widely used in both agricultural and clinical treatment) as
reviewed by Deising et al. (2008).

These reasons have a strong influence on the public perception
and market demand, posing the need to move toward the
production of pesticide-free commodities, in a healthier and
more ecologically friendly context. In this view, a promising
pest management alternative is represented by the biological
control approach, where the human intervention exploits the
natural antagonistic effects of some agents (i.e., the biological
control agents, or BCAs) to mitigate the detrimental effects
of pathogenic (micro)organisms (Irtwange, 2006). Biological
control mechanisms exerted by BCAs are diverse and depend
on the specific peculiarities of both pathogen and the antagonist,
as well as their density and the specificity of the interactions
occurring among these species (Pal and McSpadden Gardener,
2006). A successful BCA is generally featured by the activation
of a plurality of mechanisms and targets, synergistically aimed
at controlling the pathogen and/or its detrimental effect (Droby
et al., 2009). In addition, ideal BCAs do not produce toxic
metabolites for both humans/animals and the environment
(D’Alessandro et al., 2014; Velivelli et al, 2015). Direct
antagonism (e.g., hyperparasitism and predation) occurs in
the case of a very high affinity among the pathogen and its
BCA (Wisniewski et al., 1991; Heydari and Pessarakli, 2010).
Here, interacting species get directly in physical contact and
the BCA exerts its suppressive effect without the need for
any auxiliary activity from other microorganisms or the
surrounding environment (Pal and McSpadden Gardener, 2006).
Contrariwise, in the case of indirect antagonism (e.g.,
competition, or host resistance induction), no physical contact
is required between the BCA and its target (Heydari and
Pessarakli, 2010). Instead, the BCA acts as a “stimulus” to
trigger the development of an unfavorable condition for the
microbial growth, leading to a control of the pathogenic species
(Pal and McSpadden Gardener, 2006).

Other pathogen suppression mechanisms include the
production of volatiles, antibiotics, and other secondary
metabolites of the microbial lifecycle. Volatile organic compounds
(VOCs) production is gaining a constantly increasing interest
by the scientific community, owing to the diverse advantages
of their application. VOCs are a blend of volatile metabolites
potentially produced by all living microorganisms and were
observed to be active in the control of phytopathogenic oomycetes,
fungi, and bacteria by means of antimicrobial activity and other
cross-talk interactions. Their antimicrobial effects, along with
the reduced hazard for both environment and human beings
and their possible application without the need of a supplemental
spray or drench, make the use of VOCs a promising and
sustainable approach to replace fungicides of synthetic origin
in the control of plant pathogens (Mercier and Jiménez, 2004;
Fialho et al., 2010; Parafati et al., 2017).

In the current review, we focus our attention on the VOCs
production by BCAs, intended as active effectors of the dynamic
network of cross-relations existing among microbial entities and
their host. Their potential exploitation as effective mechanisms
to control the causal agents of diseases of economically relevant
plants is discussed.

VOLATILE ORGANIC COMPOUNDS OF
MICROBIAL ORIGIN

The volatile metabolites of both microbial and plant origin
are gaining a steadily increasing interest, and the term “volatilome”
has been relatively recently adopted to refer to this complex
heterogeneous ensemble of metabolites (Maffei et al., 2011;
Farbo et al., 2018).

Among the volatile metabolites produced by the microbial
and/or plant metabolism, organic and inorganic molecules
can be primarily differentiated. Inorganic volatile molecules
such as CO, CO,, H,, N, O, NH; H,S, NO,, SO, SO;,
and HCN are the most relevant and are involved in a wide
variety of biological functions ranging from electron acceptors/
donor to acting as defense compound (Effmert et al., 2012).
Moreover, a role in the interspecies communication (e.g.,
quorum sensing/quenching) and antibiotic resistance has been
recently proved (Schmidt et al., 2015; Avalos et al., 2019).
By acknowledging the important role of inorganic volatile
metabolites under diverse biological and ecological aspects,
the current review deals mainly with volatile organic compounds
of microbial origin and their role in biological control of
plant pathogens.

Volatile organic compounds are small (typically less than
300 Da), carbon-based molecules featured by a low water
solubility and a high vapor pressure that makes them available
in a gaseous status in the normal ambient conditions (i.e.,
1 atm pressure and 25°C temperature) (Pagans et al.,, 2006;
Vespermann et al., 2007; Morath et al., 2012). From a chemical
point of view, VOCs are comprised of a heterogeneity of
molecular classes, including hydrocarbons, alcohols, thioalcohols,
aldehydes, ketones, thioesters, cyclohexanes, heterocyclic compounds,
phenols, and benzene derivatives (Wheatley et al., 1997; Chiron
and Micherlot, 2005; Morath et al., 2012). Examples of the
most commonly investigated volatile molecules of bacterial and
fungal origin are provided in Figures 1A,B, respectively.

In agriculture, the use of VOCs of microbial origin in the
biocontrol of plant pathogens has received a reduced marginal
in the past years; however, progresses recently made, along
with the overall tendency of the scientific community toward
the adoption of a holistic approach, highlighted the potential
benefits of microbial VOCs in this field.

VOGC:s are generally effective already at a very low concentration
(Mitchell et al., 2010; Raza et al, 2016). Being volatile, VOCs
are capable of diffusing between the soil particles and spread
in the atmosphere over large distances from their application
point, where they can exert their inhibitory activity without
requiring a direct or physical contact between the VOCs-producing
microorganism and the target pathogen (Minerdi et al., 2009;
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Heydari and Pessarakli, 2010). Besides pathogen inhibition and
the negative effects on fungal spore germination and the activity
of morphogenesis enzymes (Fialho et al., 2011), microbial VOCs
have also shown to be involved in a wide variety of processes
(McKee and Robinson, 2009; Morath et al., 2012; Yuan et al.,
2012). These include the capability of VOCs to kill plant-parasitic
nematodes (Gu et al,, 2007; Yang et al., 2012; Xu et al., 2015),
the ability to promote plant growth (Ryu et al.,, 2003; Mercier
and Manker, 2005; Minerdi et al, 2011), and the induction
of resistance mechanisms in plants, preventing them from
being colonized by pathogens (van Loon et al, 1998;
Compant et al, 2005; Farag et al., 2006).

Biosynthetic pathways leading to the production of microbial
VOCs are yet poorly understood; however, omics-based
studies so far performed link the VOCs production to either
metabolic transformation products of lipids, proteins, and
other building blocks of living tissues, or as the result of
degradation (i.e., end-products) of catabolic reactions (Serrano
and Gallego, 2006; Tholl et al., 2006; van Dam and Poppy,
2008; Kinnaste et al., 2014). On this basis, a dichotomic
classification of VOCs as primary or secondary metabolites
appears rather inappropriate; instead, VOCs are commonly
classified on the basis of their molecular features, such as

the number of carbon atoms, ring moieties, and substituent
groups (Bennett et al., 2012).

The composition of microbial VOC blends depends on
several factors. These include the microbial entities (e.g., bacteria,
fungi) producing the VOCs, the substrate they are grown on,
temperature, radiation, presence of other microorganisms, and
the type of ecosystem (Pasanen et al., 1997; Nilsson et al.,
2004; Fiedler et al., 2005). Also, VOCs composition of a given
species is highly dynamic over time, resulting in a changing
composition of the produced VOCs depending on the age of
the VOCs-producing species (Wang et al., 2013).

Regardless of the emitting species and the specific VOCs blend
composition, several studies are nowadays being performed with
the aim to exploit the countless benefits of employing a natural
antimicrobial mixture to prevent plant pathogens by replacing
traditional chemical approaches. Unanimously, studies performed
so far recommend VOCs application under air-tight environment,
in order to rapidly saturate the atmosphere with the volatile
antimicrobials. Particularly effective application of VOCs is reported
in the control of storage pathogens on fresh fruit (e.g., citrus,
peach, strawberry) but also other commodities such as nuts,
grains, and seeds (Table 1; Strobel, 2006; Fialho et al, 2011;
Wang et al, 2013; Chen et al, 2018; Gao et al., 2018).
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TABLE 1 | Main biological control agents emitting volatile organic compounds, their target pathogen, framework application, and primary volatilome components.

Antagonist

Target

Application

Main VOCs

Reference

Aureobasidium pullulans

Cyberlindnera jadinii
Lachancea thermotolerans
Candida intermedia

Candida friedrichii
Saccharomyces cerevisiae
Wickerhamomyces anomalus
Hanseniaspora uvarum
Pichia Kkluyveri
Wickerhamomyces anomalus
Aureobasidium pullulans
Metschnikowia pulcherrima
Saccharomyces cerevisiae
Wickerhamomyces anomalus
Candida sake

Bacillus amyloliquefaciens

Bacillus atrophaeus

Burkholderia ambifaria

Burkholderia tropica

Burkholderia gladioli

Achromobacter sp.
Serratia sp.

Bacillus spp.

Enterobacter aerogenes
Phomopsis sp.

Phaeosphaeria nodorum

Wickerhamomyces anomalus

Botrytis cinerea
Colletotrichum acutatum
Penicillium expansum
Penicillium digitatum
Penicillium italicum
Aspergillus carbonarius
Aspergillus ochraceus

Phyllosticta citricarpa
Aspergillus flavus
Aspergillus ochraceus

Botrytis cinerea

Botrytis cinerea
Penicillum expansum
Fusarium oxysporum

Botrytis cinerea

Rhizoctonia solani
Alternaria alternata

Colletotrichum gloeosporioides
Fusarium culmorum

Fusarium oxysporum

Athelia rolfsii

Fusarium oxysporum
Rhizoctonia solani

Fusarium oxysporum

Host

Exserohilum turcicum
Pythium spp.

Phytophthora spp.
Sclerotinia spp.
Rhizoctonia spp.
Fusarium spp.
Botrytis spp.
Verticillium spp.

Colletotrichum spp.
Monilinia fructicola

Penicillium roqueforti

Post-harvest decay toxin
contamination

Post-harvest decay toxin
contamination

Post-harvest decay
Toxin contamination
Toxin contamination

Pathogen prevention/inhibition

Post-harvest decay

Pathogen prevention

Pathogen prevention/inhibition

Pathogen prevention/inhibition

Pathogen prevention/inhibition

Pathogen prevention/inhibition

Plant growth induction

Resistance induction

Plant growth induction
Pathogen prevention/inhibition
Pathogen prevention/inhibition

Pathogen prevention/inhibition

Post-harvest decay

2-Phenylethanol

2-Phenylethanol

2-Phenylethanol
2-Phenylethanol
2-Phenylethyl acetate

Whole volatilome

Whole volatilome

2,3,6-Trimethyl-phenol
Pentadecane
Tetradecane

Hexadecane
2,3-Dimethoxybenzamide
Oanisaldehyde
Dimethyldisulfide
2-Undecanone
dimethyltrisulfide
4-Octanone
Methylmethanethiosulfonate
Phenylpropanone
Limonene

Alpha-pinene

Ocimene

Limonene

Dimethyldisulfide
Propanal
2-Ethyl-1-hexanol
Dodecane

Tridecane

Tetradecane
3-Hydroxy-2-butanone
2,3-Butanediol
2,3-Butanediol
Sabinene

1-Butanol
3-Methylbenzeneethanol
1-Propanol

2-Methy!

2-Propanone

3-Methylbutanol
Acetic acid
2-Propyl-1-ol
Ethyl acetate
Ethyl acetate

Di Francesco et al. (2015)

Farbo et al. (2018)

Tilocca et al. (2019)

Fialho et al. (2010)
Hua et al. (2014)
Masoud et al. (2005)

Parafati et al. (2015)

Arrarte et al. (2017)

Yuan et al. (2012)

Zhang et al. (2013)

Groenhagen et al. (2013)

Tenorio-Salgado et al. (2013)

Elshafie et al. (2012)

Minerdi et al. (2009, 2011)

Ryu et al. (2003)
Rudrappa et al. (2010)
D’Alessandro et al. (2014)
Zhou et al. (2014)

Naznin et al. (2012, 2014)

Liu et al. (2014)

(Continued)
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TABLE 1 | Continued

Antagonist Target Application

Main VOCs Reference

Trichoderma viride Arabidopsis thaliana

Talaromyces sp.
Cladosporium sp.
Ampelomyces sp.

Colletotrichum higginsianum
Pseudomonas syringae

Plant growth induction

Plant growth induction
Resistance induction
pathogen Prevention/inhibition

Isobutyl alcohol
Isopentyl alcohol
3-Methylbutanal
B-Caryophyllene
m-Cresol
Methylbenzoate

Hung et al. (2013)

Di Francesco et al. (2015)
Di Francesco et al. (2015)

Bacterial Volatilome as a Tool for the
Biocontrol of Plant Pathogens

Bacteria produce volatile metabolites as part of their normal
metabolism (Figure 1A). Bacterial VOCs are involved in the
complex network of interconnections established among
bacterial species, bacteria vs. other microorganisms, and
bacteria vs. plants. Such interactions have a variable ecological
role, ranging from beneficial cooperation (e.g., mutualism,
symbiosis, host resistance induction) to antagonistic relationship
occurring, for instance, in the case of microbicidal activity
exerted by one of the interacting species (Maffei et al., 2011;
Kanchiswamy et al., 2015). The recent awareness on the
beneficial effects arising from bacteria-plant interaction opens
new avenues in the use of bacterial volatilome to stimulate
plant growth. Moreover, owing to the high versatility of
bacteria-derived VOCs and their effectiveness in controlling
other microorganisms, studies are focusing on exploiting the
natural bacterial VOCs production as a strategy for the
biocontrol of plant pathogens.

In this view, only a handful of studies have so far been
performed to elucidate the metabolic effects of the bacterial
volatilome on the target organism, while it is well known that
bacteria-derived VOCs have a pivotal role in stimulating or
repressing other bacterial species (Garbeva et al., 2014a;
Kanchiswamy et al., 2015).

Bacillus amyloliquefaciens strain SQR-9 has been reported
as effective against the tomato wilt pathogen Ralstonia
solanacearum (Raza et al, 2016). A key role is played by the
VOCs blend produced by the BCA, which provides effective
inhibition of R. solanacearum in both synthetic media and in
soil. Inhibitory effects of the bacterial VOCs have been confirmed
by lack of inhibition observed in the case of treatment
with a non-VOCs-producing bacterium as well as when B.
amyloliquefaciens SQR-9 is applied in the presence of activated
charcoal (i.e., a well-known gas adsorbent). Growth inhibition
was dependent on the BCA load; however, the inhibitory effects
produced by the bacterial VOCs were reversed by BCA removal,
indicating a bacteriostatic effect of the B. amyloliquefaciens-
derived VOCs on R. solanacearum (Raza et al., 2016). Bacteriostatic
evidences were also observed in the volatilome of different
strains of Pseudomonas chlororaphis, Serratia plymuthica 1C1270,
and Serratia proteamaculans 94, tested for their antagonistic
potential against Agrobacterium tumefaciens C58 (Popova et al.,
2014). In dual culture, all strains succeeded in total or partial
inhibition of the phytopathogenic bacterium. An exception is
represented by S. proteamaculans 94, resulting in a non-significant

inhibition of the pathogen. Nevertheless, this strain scored a
total inhibition of the cyanobacterium Synechococcus sp. PCC
7942 and other eukaryotic cells (Popova et al, 2014). This
study confirms previous reports on the in vitro antagonistic
potential of S. plymuthica 1C1270, P. fluorescens Q8r1-96, and
P fluorescens B-4117 against phytopathogenic A. tumefaciens
and Agrobacterium vitis. Here, authors indicated VOCs produced
by the candidate BCAs as a valuable tool to prevent crown
gall tumors on tomato plants (Dandurishvili et al., 2011).

Investigations on the composition and activity of the bacterial
VOCs blend revealed a strain-specific VOCs mixture, with
some molecular entities being exclusive to a given bacterial
strain, whereas quantitative changes were observed among the
other “commonly identified” volatile molecules. This might
justify the diverse antagonistic features of candidate BCAs in
regard to different pathogens (Dandurishvili et al., 2011; Popova
et al., 2014; Garbeva et al., 2014b). Dimethyl disulfide (DMDS)
was identified as the major volatile produced by S. proteamaculans
94 and other Serratia spp. (Dandurishvili et al., 2011; Popova
et al,, 2014); however, only traces of DMDS have been produced
by Pseudomonas spp. strains, in favor of the production of
ketones. Among these compounds, 2-nonanone, 2-heptanone,
2-undecanone, and 2-tridecanone are among the most represented
bactericidal compounds as confirmed in subsequent VOCs
experiments (Dandurishvili et al., 2011; Popova et al, 2014;
Raza et al, 2016).

Bacteria-bacteria interaction does not necessarily result in
the sole bactericidal (or bacteriostatic) effect; it may also
imply a synergistic/cooperative activity among bacterial species.
A recent investigation performed on soil bacteria showed
that the volatilome of four genetically diverse isolates results
in antithetical phenotypes of P. fluorescens. Here, VOCs
released by Collimonas pratensis and S. plymuthica positively
stimulated the growth of P fluorescens, with C. pratensis
volatiles even stimulating the production of antimicrobial
compounds by P. fluorescens. On the other hand, P. fluorescens
exposure to Paenibacillus and Pedobacter spp. did not stimulate
the growth of P. fluorescens, but triggered a stress response
mechanism in the bacterial model even though no significant
inhibition was observed for any of the four different strains
(Garbeva et al., 2014b).

Besides intra-kingdom interconnections, bacteria are also
involved in sophisticated bi-directional cross-talks involving
phylogenetically higher species such as fungi and plants:
bacteria-fungi interactions are very dynamic, depending on
the interacting species and are strongly exploited in the modern
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agricultural practice to control important phytopathogenic taxa
(Maftei et al., 2011).

Rhizobacteria such as S. plymuthica, Serratia odorifera,
Stenotrophomonas maltophilia, Stenotrophomonas rhizophila,
P. fluorescens, and Pseudomonas trivialis are known to produce
VOCs mixtures with antifungal properties active against a wide
array of both pathogenic and non-pathogenic fungi (Kai et al,,
2010; Effmert et al., 2012; Kanchiswamy et al., 2015). Common
volatile molecules known in the bacteria-fungi interaction are
y-patchoulene, 3-methylbutanal, 1-octen3-ol, 2-undecanone,
2-nonanone, 3-methylbutanoate, 2-methylbutan-1-ol, 4-methyl-
2-heptanone, ethanethioic acid, and dimethyltrisulfide 2,3,6-
trimethylphenol. Among these, several have already been tested
for their antifungal activity.

A study on the antifungal activity of B. amyloliquefaciens
NJN-6 volatilome demonstrated the ability of this bacterium
to hinder growth and spore germination of the pathogenic
Fusarium oxysporum f. sp. cubense causing fusarium wilt on
banana. Analysis of its volatilome composition identified a total
of 36 volatile molecules, including aromatic compounds, alkyls,
ketones, alcohols, naphthyls, aldehydes, one ester and one ether
compound. In vitro evaluation of the identified compounds
suggested an important fungicidal activity of benzothiazoles
phenol and 2,3,6-trimethylphenol. Other benzenic compounds,
instead, were attributed to the “sole” inhibitory properties, owing
to their inability to preclude the growth of the pathogenic
fungus. The other identified compounds were able to inhibit
almost completely E oxysporum growth only when present in
massive quantities, leading authors to exclude them as potential
candidates to antagonize F. oxysporum growth (Yuan et al., 2012).

Volatiles released by Streptomyces spp. have also shown
interesting antifungal properties, especially in the control of
storage and mycotoxigenic fungi (Scholler et al., 2002; Li et al,,
2010). A further study by Wang and colleagues confirmed the
simultaneous antifungal activity of Streptomyces alboflavus TD-1
with regard to some of the most known mycotoxigenic fungi
such as E moniliforme (syn. Fusarium fujikuroi), A. flavus,
Aspergillus ochraceus, Aspergillus niger, and Penicillum citrinum
(Wang et al., 2013). Moreover, the investigation of its volatilome
underlines a very complex and dynamic composition, with several
molecules shared among taxonomically related species even
though with high quantitative variability (Wilkins and Scholler,
2009; Li et al, 2010; Wang et al, 2013). In addition, some
volatiles have been previously identified as components of essential
oils of diverse plants with already supposed antifungal effects
(Bajpai et al, 2008; Essien et al., 2011; Serrano et al, 2011;
Shanthi et al, 2011; Wang et al,, 2013; Gao et al, 2018). The
mix of volatiles produced by Bacillus atrophaeus CAB-1 strains
is mainly composed of hexadecane, 2,3-dimethoxybenzamide
and oanisaldehyde. In vitro assay of the bacterial volatiles
resulted in an effective inhibition of Botrytis cinerea, the causal
agent of tomato gray mold (Zhang et al, 2013). In another
study, DMDS, 2-undecanone, dimethyltrisulfide (DMTS),
4-octanone, S-methylmethanethiosulfonate, and 1-phenylpropan-
1-one produced by Burkholderia ambifaria scored a significant
inhibition of the growth of the pathogenic fungi Rhizoctonia
solani and Alternaria alternata (Groenhagen et al, 2013).

Similarly, the investigation of 15 strains of Burkholderia tropica
resulted in a significant inhibition of the growth of four fungal
pathogens, namely Colletotrichum gloeosporioides, Fusarium
culmorum, E oxysporum, and Athelia rolfsii, most likely due to
their capability to produce VOCs, among which limonene, alpha-
pinene, dimethyldisulfide (DMDS), and ocimene were considered
as the most effective ones (Tenorio-Salgado et al., 2013). The
antifungal activity of limonene was also confirmed in a further
study, where the growth rate of E oxysporum and R. solani has
been hindered by the limonene emitted by Bulkholderia gladioli
pv. agaricola (Elshafie et al.,, 2012).

Besides antagonism, VOCs from several bacterial species
are also involved in ectosymbiotic relations occurring between
bacteria and fungi. The bacterial volatiles of Achromobacter
and Serratia spp. DMDS, propanal, 2-ethyl-1-hexanol, dodecane,
tridecane, and tetradecane, are capable of stimulating F.
oxysporum MSA35 to produce a higher amount of a-humulene
and P-caryophyllene which, in turn, are known to favor lettuce
growth (Minerdi et al., 2009, 2011).

Bacterial Volatilome Prevents Pathogen
Infection by Conditioning Plant Physiology
Interactions occurring between plants and bacteria, by means
of volatile emission, may have both beneficial and detrimental
outcomes for the overall plant growth (Kai et al., 2009; Gutiérrez-
Luna et al., 2010). Elucidating the complex cross-talk occurring
between bacteria and their host allows a conscious human
intervention that promotes plant growth by preventing plant
colonization and/or by exploiting the direct beneficial effects
that some bacteria exert on plants. Blom and co-workers
screened over 40 bacterial species for their capability to stimulate
plant growth. The study selected 36 bacterial volatiles and, of
these, indole, 1-hexanol and pentadecene showed the most
promising results in terms of plant growth stimulation (Blom
et al, 2011). On the other hand, co-cultivation of A. thaliana
in the presence of Serratia odorifera volatilome resulted in a
severe inhibition of plant growth. Authors attributed the
inhibitory effect to DMDS and ammonia volatiles (Vespermann
et al, 2007; Kai et al,, 2010). With regard to DMDS and its
direct (i.e., plant growth stimulation) and indirect (e.g., disease
prevention) effects on plants, controversial results are available
in the literature. A study performed on Nicotiana attenuata
reports DMDS as a volatile metabolite that directly alters plant
metabolism, causing the downregulation of sulfur assimilation
and methionine biosynthesis genes (Meldau et al, 2013).
Contrariwise, a previous study linked the bacterial production
of DMDS to a significantly increased growth of A. thaliana
(Groenhagen et al., 2013). Accordingly, another study reported
that DMDS produced by Bacillus cereus results in significant
protection of tobacco and corn from the infection by B. cinerea
and Bipolaris maydis, respectively (Huang et al., 2012a).
Other bacterial metabolites involved in bacteria-plant cross-
talk include 3-hydroxy-2-butanone and 2,3-butanediol. These
are produced by Bacillus spp. and are linked to a significantly
enhanced total leaf surface area besides the induction of host
systemic resistance (Ryu et al., 2003; Rudrappa et al, 2010).

Frontiers in Microbiology | www.frontiersin.org

February 2020 | Volume 11 | Article 41


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Tilocca et al.

Microbial Volatilome and Biocontrol

This observation is also confirmed in another study highlighting
2,3-butanediol produced by Enterobacter aerogenes as involved
in the induction of resistance against Exserohilum turcicum
infection in corn plants (D’Alessandro et al., 2014).

Fungal Volatilome and Its Role in
Biological Control

As for bacteria, several fungal species produce volatile metabolites
(Figure 1B) taking part in diverse ecological relationships
(Kanchiswamy et al., 2015), ranging from antagonism to symbiotic
relations with other fungi (Schiestl et al., 2006), bacteria, and
plants (Hung et al., 2013).

Among antagonistic fungi, Muscodor albus, an endophyte
from Cinnamomum zeylanicum (cinnamon tree), represents the
first commercially available BCA acting through its volatilome
(Strobel et al., 2001; Strobel, 2006). This fungus produces a
wide variety of volatiles comprising alcohol, acid, ester, and
terpenoid derivatives, with antimicrobial properties against
pathogens responsible of the post-harvest decay of fruits such
as apple, peach, lemon, and grape. Moreover, it proved safe
for humans and the environment, enabling its registration as
a biopesticide at the US Environmental Protection Agency. The
usage of bags containing a lyophilized culture of M. albus that
is reactivated by hydration is advantageous for the biofumigation
under air-tight environments, providing an effective prevention
of fruit decay during storage and shipping (Strobel, 2006; Mercier
et al., 2010). Moreover, due to its remarkable antagonistic activity,
the use of M. albus was already proposed by Strobel and
colleagues as a valuable alternative to replace methyl bromide
fumigation, with comparable results (Strobel, 2006; Strobel et al.,
2011). A risk assessment for the effects of VOCs on human
health and the environment did not show important harmful
potential since these compounds are produced in low amounts,
do not contaminate treated food commodities, and dissipate
rapidly in the atmosphere. Nevertheless, it has been recently
demonstrated that a volatile molecule produced by M. albus
raised human health issues, hence underlying the need to develop
further studies/guidelines for a comprehensive assessment of
the potential toxicity exerted by VOCs produced by BCAs
(Braun et al,, 2012; Jiménez et al., 2012; Romanazzi et al., 2012;
Margolis, 2012, personal communication).

Other endophytic fungi have shown to promote plant growth
through the release of volatile metabolites inhibiting the growth
of plant pathogens. Investigations on endophytes from Rosa x
damascena (Damask rose) yielded over 50 isolates, among which
A. niger was found to produce high amounts of 2-phenylethanol
(2-PE; Wani et al, 2010). In addition to the potential value
in the cosmetic industry, this study is among the first ones
linking the production of 2-PE with its potential application
as fumigant, owing to its antimicrobial and antiseptic properties
already exploited in pharmaceutics (Wani et al., 2010). Other
studies indicated 2-PE as the major component of yeast volatile
blends and described its role in limiting the growth of pathogenic
Aspergillus spp. (Fialho et al., 2010; Hua et al., 2014; Liu et al,,
2014; Chang et al, 2015; Farbo et al., 2018). Phomopsis spp.
isolated by Odontoglossum sp. (Orchidaceae) emits a mixture

of volatile metabolites including sabinene, 1-butanol, 3-methyl,
benzene ethanol, 1-propanol, 2-methyl, and 2-propanone. An
artificial mixture of such volatiles had remarkable antifungal
properties against several oomycete and fungal pathogens,
including Pythium, Phytophthora, Sclerotinia, Rhizoctonia,
Fusarium, Botrytis, Verticillium, and Colletotrichum spp. In
addition, the fungus was shown to tolerate and survive in the
presence of the volatile metabolites produced by the antagonistic
M. albus (Mercier and Jiménez, 2004; Singh et al., 2011). Epichloe
typhina isolated from Phleum pratense emits sesquiterpene
volatiles with antifungal activity against Cladosporium phlei
(Kumar and Kaushik, 2012). Phaeosphaeria nodorum, a common
endophyte of Prunus domestica, produces a blend of volatile
metabolites comprising ethyl acetate, 3-methylbutan-1-ol, acetic
acid, 2-propyl-1-ol, and 2-propenenitril. Altogether, these volatiles
inhibit the pathogenic fungus Monilinia fructicola, by reducing
its growth, hyphal width, and by provoking the disintegration
of the hyphal content (Pimenta et al., 2012).

Yeast Volatilome and Its Effects
Against Pathogenic and
Mycotoxin-Producing Fungi
The application of yeasts as BCAs represents one of the most
investigated alternatives to fungicides, due to the great ability
of these microorganisms to grow and survive in heterogeneous
ecological niches and under severe stress conditions (Muccilli
and Restuccia, 2015). Moreover, the highly competitive activity
of yeasts does not suffer the side effects (e.g., production of
human allergenic compounds or toxic secondary metabolites)
sometimes encountered with the application of other microbial
species as BCAs, therefore extending their potential application
to the eco-friendly safeguard of agricultural commodities and
by-products (Droby et al, 2009; Janisiewicz et al., 2010; Liu
etal, 2013; Muccilli and Restuccia, 2015). Early studies performed
on Wickerhamomyces anomalus (syn. Pichia anomala) have shown
that the antimicrobial effectiveness of yeast-derived volatilome
is mainly attributed to ethyl acetate, enabling for a successful
control of Penicillium roqueforti during air-tight storage of grain
(Adel Druvefors and Schniirer, 2005). Nevertheless, recent evidence
confirmed the impossibility to determine a static inhibitory
mechanism. As for bacteria, the yeast-pathogen interaction, as
well as the chemical composition of the emitted blend of volatiles,
is widely dynamic in relation to several factors such as the
VOCs-producing yeast, the antagonized pathogen and the
ecological niche where the cross-talking species are growing
(Mari et al., 2012; Yuan et al., 2012; Parafati et al., 2017). Volatile
metabolites produced by Sporidiobolus pararoseus effectively
inhibited spore germination and mycelial growth of B. cinerea.
Investigation of the volatile blend composition highlighted 2-ethyl-
1-hexanol as the major compound (Huang et al., 2012b); whereas
1,3,5,7-cyclo octatetraene, 3-methyl-1-butanol, 2-nonanone, and
phenylethyl alcohol are the major components of the VOCs
produced by Candida intermedia antagonizing the same pathogen
(B. cinerea) both in vitro and in planta (Huang et al, 2011).
Meyerozyma guilliermondii has shown antifungal activity
against the rice blast pathogen Pyricularia oryzae by means of
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VOCs production, with ethyl-acetate (Coda et al, 2013) and
helvolic acid (Zhao et al., 2010) being the most effective molecules.
More recent studies performed on W. anomalus identified 2-PE
as the most effective compound in preventing spore germination,
mycelial growth, and toxin production by A. flavus (Hua et al,,
2014). Fiori et al. (2014) highlighted the effect of two
non-fermenting (Cyberlindnera jadinii and Candida friedrichii)
and of two low-fermenting (C. intermedia and Lachancea
thermotolerans) yeast strains, resulting in the inhibition of both
mycelial growth and toxigenic potential of the pathogen Aspergillus
carbonarius. Subsequently, the chemical composition of the four
yeast strains volatilome was characterized: although more than
20 different compounds were identified as components of the
yeast-derived volatilome, 2-PE was found to be the most abundant
one in all tested volatile blends (Farbo et al., 2018). A recent
proteomic investigation aimed at assessing the role of C. intermedia
volatilome in the inhibition of the ochratoxin A (OTA) producing
fungus A. carbonarius revealed that yeast VOCs target a plurality
of fungal metabolic routes, inducing a marked reduction of
the protein biosynthetic activity, proliferative activity, energy
metabolism, and inhibiting the fungal detoxification system.
Nevertheless, exposure to the sole 2-PE (i.e., the major volatilome
component) can only partially reproduce the metabolic alteration
provoked by the whole yeast-derived volatilome, thereby suggesting
that other minor and still unidentified yeast VOCs components
are likely to involve a plurality of metabolic targets, resulting
in a higher effectiveness of the treatment over the long-term
period (Tilocca et al., 2019). In line with these observations,
a very recent study reported the higher antagonistic efficiency
of bacterial and fungal volatilome considered “as whole” when
compared with the administration of the blend components in
their pure form (Miilner et al., 2019).

Volatile organic compounds produced by W. anomalus,
Pichia kluyveri, and Hanseniaspora uvarum inhibited the
mycotoxigenic fungus A. ochraceus growth as well as OTA
production during processing of coffee (Masoud et al., 2005;
Masoud and Kaltoft, 2006).

Volatiles produced by Aureobasidium pullulans have been
tested against B. cinerea, Colletotrichum acutatum, P. expansum,
P digitatum, and P. italicum resulting in an effective control
of these post-harvest fruit pathogens growth both in vitro and
in planta (Di Francesco et al., 2015). In a similar study, Parafati
and colleagues attributed to VOCs produced by W. anomalus,
Metschnikowia pulcherrima, S. cerevisiae, and A. pullulans a
pivotal role in the biocontrol of B. cinerea vegetative growth
and its infection rate on table grape berries (Parafati et al.,
2015). Similarly, volatiles produced by Candida sake reduced
the incidence of apple rot caused by the storage pathogens
P expansum and B. cinerea (Arrarte et al., 2017).

Exploiting Fungus-Plant Cross-Talk to
Control Pathogens

Besides the pathogen-antagonist relationship, plant-fungi
interactions are also widely exploited because of the beneficial
effects exerted either directly or indirectly on the plant growth.

Direct effects of fungi on plant growth promotion are
mainly investigated for endophytes, a group of plant-associated
fungal symbionts emitting a wealth of volatile molecules with
heterogenous physical, chemical, and biological properties
(Khan et al., 2014; Waqas et al., 2014; Zhou et al, 2014;
Kanchiswamy et al, 2015). Previous investigations showed
that tobacco seedlings are improved by Phoma sp. GS8-3
volatiles, with a wide array of C4-C8 hydrocarbons being
produced by this endophytic strain (Naznin et al, 2012).
Although VOCs blend composition appeared highly dynamic
over fungal growth, 2-methyl-propanol and 3-methyl-butanol
were the most abundant compounds along the whole fungal
cultivation period (Naznin et al., 2012). Volatile metabolites
from endophytic fungi have demonstrated to induce plant
growth when administered both as singular molecules and
as a whole blend of compounds (Khan et al., 2014; Waqas
et al., 2014; Zhou et al., 2014; Kanchiswamy et al., 2015).
Quite remarkably, the application of low concentration of the
volatiles blend has registered a better plant growth promotion
than that observed upon exposure to higher concentrations
(Naznin et al., 2012, 2014).

A total of 51 diverse volatiles have been identified from
the fungal volatilome of Trichoderma viride, the most abundant
of which included isobutyl alcohol, isopentyl alcohol, and
3-methylbutanal. Dual culture of T. viride with A. thaliana
under air-tight condition revealed a significant plant growth
promotion, stimulating bigger, taller, and earlier flowering plants
(Hung et al., 2013).

Indirect effects of fungi on the plant growth concern primarily
the induction of systemic resistance, providing the plants with
the adequate resources to face infection by pathogenic species.
The plant-growth promotion exerted by the fungi Cladosporium
and Ampelomyces spp. can be partly attributed to their volatilome,
with m-cresol and methyl benzoate, respectively, being the
major players in eliciting host systemic resistance, hence resulting
in a significantly decreased disease severity after experimental
infection with Pseudomonas syringae pv. tomato DC3000 (Naznin
et al, 2014). Another study, aiming at characterizing the
volatilome of Talaromyces spp., identified several terpenoid-like
molecules including p-caryophyllene. Subsequent investigation
of the sole P-caryophyllene on Brassica campestris L. var.
perviridis resulted in a significantly increased growth of seedlings
and enhanced resistance against Colletotrichum higginsianum
infection (Yamagiwa et al., 2011).

Volatile Organic Compounds Production
by Mixed Microbial Consortia

It has been already proven that the heterogeneous ensemble
of VOCs produced by a single organism may result in different
biological outcomes (Tilocca et al., 2019). Analogously, multiple
microbial specimens coexisting in the same ecological niche
(e.g., the soil) might lead to differing biocontrol achievements
compared to what observed and/or expected by the application
of a single microbial entity. Many types of interaction can
occur among microbial strains, genera, phyla, and even
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kingdoms (Delory et al., 2016; Schulz-Bohm et al., 2017),
leading to a diverse overall behavior of the microbiota, intended
as a whole unique entity, whose biological and ecological
role is the result of all interactions occurring among all
microbiota members. It has been recently proved that
interactions occurring among the microbiota members Bacillus
cereus Rs-MS53 and Pseudomonas helmanticensis Sc-B94 result
in enhanced effectiveness while controlling the pathogenic
fungus R. solani (Miilner et al., 2019), supporting previous
evidences of a strong strain compatibility and cooperative
interaction (Lim et al, 1991; Dowling and O’Gara, 1994;
Ait-Lahsen et al,, 2001; Hong and Meng, 2003; Peighami-
Ashnaei et al.,, 2009; Asari et al., 2016). Several strains of
Pseudomonas and Bacillus spp. have shown to produce both
volatile and nonvolatile antimicrobial compounds, resulting
in either a direct inhibition of the pathogen or a conditioning
of the whole microbial community that hampers pathogens
growth and infection (Schulz-Bohm et al., 2017). Analogously,
it has been reported that Collimonas pratensis and Serratia
plymuthica inhibit the growth of pathogenic Bacillus sp. by
means of an indirect stimulation of Pseudomonas fluorescens
and its subsequent stimulation of antimicrobial compounds
production (Garbeva et al., 2014b). Microbial cross-talk plays
also a pivotal role in the microbial persistence, including
antimicrobial resistance and optimal exploitation of scarce
nutritional resources (Raza et al., 2016; Jones et al., 2017).

Microbiota investigation is still in its infancy under all
applicative fields and further investigations are certainly needed.
The soil-associated microbiota is rather complex, mostly because
of the high biological diversity comprised in its architecture
and the myriad of interfering molecules sampled along that
hamper a fair and accurate analysis. Nevertheless, technical
progress in the field of meta-omics sciences amended disciplines
such as metagenomics, metatranscriptomics metaproteomics,
and metabolomics, enabling a comprehensive investigation
of the taxonomical composition, metabolic potential, and
effective metabolic function of all microbial members. Such
holistic approach would greatly benefit the comprehensive
understanding of the whole microbial community and how
it can be shaped by acting on key variables (e.g., physicochemical
characteristics of the soil, inclusion of “probiotics”). Moreover,
by analogy with animal-oriented research (Troscher-Muf3otter
et al, 2019), investigating how the soil/plant microbiota
interacts with its plant host, system biology would provide
precious information to be exploited in diverse applicative
field, including biological control.

PRACTICAL APPLICATION OF
MICROBIAL VOLATILE ORGANIC
COMPOUNDS

Volatile blends emitted by BCAs have resulted in a high
effectiveness even at low concentrations. Moreover, the reduced
release of residual and the negligible hazardous effects on both

animals and the environment makes BCA volatilome an
intriguing alternative to the use of synthetic pesticides and/
or fertilizers. In addition, the high volatility of these molecules
enables a wide and homogeneous diffusion both below- and
above-ground level. On the other hand, volatility of these
natural metabolites is also responsible for the major challenge
to their massive application in open-field agricultural and
horticultural practices. Drenching of 2,3-butanediol, 3-pentanol,
and 2-butanone revealed reproducible outcomes (Cortes-Barco
etal., 2010a,b). Moreover, open field application of the 3-pentanol
and 2-butanone in a cucumber field has demonstrated a
significant effectiveness against the bacterial angular leaf spot
pathogen Pseudomonas syringae pv. lachrymans by inducing
plant systemic acquired resistance mechanisms. In turn, the
activation of the defense-related gene CsLOX stimulated the
oxylipin pathway, which plays a role in recruiting Coccinella
septempunctata, a natural enemy of the sucking insect aphid,
Myzus persicae (Song and Ryu, 2013).

Similar observations were reported by a field study performed
on red pepper (Choi et al, 2014). Treatment with Bacillus
amyloliquefaciens strain IN937a on plant leaves resulted in
an antagonistic effect against Xanthomonas axonopodis pv.
vesicatoria. The 3-pentanol of bacterial origin has proved to
be effective in the induction of plant resistance mechanism
by priming salicylic acid, jasmonic acid, and ethylene defense
signaling pathway. Another soundly piece of evidence supporting
microbial VOCs in the open-field practices has been reported
by D’Alessandro and colleagues, who demonstrated that field
application on maize plants of acetoin and 2,3-butanediol
produced by Enterococcus aerogenes triggers a higher resistance
against the Northern corn leaf blight fungus Setosphaeria
turcica, most likely by stimulating the plant defense system
(D’Alessandro et al., 2014).

In a recent investigation performed on potato field, five
bacterial strains, namely Pseudomonas palleroniana R43631,
Bacillus sp. R47065, R47131, Paenibacillus sp. B3a R49541,
and Bacillus simplex M3-4 R49538, were designed as suitable
to improve potato yield by means of VOC production (Velivelli
et al., 2015). Nevertheless, molecular details on how the single
components of the volatilome exert their inhibitory activity
are generally missing in field studies. On the other hand,
studies carried out in vitro and/or greenhouse condition do
generally succeed in the evaluation of the biological mechanisms
triggered by the microbial VOCs, but lack to consider the
practicability under open-field conditions. Undoubtedly,
investigation of the microbial VOCs is still in its infancy
and further complementary studies are needed to design
appropriate methods for delivery and effective lasting of these
innovative treatments (Velivelli et al., 2015; Chung et al., 2016;
Schulz-Bohm et al., 2017).

To date, the most promising results were achieved by applying
microbial VOCs for the control and prevention of storage
pathogens. VOCs application under air-tight condition ensures
a rapid saturation of the atmosphere and allows the maintaining
of concentration levels of the microbial volatile blend above
the minimal effective concentration required to succeed with
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the pathogen control strategies. In this view, application of
microbial VOCs in close environment condition may represent
a valuable approach for investigating unique molecules and
complex VOCs mixtures in relation to their potential biocontrol
activity. Identification of bioactive molecules along with the
dynamic cross-talk these compounds are involved in would
greatly facilitate the development of suitable chemical forms
(e.g., immobilized molecules, pro-bioactive compounds) that
should allow better handling, storage, and safe deliver to open
fields (Kanchiswamy et al., 2015).

CONCLUSION

Microbes produce a wide array of volatile metabolites linked
to a complex network of interactions, involving intra- and
inter-species relationship. Most of the studies so far performed
have focused on the unidirectional effect of the microbial VOCs
produced by a single microbial entity in regard to another
microbial species or strain (Schulz-Bohm et al.,, 2015, 2017;
Splivallo et al,, 2015). Although of a great importance, this
“foreshortening of the microbial reality” is rather simplistic
and does not consider a wealth of biotic and abiotic factors
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The phylogenetic diversity of fungi isolated from the Odontotermes formosanus was
investigated by dilution-plate method, combined with morphological characteristics
and 5.8S rDNA sequencing. Thirty-nine fungi were isolated and purified from
O. formosanus, which were belonging to two phyla and four classes (Sordariomycetes,
Dothideomycetes, Eurotiomycetes, Agaricomycetes). Furthermore, nine bacterial 16S
rRNA sequences were obtained from total fungal genomic DNA. All bacterial symbionts
were segmented into four genera: Bacillus, Methylobacterium, Paenibacillus, and
Trabulsiella. The antimicrobial activities of all endophytic fungi extracts were tested
by using the filter paper method against Escherichia coli (ATCC 8739), Bacillus
subtilis (ATCC 6633), Staphylococcus aureus (ATCC 6538), and Canidia albicans
(ATCC 10231). The results exhibited that 25 extracts (64%) exhibited antibacterial
activity against at least one of the tested bacterial strains. Furthermore, the secondary
metabolites 1 [5-hydroxyramulosin (1a):biatriosporin M (1b) = 2:1] from the Pleosporales
sp. BYCDW4 exhibited potent antimicrobial activities against E. coli, C. albicans,
B. subtilis, and S. aureus with the inhibition zone diameter (IZD) of 13.67, 14.33, 12.17,
and 11.33 mm, respectively, which were comparable with those of the positive control.
1-(2,5-Dihydroxyphenyl)-3-hydroxybutan-1-one (2) from the Microdiplodia sp. BYCDW8
showed medium inhibitory activities against B. subtilis and S. aureus, with the 1ZD range
of 8.32-9.13 mm. In conclusion, the study showed the diversity of insect symbionts
could be expected to develop the resource of new species and antibiotics.

Keywords: Odontotermes formosanus, fungal diversity, bacterial symbionts, antimicrobial activities, secondary
metabolites

INTRODUCTION

The symbiotic relationships, kinds of organisms including microorganisms, animals, and plants
can be seen everywhere in the world (Blackwell and Vega, 2018; Grigorescu et al., 2018). For
example, the first direct visual evidence of a not-yet-cultured CFB bacterium is detected in a
mycorrhizal fungus (Barbieri et al., 2000). Many others with well-studied examples including the
sponge and symbiotic strains, nitrogen-fixing bacteria, and legumes live in symbiotic association
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(Trainer and Charles, 2006; Webster et al., 2008). Compared with
other interactions, the insect symbiont interactions still represent
a largely unknown field (Park et al., 2018).

There are few researches reported that symbioses of insects
are an important unexploited microbial resource for human
beings. For example, insect gut microbes, especially fungi
in suppression of unwanted microorganisms (parasites,
microorganic pathogens, etc.), protecting the hosts and
maintaining the ordinary growth and behavior, are of interest
to insects (Lu et al., 2016; Beemelmanns et al, 2017; Van
Arnam et al., 2017). Based on this symbiosis, several new
immunosuppressive polyketides were obtained from a fungus
attached to mantis, Daldinia eschscholzii IFB-TLOl (Zhang
et al., 2008, 2011). In addition, insect symbiosis is also an
important source of new microorganisms. For instance, 57
entomopathogenic fungi were analyzed, including one species
which was firstly reported (Nishi and Sato, 2017). Many new
species were also isolated from aquatic insects, among which
new genera were found (White and Lichtwardt, 2004; White
et al,, 2018). Nonetheless, extensive, methodical, and biologically
correlative researches about the insect microorganisms were
restricted, especially when the complexity of insect symbiotic
system was taken into consideration.

Termites, belonging to the class Insecta and the order
Isoptera in the phylum Arthropoda, are a kind of eusocial and
hemimetabolous insects (Mathew et al., 2012). Multitudinous
and particular microbial floras reside in the termites, most of
which can help the host to digest and utilize their food (Zhu
et al,, 2012; Li et al, 2017). Odontotermes formosanus as a
termite species is mainly distributed in south areas of the line
between Yellow River and Yangtze River in China. As far as
we know, research concentrated on O. formosanus fungi derived
from China have been rather rare (Chou et al., 2007; Shinzato
et al., 2007). Underexploited O. formosanus symbionts can offer
a pathway to finding unreported biological resources, which will
solve the dilemma that needs to be dealt with regarding new
drugs, especially antibiotics, which we are in sore need of due
to increasing bacterial resistance to existing antibiotics (Procopio
et al, 2012; Bi et al,, 2013; Elahwany et al., 2013). Herein, the
study was intended to explore the phylogenetic diversity, bacterial
symbionts, antimicrobial potency, and compounds of the fungi
associated with O. formosanus.

MATERIALS AND METHODS

Sample Collection and Microbial

Isolations

A total of 50 termite samples were collected from the rotten
wood in a grove in Zhejiang Normal University (29°00'17.37"N,
119°29'54.84"E, Jinhua city, China) during early spring in March
2016. The 50 collected samples were starved for 12 h and surface-
sterilized in 75% ethanol for 2 min, followed by rinsing in
sterilized water three times (30 s each). Sterile forceps were used
to dissect samples to get the guts. The guts and degutted bodies of
termites were fully homogenized separately in 0.5 ml sterile water.
Then, the homogenates were diluted in a 10-fold series (i.e., 1071,
1072, 1073), and aliquots of 200 pl from each dilution were

spread onto 10 isolation media (Supplementary Table S1). Pure
colonies of fungi from the appropriate dilution were transferred
into new MEA medium. Isolated strains were preserved on MEA
slants at 4°C until use. Fungal species were grouped via molecular
sequence data. The fungi were stored at our institute.

DNA Sequencing

DNA sequencing was performed according to the methods
detailed previously (Hoffman and Arnold, 2010; Shao et al,
2015). Symbiotic fungi were transferred into ME medium (20 g
malt extract, 20 g sucrose, 1 g peptone in 1 L of distilled H,0)
and cultured at 28 & 0.5°C on rotary shakers for 5-6 days. The
growing fungal mycelia were used to afford samples for genomic
DNA extraction. Fungal total DNA was amplified using the Fast
DNA Extraction Kit (BioTeke, Beijing, China) as claimed by the
manufacturer’s specification. The genomic DNA was stored at
4°C until use. The primers ITS1/ITS4 and 27F/1492R were used
to amplify 5.8S rDNA and 16S rRNA based on the fungal genomic
DNA. Qualified PCR samples were used for sequencing (Sangon
Biotech Co., Ltd., Shanghai, China).

Fungi’s Identification and Phylogenetic

Analyses

As described previously (Shao et al., 2015), all resulting sequences’
affiliation which were returned from Sangon Biotech Company
were recognized by the available data in BLAST from the
National Center for Biotechnology Information (NCBI) database.
Sequence alignment and neighbor-joining phylogenetic analysis
were carried out using MEGA software version 5.1. Bootstrap
analysis of tree construction on the strength of the sequences
was accustomed to estimate the neighbor-joining information
based on 1,000 replicates (Felsenstein, 1985). The 5.8S rDNA
sequences that had been obtained were placed in NCBI
with the accession numbers MG820065-MG820103. Besides,
endosymbiotic bacterial 16S rRNA sequences were deposited in
NCBI with the accession numbers MG825089-MG825096.

Fermentation

Every fungus was grown on MEA medium at 28 £ 0.5°C for
3-4 days. Then, pieces of fresh mycelium were inoculated into
1-L Erlenmeyer flasks each containing 150 ml of ME liquid
medium, after 2-3 days of incubation at 28 & 0.5°C in a shaker
rotating at 180 rpm. A 20-ml suspension of the fungus was
transferred as seed into 1-L Erlenmeyer flasks each containing
400 ml of ME liquid medium. The flask cultures were incubated
at 28 + 0.5°C for 1 week.

Isolation of Compounds From BYCDW4

and BYCDWS8

A total of 26 L of fermentation broth of BYCDW4 was filtered
and extracted with EtOAc (3 x 26 L) at room temperature. The
solvent was then evaporated in vacuo to give a black-brown crude
extract (13.5 g). The obtained extract was separated by column
chromatography (CC) using silica gel (SiO;: 200-300 mesh, 15 g)
and eluting with a stepwise gradient of CH,Cl,/MeOH (100:0-
100:16, v/v) to afford six primary fractions (A to F). Then the
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white needle crystal (compound 1, 5.84 g) were recrystallized by
CH,Cl,/MeOH continuously up to no impurity.

The dark-yellow mixture of BYCDWS (1.5 g) was obtained
with the method as above. Compound 2 (14.5 mg) was isolated
and purified from subfraction B-2, which was given from
further chromatography over silica gel in fraction B (0.4 g,
CH,Cl,/MeOH, 100:1).

Structural Elucidation of Metabolites

The structures of compounds 1 and 2 were primarily analyzed
by mass and 'H/!*C-nuclear magnetic resonance (NMR)
spectroscopies. The electrospray ionization mass spectrometry
of the purified metabolites was recorded on a TripeTOF 4600
instrument (Bruker, Billerica, MA, United States). 'H/!*C NMR
spectra were measured with a Bruker AVANCE-600 (Bruker,
Switzerland) spectrometer, and chemical shifts were reported as
parts per million (8) by referring to tetramethylsilane as internal
standards. The structure of compound 1a was further determined
by single crystal X-ray.

Antimicrobial Activities

The antimicrobial activities of all the 39 fungal crude extracts
and the secondary metabolites were evaluated using filter-paper
method as described previously (Li et al., 2014). Three tested
pathogens (Escherichia coli ATCC 8739, Bacillus subtilis ATCC
6633, Staphylococcus aureus ATCC 6538) were cultivated on NA
medium (NaCl 3 g, peptone 10 g, beef extract 3 g, agar 18-20 g,
distilled H,O 1,000 ml) in 37°C, whereas the pathogenic Candida
albicans (ATCC 10231) was inoculated on PDA medium in 28°C.
Then 200 pl of the overnight fermentation broth of the pathogens
was inoculated on the corresponding plate. Next, 5 pl of the
tested objects including crude extracts, metabolites, and positive
control drugs which were dissolved completely by acetone with
the concentration of 6 mg/ml was pipetted onto a sterile filter disk
with a diameter of 5 mm. Gentamicin sulfate and amphotericin B
were used as the positive control of pathogenic bacteria and yeast,
respectively. Then, all the processed filter papers were placed
on the above pre-prepared medium. Each test was set up three
repeats. Plates were cultivated at constant temperature incubator
and the inhibition zone was measured at 24-36 h.

RESULTS

Phylogenetic Diversity of Cultivable

Fungi From O. formosanus

In this study, a total of 39 symbiotic fungi were isolated
from O. formosanus (Table 1 and Figure 1). The ITS1-5.8S-
ITS2 region of all strains were sequenced and compared
with available GenBank reference sequences. Sequences analysis
showed that all fungi were attached to the phyla Ascomycota
and Basidiomycota, 35 strains of which were grouped into three
classes [Sordariomycetes (23.1%), Dothideomycetes (53.8%), and
Eurotiomycetes (15.4%)] within Ascomycota. The other three
strains (8%) were distributed in the Agaricomycetes within the
phylum Basidiomycota (Figure 1).

The fungi of Dothideomycetes were dominant species in
phylogenetic diversity of cultivable fungi from O. formosanus.
The largest number (21) of isolates was distributed in three
orders, including the Capnodiales, Venturiales, and Pleosporales.
Among of them, two strains belonging to Capnodiales showed
highly similar to Cladosporium cladosporioides with identity
of 99%. The strain BYCDW30 showed only 92% similarity to
O. constricta, which indicated a potential new species. The most
frequent order identified was the Pleosporales, which included six
genera based on phylogenetic tree analysis (Figure 1).

The strains of Sordariomycetes (9) were mainly included in
the three classes (Xylariales, Pleurotheciales, and Hypocreales).
Four of them were grouped into the family Hyporcreaceae
and were identified as Fusarium verticillioides, Metacordyceps
chlamydosporia, Nectria diminuta, and Trichoderma viride,
respectively (Figure 1). Two strains showed similar to
Phaeoisaria loranthacearum with a low identity of 96%.
Two other strains belonging to Xylariales were identified as
Pestalotiopsis hainanensis and P. microspora, respectively.

Six isolates of the class Eurotiomycetes were mainly
concentrated in the genus Exophiala grouped into the order
Chaetothyriales. Four strains showed highly similar to Exophiala
jeanselmei with an identity of more than 99%. Another two
strains were similar to E. bergeri with sequence match of 94%
and 99%, respectively. What was worth mentioning was that the
BYCDW17 showed a sequence match of 94% with E. bergeri,
which indicated that it might not have been deposited in
the GenBank database or represent a potential new species
(Landeweert et al., 2003).

The fungi of class Agaricomycetes belonging to the phylum
Basidiomycota were mainly distributed in the orders Agaricales
and Polyporales. The strain BYCDW26 of Agaricales was a
Termitomyces fungus, which had the low similar sequence
with an identity of 88.10%. Another two strains belonging
to Polyporales were identified as Irpex lacteus and Phellinus
igniarius, respectively.

Diversity of Bacterial Symbionts

A total of nine bacterial symbionts 16S rRNA was obtained
from the fungi associated with O. formosanus in this study
(Supplementary Table S2). These bacterial symbionts
mainly pertained to the class Dothideomycetes and
identified as Bacillales (Bacillus, Paenibacillus), Rhizobiales
(Methylobacterium), and Enterobacterium  (Trabulsiella).
Furthermore, six bacteria were putatively divided into genus
Bacillus.

Antimicrobial Activities of the Crude

Extracts of Fungi

The antimicrobial results are shown in Table 2. Of the
all isolates, 25 extracts (64%) exhibited antibacterial activity
against at least one of the tested bacterial strains. Especially,
BYCDWS, BYCDW4 (Supplementary Figure S1), BYCDW13,
and BYCDW19 exhibited remarkable inhibitory activities against
S. aureus (ATCC 6538) with the inhibition zone diameter (IZD)
of more than 20 mm. These four fungi were all attached to
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TABLE 1 | Phylogenetic analysis of cultivable fungi associated with O. formosanus.

Isolate code Closest match Accession no. Proposed identity Coverage/max ident GenBank no.
BYCDW15 Ascomycota sp. HQB07923 Ascomycota sp. 97/99 MG820065
BYCDW19 Ascomycota sp. HQB07923 Ascomycota sp. 99/99 MG820066
*BYCDWA1 Ascomycota sp. HQB07923 Ascomycota sp. 99/97 MG820067
BYSTW10 Ascomycota sp. KU535795 Ascomycota sp. 97/98 MG820068
BYCDW7 Cladosporium cladosporioides KX258800 Cladosporium cladosporioides 100/99 MG820069
BYSTW6 Cladosporium cladosporioides MF319902 Cladosporium cladosporioides 99/99 MG820070
BYCDW12 Dothideomycetes sp. KM519287 Dothideomycetes sp. 98/99 MG820073
BYCDW3 Exophiala bergeri JX473281 Exophiala bergeri 94/99 MG820091
*BYCDW17 Exophiala bergeri JX473281 Exophiala bergeri 95/94 MG820075
BYSTW2 Exophiala jeanselmei KY292527 Exophiala jeanselmei 98/99 MG820076
BYCDW10 Exophiala jeanselmei KY292527 Exophiala jeanselmei 98/99 MG820077
BYSTW7 Exophiala jeanselmei KY292527 Exophiala jeanselmei 98/99 MG820078
BYCDW6 Exophiala jeanselmei KY292527 Exophiala jeanselmei 96/99 MG820079
BYCDW13 Paraconiothyrium brasiliense FJ378076 Paraconiothyrium brasiliense 97/99 MG820080
BYCDW29 Paraconiothyrium brasiliense FJ378076 Paraconiothyrium brasiliense 98/99 MG820081
BYSTW11 Fusarium verticillioides KT587649 Fusarium verticillioides 99/99 MG820082
BYSTW1 Irpex lacteus KC414252 Irpex lacteus 98/99 MG820083
*BYSTW9 Leptosphaeria sp. KP747704 Leptosphaeria sp. 99/96 MG820084
*BYCDW9 Leptosphaeria sp. KP747704 Leptosphaeria sp. 98/96 MG820085
BYCDwW28 Metacordyceps chlamydosporia KP216980 Metacordyceps chlamydosporia 96/99 MG820086
BYCDW5 Microdiplodia sp. EU273518 Microdiplodia sp. 98/99 MG820071
BYCDW8 Microdiplodia sp. EU273518 Microdiplodia sp. 98/99 MG820072
BYCDW27 Nectria diminuta JX076962 Nectria diminuta 88/99 MG820087
*BYCDW30 Ochroconis constricta KM056323 Ochroconis constricta 97/92 MG820088
*BYSTW5S Pleosporales sp. HQ914849 Pleosporales sp. 97/99 MG820089
*BYCDW4 Pleosporales sp. KP269012 Pleosporales sp. 99/99 MG820092
*BYSTW3 Pleosporales sp. HQ914849 Pleosporales sp. 98/93 MG820090
*BYCDW20 Pyrenochaeta sp. KJ207418 Pyrenochaeta sp. 97/99 MG820093
BYSTW8 Pyrenochaeta sp. EU750693 Pyrenochaeta sp. 97/99 MG820094
BYCDW16 Pleosporales sp. KY910236 Pleosporales sp. 97/100 MG820095
*BYCDW23 Pleosporales sp. HQ914849 Pleosporales sp. 80/94 MG820091
BYCDW18 Pestalotiopsis hainanensis GQ869902 Pestalotiopsis hainanensis 99/99 MG820096
*BYCDW24 Phaeoisaria loranthacearum KR611888 Phaeoisaria loranthacearum 99/96 MG820097
*BYCDW25 Phaeoisaria loranthacearum KR611888 Phaeoisaria loranthacearum 97/97 MG820098
BYCDW11 Pestalotiopsis microspora KX755256 Pestalotiopsis microspora 97/97 MG820099
BYCDwW22 Phellinus igniarius KY703431 Phellinus igniarius 98/99 MG820100
BYCDw21 Trichoderma viride KP689168 Trichoderma viride 98/100 MG820102
*BYCDW26 Termitomyces sp. AB968241 Termitomyces sp. 98/95 MG820101
*BYCDW14 Uncultured fungus FN397433 Ascomycota sp. 98/98 MG820103

*Potential new strain.

Pleosporales in the class Dothideomycetes. Furthermore, the
strain BYCDW4 possessed notable inhibitory effect against E. coli
(ATCC 8739) with the IZD of 21.07 mm, which was stronger
than the positive gentamicin sulfate with the IZD of 17.67 mm.
However, other strains did not express remarkable activity
against E. coli. The crude extracts of BYCDW3, BYCDW4,
and BYCDW?25 exhibited great inhibition effect on C. albicans
(ATCC 10231), which were equivalent to that of amphotericin
with the IZD of 19.17 mm. And among them, the crude
extract of BYCDW25 was the most prominent. Further analysis
showed that the inhibition activities of the fungal extracts against
gram-positive bacteria was much better than the gram-negative

bacteria. In addition, the potential new isolates BYCDW24 and
BYCDW25 (in the order Pleurotheciales) presented moderate
antimicrobial activities against several pathogens.

Identification of the Secondary
Metabolites Isolated From BYCDW4 and
BYCDWS8

Secondary metabolites were identified by spectroscopic analyses,
including HR-ESI-MS, NMR, and comparisons with the
data described in the previous literatures. The constituents
were identified as compound 1 [5-hydroxyramulosin (1a):
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FIGURE 1 | Neighbor-joining phylogenetic tree of ITS rDNA sequences of
O. formosanus fungal isolates. Bootstrap values were calculated using 1,000
replications.

biatriosporin M (1b) = 2:1] from BYCDW4 and 1-(2,5-
dihydroxyphenyl)-3-hydroxybutan-1-one (2) (Figure 2) from
BYCDWS8 based on the following data.

Compound 1 was obtained as a white needle crystal, which
is a mixture (5-hydroxyramulosin (Osterhage et al.,, 2002) and
biatriosporin M (Zhou et al., 2016)) with the proportion of 2:1
from the data of 'H NMR. 5-Hydroxyramulosin (1a): HR-ESI-
MS: [M + H]T m/z 199.0964 (calcd for 199.0970), [M + Na]*
m/z 221.0785 (caled for 221.0790); 'H NMR (CDCl3) 8: 13.30 (s,

TABLE 2 | Antimicrobial activities of 39 fungal crude extracts against pathogenic
bacteria and yeast (mm).

Strains E. coli C. albicans B. subtilis S. aureus
BYCDW11 NI NI NI 7.83 4+ 0.29
BYCDW3 8.17 +£1.53 156.83+1.15 11.50 £ 1.00 14.33 £ 2.57
BYCDW6 NI NI 12.47 +£0.38 14.90 + 0.26
BYCDW23  14.00+1.50 12.30+2.25 12,13+ 1.18 13.20 £ 1.25
BYCDW24 12.83 +1.26 NI 15.28 + 6.26 NI
BYCDW5 11.67 £ 0.58 NI 14.75 £ 0.37 11.33 £ 1.53
BYCDW8 6.53 &+ 0.25 NI 14.00 + 1.80 22.33 + 3.21
BYCDW4 21.07 £ 0.26 14.80 £ 0.84 18.45+1.04 21.38 £ 0.12
BYCDW1 NI NI NI 8.03 & 0.40
BYCDW29  11.234+1.25 NI NI 7.33 4+ 0.21
BYCDW13 NI NI 17.30 £ 0.83 20.4 + 0.61
BYCDW25 NI 17.58 + 0.60 11.55 £ 0.05 14.85 + 0.26
BYCDW14 NI NI NI NI
BYCDW20 NI NI NI NI
BYCDW18 NI NI NI NI
BYCDW19 NI NI NI 20.27 + 0.64
BYCDW10  10.97 £0.15 NI 10.87 £ 0.15 NI
BYCDW26 NI NI NI NI
BYCDW16 NI NI NI NI
BYCDW30 NI NI NI 7.03 £0.12
BYCDw21 NI NI NI 6.97 £+ 0.06
BYCDW28 NI NI NI NI
BYCDW?7 NI NI NI NI
BYCDW9 NI NI NI 7.73 +£0.25
BYCDW22 7.73 £ 0.06 NI NI NI
BYCDW15 NI NI NI NI
BYCDW17 NI NI NI NI
BYCDW12 NI NI NI 7.47 +£0.46
BYCDW27 NI 10.02 £ 0.14 711 +0.14 12.42 £ 0.50
BYSTW11 12.67 £1.76 12.33 £ 0.76 12.33 £ 0.76 12.83 £ 0.76
BYSTW6 7.13 £0.85 NI NI 6.40 &+ 0.26
BYSTW1 NI NI 10.68 £0.51  14.12 £0.83
BYSTW9 NI NI 6.95 +0.10 7.06 £0.10
BYSTW7 NI NI 6.67 +0.19 6.65 + 0.10
BYSTWS8 NI NI NI NI
BYSTW2 NI NI NI NI
BYSTW10 NI NI NI NI
BYSTW3 8.404+1.70 NI NI 9.20+ 1.84
BYSTW5 NI NI NI 10.53 £ 0.80
pC? 1767 £029 1917+076 19.17 +£0.29 21.33 + 0.58

4PC as the positive control, gentamicin sulfate and amphotericin as the positive
control of pathogenic bacteria and yeast, respectively; results are presented as
the mean =+ standard; “NI” means not inhibited; the concentration for the test is
30 pg/filter paper.

1H), 4.48 (m, 1H), 4.05 (m, 1H), 2.68 (m, 1H), 2.59 (m, 1H), 2.38
(m, 1H), 2.05 (m, 1H), 1.72 (m, 1H), 1.96 (m, 1H), 1.84 (m, 1H),
1.42 (d, 6.3, 3H); 13C NMR (CDCls) 8: 174.3, 172.4, 92.2, 76.2,
66.0, 37.4, 32.7, 27.9, 24.3, 21.8. Biatriosporin M (1b): HR-ESI-
MS: [M + H]T m/z 197.0807 (calcd for 197.0814), [M + Na]™
m/z 219.0625 (caled for 219.0633); 'H NMR (CDCl3) 8: 12.70
(s, 1H), 6.66 (dd, 9.9, 5.4, 1H), 6.25 (d, 9.9, 1H), 4.50 (m, 1H),
3.99 (m, 1H), 2.81 (m, 1H), 1.88 (m, 1H), 1.80 (m, 1H), 1.47 (d,
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1a 1b

FIGURE 2 | The structure of compounds 1 and 2.

o OH

6.3, 3H); *C NMR (CDCl3) 8: 172.5, 166.0, 138.7, 125.8, 90.9,
75.9, 63.2, 36.0, 30.3, 21.6. Compound la was further identified
based on single-crystal X-ray diffraction data (Supplementary
Table S3 and Supplementary Figure S2). Compound 1b was a
dehydrogenated derivative of 1a. Owing to their similar polarity,
we were not able to isolate them by conventional separation
methods. To the best of our knowledge, this was the first
report that compound 1 was isolated from the fungus with
high yield of 43.3% (compound/crude extract = 5.84 g:13.50 g).
Worth mentioning was that compound 1a (5-hydroxyramulosin)
was reported with good antifungal activity against the fungal
pathogen Aspergillus niger (ICso = 2.10 pg/ml) and remarkable
cytotoxicity to murine leukemia cells (ICsp = 2.10 pg/ml)
(Santiago et al., 2012).

1-(2,5-Dihydroxyphenyl)-3-hydroxybutan-1-one (2) (Hong
et al,, 2018): light green-orange powder. HR-ESI-MS: [M + H]*
m/z 197.0804 (calcd for 197.0814).'H NMR (acetone-d6) 8: 11.77
(br's, 1H), 8.19 (br s, 1H), 7.34 (d, 2.94, 1H), 7.09 (dd, 2.94, 8.88,
1H), 6.80 (d, 8.88, 1H), 4.37 (m, 1H), 3.92 (br s, 1H), 3.19 (dd,
8.04, 17.52, 1H), 3.03 (dd, 4.62, 17.52, 1H), 1.26 (d, 6.20, 3H).
3C NMR (acetone-d6) 8: 206.6, 156.6, 150.4, 125.6, 120.3, 119.3,
115.9, 64.8, 48.2, 23.7.

Antimicrobial Activities of Secondary
Metabolites Isolated From BYCDW4 and
BYCDWS8

The antimicrobial activities of the compounds isolated from the
strain BYCDW4 and BYCDW8 is shown in Table 3. Under

TABLE 3 | Antimicrobial activities of compounds isolated from BYCDW4 and
BYCDWS8 against the test pathogens (mm).

Compounds E. coli C. albicans B. subtilis S. aureus

1 13.67 £1.15 14.33+257 12174+0.76 11.33+0.58
2 6.53 + 0.30 NI 8.32 + 0. 07 9.183+0.17
pC? 1767 £029 1917 +076 19.17+0.29 21.33 +£0.58

4PC as the positive control, gentamicin sulfate and amphotericin as the positive
control of pathogenic bacteria and yeast, respectively; results are presented as
the mean =+ standard; “NI” means not inhibited; the concentration for the test is
30 ug/filter paper.

the test concentration of 30 pg/filter paper, compound 1 [5-
hydroxyramulosin (1a):biatriosporin M (1b) = 2:1] exhibited
some inhibitory activities against all the test pathogens. More
specifically, the inhibitory effect on E. coli was the most significant
with the IZD of 13.7 mm, which was slightly weaker than that
of positive gentamicin sulfate with IZD of 17.7 mm. Compound
1 also showed good antimicrobial activities against C. albicans,
B. subtilis, and S. aureus with the IZD of 14.33, 12.17, and
11.33 mm, respectively, which were comparable with those of
the positive control. Compound 2 exhibited medium inhibitory
activity against B. subtilis and S. aureus, with the IZD range of
8.32-9.13 mm, while it had no inhibition effect on C. albicans.

DISCUSSION

Microorganisms isolated from the bioprospecting underexploited
environments with rich microbial biodiversity has been
an important source of active natural products and new
microorganism resources. A great variety of cultivable microbial
flora was reported to exist in insects (Douglas, 2015; Shao et al,,
2017; Blackwell and Vega, 2018). These important microbial
resources were increasingly reported to be important sources
of new natural products (Carr et al., 2012; Adnani et al., 2017;
Xiao et al, 2017). In this study, the diversity of symbiotic
fungi associated with O. formosanus and endophytic bacteria
were studied. Thirty-nine fungi, including some potential
new species, were isolated by culture-dependent method and
molecular biological identification. To our knowledge, this is
the first time that the phylogenetic diversity of cultivable and
biological activity screening of secondary metabolites of fungi
isolated from O. formosanus was studied, which will provide an
important microbial resource for the discovery of new species
and natural products.

Today, multidrug resistance of pathogens represents one of
the major challenges to treat infectious diseases in community-
and hospital-acquired infection diseases. There is also an urgent
need for new antibiotics against gram-negative bacteria which
have already been resistant to existing carbapenems and third-
generation cephalosporins (Luther et al., 2019). In our study,
the crude extract of potential new fungus BYCDW4 showed
especially notable inhibitory effect against gram-negative E. coli
(ATCC 8739) with the IZD of 21.07 mm, which was stronger than
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that of the positive gentamicin sulfate. The inhibition effect of
crude extract against E. coli was better than purified compound
1 with the IZD of 13.6 mm. This might be the result of the
synergistic action of multiple compounds, or the more active
compounds have not been separated from the crude extract.
Further research on other metabolites of BYCDW4 will be
expected to develop new antibiotics for the treatment of gram-
negative bacteria.

The potential new isolates BYCDW24 and BYCDW25 (in
the order Pleurotheciales) presented selectively antimicrobial
activities against the pathogens. BYCDW25 had good inhibitory
activity against C. albicans and nearly no inhibition to E. coli,
while BYCDW24 showed certain inhibitory effect on E. coli but
no effect on C. albicans. As we reported, the BYCDW24 and
BYCDW?25 shared the same evolutionary relationship except
the BYCDW25 harboring one endophytic bacterium. Similar
to endobacteria of insects, the endobacteria of fungi showed a
range of behaviors from mutualism to antagonism (Bonfante and
Desiro, 2017). It has been reported that endobacterium affects
the activity of host fungus (Partida-Martinez and Hertweck, 2005;
Lackner and Hertweck, 2011). Whether the endobacterium from
BYCDW?25 played an important role in the biological activity
should be further explored.

It is reported that the majority of symbiotic bacteria was
identified as Bacillus from the fungus-growing termite (Mathew
et al., 2012; Zhu et al,, 2012). In our experiments, 66.7% (6/9)
symbiotic bacteria from the cultivable fungi were identified as
Bacillus, which proved that these dominant bacterial symbionts
can also inhabit fungi isolated from the gut of O. formosanus.

CONCLUSION

In this study, 39 fungi were isolated and identified from
O. formosanus, which were belonging to two phyla and
four classes. Furthermore, nine bacterial 16S rRNA sequences
were obtained from total fungal genomic DNA. All bacterial
symbionts belonged to four genera: Bacillus, Methylobacterium,
Paenibacillus, and Trabulsiella. The antimicrobial bioassay
showed that 25 fungal extracts (64%) exhibited antibacterial
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Microbial and non-microbial plant biostimulants have been successfully used to improve
agriculture productivity in a more sustainable manner. Since the mode of action of
biostimulants is still largely unknown, the present work aimed at elucidating the morpho-
physiological and metabolomic changes occurring in maize (Zea mays L.) leaves and
roots following seed treatment with () a consortium of two beneficial fungi [arbuscular
mycorrhizal fungi (AMF) and Trichoderma koningii TK7] and rhizobacteria, (i) a protein
hydrolyzate-based biostimulant (PH) alone, or (i) in combination with a consortium of
T. koningii TK7 and rhizobacteria. The application of PH alone or in combination with
Trichoderma elicited significant increases (+16.6%) in the shoot biomass compared
to untreated maize plants, whereas inoculation with AMF + Trichoderma elicited
significant increases in root dry biomass (+48.0%) compared to untreated plants.
Distinctive metabolomic signatures were achieved from the different treatments, hence
suggesting that different molecular processes were involved in the plants response to
the biostimulants. The metabolic reprogramming triggered by the treatments including
the protein hydrolyzate was hierarchically more pronounced than the application
of microorganisms alone. Most of the differential metabolites could be ascribed to
the secondary metabolism, with phenylpropanoids and terpenes being the most
represented compounds. The application of PH triggered an accumulation of secondary
metabolites, whereas the opposite trend of accumulation was seen in the case of
microorganisms alone. The increase in biomass could be related to two processes,
namely the modulation of the multilayer phytohormone interaction network and a
possible increase in nitrogen use efficiency via the GS-GOGAT system.

Keywords: protein hydrolyzate, mycorrhiza, phytohormones, plant metabolomics, Trichoderma, Zea mays L.
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INTRODUCTION

Nowadays, agriculture is facing new and concurrent challenges
such as boosting crop productivity and coping with food
insecurity. Considering that the global population will reach
10 billion by 2055 the environmental impact of agriculture
has to be minimized and natural resources (i.., soil quality
and water) have to be preserved for future generations,
both sustainability and low production costs are required to
remain competitive in a globalized economy (FAO, 2009).
Maize (Zea mays L.) has gained economic significance at a
global level, contributing about 12.4% of the worlds food
demand (38% of cereals) and ranking first in production
volume worldwide (1,135 million tons) (FAO, 2017). Enhancing
resource use efficiency (e.g., water and nutrients) through novel,
sustainable and eco-friendly strategies, is an urgent need to
secure yield stability and food security while preserving soil
quality and providing new business opportunities for farmers
(Searchinger et al., 2018).

An eco-friendly, sustainable and innovative method
that is able to tackle the upcoming challenges is the
incorporation of biostimulant technology in the cropping
system, especially biostimulants of plant origin (Chiaiese et al.,
2018; Rouphael et al, 2018c). In a recent EU Regulation,
“plant biostimulant” has been defined as an EU fertilizing
product which is applied to crop plants or rhizospheres with
the aim of modulating plant physiological functions and
of improving crop productivity, efficiency of nutrient use,
quality of crop products and abiotic stresses tolerance (EU,
2019). Plant biostimulants by this definition include several
substances with bioactive properties: humic and fulvic acids,
protein hydrolyzates, seaweed extracts, plant extracts and
silicon, as well as plant growth promoting microorganisms:
arbuscular mycorrhizal fungi (AMF), Trichoderma, and plant
growth promoting rhizobacteria (PGPR) (Calvo et al., 2014;
Battacharyya et al, 2015; Canellas et al, 2015; Colla and
Rouphael, 2015; Colla et al., 2015a, 2017b; du Jardin, 2015;
Rouphael and Colla, 2018, 2020).

Arbuscular mycorrhizal fungi and Trichoderma represent
two major classes of beneficial microbes (Lopez-Bucio et al,
2015; Rouphael et al., 2015). The biostimulant action of these
endophytic fungi under both favorable and stressful soil or
environmental conditions has been associated with several
putative mechanisms including: (i) the production of key
enzymes such as phosphatases and/or release of small peptides,
volatiles, and active metabolites that have hormone-like activity,
(ii) enhancing photosynthetic efficiency and water relations, (iii)
the promotion of nitrate, phosphate and ammonia transporters,
(iv) the accumulation of osmoprotectants and antioxidants,
and (v) the modulation of plant root architecture through
the increase of root length, density and branching, resulting
in enhanced nutrient uptake (P, Fe, Mn, and Zn) (Contreras-
Cornejo et al., 2009; Woo et al., 2014; Lopez-Bucio et al., 2015;
Rouphael et al., 2015; Fiorentino et al., 2018; Lucini et al., 2019;
Saia et al., 2019, 2020).

Another prominent category of non-microbial plant
biostimulants that has demonstrated beneficial effects on

shoot and root stimulation, similar to those exerted by
microbial-based biostimulants, is represented by protein
hydrolyzates. In particular they contain a mixture of free amino
acids and peptides obtained via the chemical or enzymatic
partial hydrolysis of protein sources from either animal or
vegetal origin (Calvo et al., 2014; Haplern et al., 2015). Direct
and indirect modes of action underlying the biostimulant
activity of plant- or animal-based protein hydrolyzates include:
(i) the stimulation of C and N metabolism by triggering key
enzymes, (ii) the induction of hormone-like activities, in
particular those of auxins and gibberellins, (iii) the stimulation
of secondary metabolism by increasing antioxidant capacity,
(iv) the modulation of root growth which can consequently
result in a ‘nutrient acquisition response’ improving resource
use efficiency (Schiavon et al., 2008; Ertani et al.,, 2009, 2013,
2017; Colla et al., 2015a,b, 2017a,b; Rouphael et al., 2017, 2018b;
Sestili et al., 2018).

For field crop species such as maize, biostimulants (and in
particular the microbial ones) are applied as a seed treatment or
directly onto plant and soil. However, seed treatment has been
proven to be an economical and efficient tool to introduce non-
microbial and microbial biostimulants in the soil rhizosphere,
compared to foliar spray or substrate/soil drench where a
high quantity of the product is required (Tavares et al., 2013;
Colla et al., 2015b).

Despite the significant advancements made in the last
decade in terms of studying the effects of plant biostimulants
on a broad spectrum of field and horticultural crops, there
are two main bottlenecks that hamper scientists, private
industries and farmers from extensively implementing
plant biostimulants into agronomic practices. Firstly, an
increase in knowledge about the molecular and physiological
mechanisms underlying biostimulant action could substantially
support and facilitate the diffusion of these products in
the agricultural sector. Second, an increased awareness and
knowledge about the combined application of microbial
and/or non-microbial plant biostimulants may represent
a valuable solution to render agriculture more resilient
and sustainable.

From this perspective, the omics sciences, and in particular
untargeted metabolomics, are considered to be a powerful tool
to reveal the effects of biotic and abiotic factors on plant
physiology (Tenenboim and Brotman, 2016). Metabolomics can
help to shed light onto the biochemical processes involved
in plant response to biostimulants (Bernardo et al, 2019;
Wu et al, 2019). Therefore, the current research aims to
overcome the above-reported bottlenecks by investigating
the changes in shoot and root biomass and partitioning
together with the metabolic reprogramming elicited on maize
by either endophytic fungi (Trichoderma koningii TK7 and
mycorrhiza: Rhizoglomus irregulare BEG72 and Funneliformis
mosseae BEG 234), a legume-derived protein hydrolyzate, alone
or as a combination of the both legume-derived protein
hydrolyzate with T. koningii TK7. Finally, the insights from
this work can improve the poor knowledge of the mode(s) of
action and can address the development and optimization of
plant biostimulants.
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MATERIALS AND METHODS

Tested Crop, Greenhouse Growth
Conditions, and Experimental Setup

The trial was conducted in the 2016 growing season in a
polyethylene greenhouse located at the Experimental Farm ‘Nello
Lupori’ of Tuscia University, central Italy (latitude 42°25" N,
longitude 12°08" E, altitude 310 m). Inside the polyethylene
greenhouse, ventilation was provided automatically when the
air temperature exceeded 26°C, and light was provided only
by natural solar radiation. During the experiment, daily mean
values of solar radiation at crop level ranged from 16.1
to 22.3 MJ m~2. The mean air temperature and relative
humidity inside the greenhouse were 20°C and 60%, respectively.
The trial was performed on maize (Zea mays L.) cultivar
‘PR36B08’ (Pioner, Gadesco-Pieve Delmona, Italy) belonging
to FAO class 300.

Seeds of maize were surface sterilized with a solution
containing 80% of ethanol. After sterilization (10 min), the seeds
were washed two times with sterile distilled water. On May 4,
maize seeds were sown in plastic pots (diameter of 18 cm) filled
with 4.0 L of fluvial sand at a rate of five seeds per pot. Fluvial
sand was previously washed with distilled water using 5 L of water
for each liter of sand, and then sterilized in an autoclave twice
to kill spores of bacteria and fungi. The experiment included the
following four treatments:

(1) seed treatment with 3 g of a consortium of arbuscular
mycorrhizal fungi (AMF), T. koningii TK7 and rhizosphere
bacteria (‘Covenant, produced by Atens, Agrotecnologias
Naturales, S. L., Tarragona, Spain, containing 230 spores
g~ ! of Rhizoglomus irregulare BEG72, 230 spores g~ !
of Funneliformis mosseae BEG 234, 3 x 10® Colony-
forming unit [CFU] g~! of T. koningii TK7, 4 x 10’ CFU
g~ ! of rhizosphere bacteria such as Bacillus megaterium
MHBM?77) per 1 kg of seed;

(2) seed treatment with a solution containing 0.3 g of a
consortium of T. koningii TK7 and rhizosphere bacteria
such as Bacillus megaterium MHBM77 (‘Covenant
Trichoderma, produced by Atens, Agrotecnologias
Naturales, S. L., Tarragona, Spain, containing 2 x 10° CFU
g~ ! of T. koningii TK7, 1 x 10" CFU g~! of rhizosphere
bacteria such as Bacillus megaterium MHBM77) plus
0.45 ml of a protein hydrolyzate-based biostimulant (PH)
(‘Coveron Stim’ produced by Italpollina s.p.a, Rivoli
Veronese, Italy, containing 70 g kg~! of organic N) per
1 kg of seed;

(3) seed treatment with 0.45 ml of a protein hydrolyzate-based
biostimulant (‘Coveron Stim’) per 1 kg of seed;

(4) untreated control.

The protein hydrolyzate included in the ‘Covenant’ and
‘Coveron Stim’ products was a legume-derived protein
hydrolyzate obtained through enzymatic hydrolysis of proteins
derived from legume seeds. It contains 50 g kg~! of N as
free amino acids, and soluble peptides. The aminogram of the
product in g kg_1 was: Ala (12), Arg (18), Asp (34), Cys (3),

Glu (54), Gly (12), His (8), Ile (13), Leu (22), Lys (18), Met (4),
Phe (15), Pro (15), Thr (11), Trp (3), Tyr (11), Val (14). All
three products contain a green natural colorant for verifying the
uniformity of product distribution on seed surface.

Seed treatments were performed with a seed-treatment
machine able to automatically spray the seed surface with a water
suspension/solution containing the products at a rate of 10 ml
per kg of seed. Treatments were arranged in a randomized block
design with three replicates. Each experimental unit consisted
of six pots. Besides the required pots (18 pots per treatment),
10 extra pots per treatment were also prepared. One week after
the initial emergence of seedlings, pots having less than four
plants were discarded.

Plants were fertirrigated starting 1 week after sowing. The
basic nutrient solution used was a modified Hoagland and Arnon
formulation having the following macro and micro mineral
composition: 7.0 mM N-NO;, 1.5 mM §, 0.2 mM P, 2.7 mM
K, 55 mM Ca, 1.5 mM Mg, 20.0 pM Fe, 9.0 uM Mn, 0.3 pM
Cu, 1.6 pM Zn, 20.0 pM B, and 0.3 pM Mo. The nutrient
solution was prepared using de-mineralized water. The electrical
conductivity and pH of the nutrient solution were 1.8 dSm™~! and
6.0, respectively.

Biomass Determination, Partitioning, and

SPAD Index Measurement

At 16 days after sowing (May 19), all maize plants per
experimental plot (i.e., the replicates) were harvested and the
shoots (sum of leaves and stems) were separated from the
roots. Shoots and roots were dried in a forced-air oven at
70°C for 72 h until constant weight, then the shoots and roots
dry matter content were recorded. The root-to-shoot ratio was
also calculated.

Plant Analysis Development (SPAD) index (i.e., a non-
destructive measurement of chlorophyll content) was measured
on undamaged maize leaves by means of a portable SPAD-
502 chlorophyll meter (Konica-Minolta, Tokyo, Japan). Ten
measurements were conducted on randomly picked maize leaves
per experimental plot, then averaged to a single SPAD value for
each replicate as described by Kumar et al. (2015).

Sampling and Untargeted Metabolomic
Analysis

The first expanded maize leaf and terminal roots samples
were collected from two plants per experimental plot (i.e.,
replicate) from each of the four tested treatments. Samples of
maize leaf and roots (six samples of leaves and sx samples of
roots per each treatment) were ground with liquid nitrogen
using pestle and mortar, and then extracted as previously
reported (Rouphael et al., 2018b). Briefly, an aliquot (1.0 g)
was extracted in 10 mL of 0.1% HCOOH in 80% aqueous
methanol using an Ultra-Turrax (Ika T-25, Staufen, Germany).
The extracts were centrifuged (12000 x g) and the untargeted
metabolomic screening was carried out using an UHPLC liquid
chromatography system and a quadrupole-time-of-flight mass
spectrometer equipped with an electrospray ionization source
(UHPLC/Q-TOF), according to a previously reported set up
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(Pretali et al., 2016). In more detail, a 1290 LC system was coupled
to a G6550 quadrupole-time-of-flight mass spectrometer (Agilent
Technologies Santa Clara, CA, United States). Chromatographic
separation was achieved in reverse phase mode, using a
C18 column (100 mm x 2.1 mm, 1.8 pm) and a binary
gradient consisting of water and methanol (from 5 to 90%
organic in 34 min) with a flow rate of 200 WL min~!. The
mass spectrometer operated in the positive polarity and in
SCAN mode (range of 100-1200 m/z in extended dynamic
range settings).

Compound annotation was achieved by combining both
the monoisotopic accurate mass and isotopic pattern (i.e.,
isotope spacing and ratio), adopting a mass accuracy tolerance
of <5 ppm and using the software Profinder B.07 (Agilent
technologies) and a database exported from PlantCyc
9.6 (Plant Metabolic Network'). The annotation strategy
corresponded to Level 2 (putatively annotated compounds)
of COSMOS Metabolomics Standards Initiative’. A filter-
by-frequency algorithm was then applied, retaining only
those compounds present in 75% of replicates within at
least one treatment.

Statistics and Chemometrics

The statistical analysis was carried out using IBM SPSS
Statistics 20 (Chicago, IL, United States). The plant biomass
and partitioning, as well as SPAD index, were subjected to one-
way analysis of variance (ANOVA). Mean values were separated
according to a Duncan test with P = 0.05.

Interpretation of the metabolomic analysis was initially
carried out using Mass Profiler Professional 12.6 (Agilent
Technologies) for log2 transformation of compound abundance,
normalization at the 75th percentile, and baselining against
the median of each compound in the dataset. Thereafter,
hierarchical cluster analysis (Euclidean distance, Ward’s linkage)
was performed to investigate in an unsupervised manner the
relatedness across treatments. The dataset was then imported into
SIMCA 13 software (Umetrics, Malmé Municipality, Sweden)
and elaborated through supervised orthogonal projection to
latent structures discriminant analysis (OPLS-DA). The OPLS-
DA model was cross validated (CV-ANOVA), inspected for
outliers (Hotellings T2), and thereafter model parameters
(degree of correlation and prediction ability, R2Y and Q2Y
respectively) were recorded. Overfitting was excluded through
a permutation test (n = 100) and discriminant compounds
selected by variables importance in projection (VIP) in the
OPLS predictive model. The VIP score was calculated as a
weighted sum of the squared correlations between the OPLS-DA
components and the original variables. Compounds possessing a
score > 1.32 were selected as discriminants. To gain a more in-
depth knowledge about the individual effect of each biostimulant
on the plant physiology Volcano analysis was also performed
(P < 0.01, Bonferroni multiple testing correction; fold-change
FC > 2) and the differential compounds were exported to
the PlantCyc pathway Tools software (Karp et al, 2010) to

Thttp://www.plantcyc.org
Zhttp://cosmos-fp7.eu/msi.html

highlight the metabolic pathways and processes involved in plant
response to treatments.

RESULTS

Biostimulant Action of Microbial and
Non-microbial Biostimulants on Growth
Responses and SPAD Index

The results concerning plant biomass and partitioning as well as
SPAD index in relation to microbial (AMF + Trichoderma) and
non-microbial [protein hydrolyzate (PH) biostimulants alone
or in combination with Trichoderma are presented in Table 1.
Concerning the effects of biostimulant application on growth
responses, our findings showed that the application of PH
alone or in combination with Trichoderma elicited significant
increases (+16.6%) in the shoots compared to untreated
maize plants, whereas inoculation with AMF + Trichoderma,
exhibited intermediate values. Regarding the root dry biomass,
the inoculation with AMF + Trichoderma elicited significant
increases (+48.0%) compared to untreated plants, whereas both
PH and PH + Trichoderma combinations exhibited intermediate
values (average +25% compared to the control treatment)
(Table 1). The co-inoculation of maize plants with AMF and
T. koningii TK7 enhanced the root-to-shoot ratio and SPAD
index compared to the other three treatments (i.e., untreated
or treated with PH and PH + Trichoderma; Table 1). Finally,
the highest values of shoot and root dry matter content were
recorded in PH and in both PH or PH + Trichoderma treatments,
respectively (Table 1).

Implications of Microbial and
Non-microbial Seed Tanning on the
Metabolomic Profiling of Maize Leaves

and Roots

In order to understand the effect of the different microbial
and non-microbial biostimulants on maize at a molecular level,
an untargeted metabolomic approach based on UHPLC-QTOF
mass spectrometry was carried out. Overall, the metabolomic
analysis lead us to putatively annotate more than 3,600
compounds in leaves and/or roots (Supplementary Table 1) that
allowed us to discriminate the four treatments based on their
metabolomic signatures.

In particular, an unsupervised hierarchical cluster analysis
was first performed to identify similarities/dissimilarities among
the treatments based on their metabolic profiles. The fold-
change based heat map grouped the treatments in two
main clusters (Figure 1). The combined treatment with
microorganisms showed a less pronounced effect on both
roots and leaves, as compared to the PH application, and
considering that the AMF + Trichoderma treatment clustered
together with the untreated control. However, a second well-
separated cluster including the PH treatment and the combined
PH + Trichoderma treatment was observed (Figure 1).

After the unsupervised analysis, a supervised multivariate
analysis of the metabolomics-based data was produced to
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TABLE 1 | Effect of seed treatments with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of
Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH), on
dry weight and dry matter of shoots and roots, root-to-shoot ratio and SPAD index in maize plants.

Treatment Shoot Roots Root to shoot SPAD index
Dry weight (g plant-1) Dry matter (%) Dry weight (g plant=1) Dry matter (%)

Control 131.5b 10.9ab 29.8¢ 7.7b 0.21b 27.7b

AMF + Tricho 141.0ab 9.7b 44 1a 8.4ab 0.33a 30.8a

PH 155.0a 11.7a 36.6b 8.9a 0.24b 28.0b

PH + Tricho 151.8a 10.9ab 37.9b 8.8a 0.25b 28.6ab

Significance * * o * o *

%, * = significant at P < 0.05, 0.01, and 0.001, respectively. Different letters within each column indicate significant differences according to DuncanSs multiple-range

test (P = 0.05).

better highlight the differences between treatments and identify
discriminant compounds. Indeed, OPLS discriminant analysis
was more effective in separating all the biostimulant-treated
maize plants from the untreated control (Figure 2). The OPLS
model indicators emphasized the predictivity of the model with
R2Y (the goodness-of-fit) = 0.98 and 0.99 and Q2Y (goodness-
of-prediction) = 0.52 and 0.64 for leaves and roots, respectively.
The first latent vector could discriminate between the PH-
containing treatment and the other groups, while the second
vector accounted for the differences between the combined
treatment with microbial biostimulants (AMF + Trichoderma)
and the control treatment. Although the application of
microorganisms induced a distinctive metabolic reprogramming,
the PH-containing treatment showed the highest effect since
the replicates were found to be completely separated from
the other treatments in both leaves and roots. However, no
separation was achieved between the PH treatment alone and
the combined PH + Trichoderma treatment, thus strengthening
the hypothesis of a hierarchically more pronounced effect of the
PH-based products.

Overall, 216 compounds were recorded as discriminant in
leaves by VIP analysis (Supplementary Table 2). Isoprenoids and
phenylpropanoids were the most represented class of metabolites.
Among isoprenoids, our results highlighted diterpenoids related
to hormones biosynthetic such as kauralexin andent-kaurenal, as
well as gibberellins, sesquiterpenes, and carotenoids. However,
133 compounds were pointed out as markers by VIP analysis
in roots (Supplementary Table 3). Among these compounds,
we underlined the presence of hormones including gibberellins,
brassinosteroids and abscisic acid, together with jasmonate-
related compounds.

The complete list of significant metabolites derived from
Volcano analysis was consistent with the outcome of VIP analysis
and is provided as supplementary material (Supplementary
Tables 4, 5). Interestingly, secondary metabolism was affected by
all treatments in both leaves (Figure 3) and roots (Figure 4).
Irrespective from the plant organ considered, the treatment
with microorganisms in combination (AMF + Trichoderma)
showed an effect on secondary metabolism with a general
down-regulation, while PH alone or in combination with
Trichoderma showed an up-regulation of secondary metabolism
in leaves (Figure 3). It can be seen that secondary metabolism

related compounds were the most involved, since over 150
compounds in leaves were affected by the treatments (Table 2).
This PH-mediated response was characterized by the marked
increase of phenylpropanoids (up-accumulated following PH
application), at the expense of other phytoalexins, in contrast to
the microorganism-treated plants. In fact L-phenylalanine, the
upstream key compound in the phenylpropanoid biosynthetic
pathway, as well as other amino acids and intermediate
compounds, were up-regulated in leaves in the presence of PH.
The omics viewer built-into PlantCyc allowed the visualization of
some other groups of small molecules altered by the treatments
including cofactors and prosthetic groups (tetrapyrroles and
porphyrins), electron carriers (quinols and quinones), and
vitamins. Similar metabolic trends could be observed in both
the PH and PH + Trichoderma treatments. Although apparently
displaying a similar response, the AMF + Trichoderma treatment
showed a general down-accumulation of secondary metabolism,
with several compounds (not affected by PH) being strongly
decreased. In addition, the profile of phytohormones was also
altered by the treatments. Gibberellin-related compounds were
more abundant in the presence of PH alone or in combination
with Trichoderma, whereas an opposite trend could be observed
for abscisic acid. Although less evident, an accumulation of both
brassinosteroids and cytokinins could be observed following PH
application.

On the other hand, the treatments seemed to have a more
pronounced effect on roots, since more than 500 compounds
were found as discriminants by the Volcano analysis (as
compared to about 330 compounds significantly affected in
leaves) (Supplementary Tables 4, 5). The effect of PH and
PH + Trichoderma on the root metabolome was very similar
(Figure 4) even though plants treated with AMF + Trichoderma
showed a distinct signature. Consistently with leaves, the
biosynthesis plot of PlantCyc showed that secondary metabolism
was the most affected by the treatments. Indeed, over 200
metabolites involved in secondary pathways were identified
overall (Table 3). The AMF + Trichoderma combined treatment
caused a general decrease in secondary metabolites while the
roots in the presence of PH, alone or in combination, showed
an increase in this class of metabolites. Phenylpropanoids,
N-containing compounds and terpenoids were the most down-
regulated groups in the AMF + Trichoderma treatment. In
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FIGURE 1 | Unsupervised hierarchical cluster analysis carried out from UHPLC-ESI/QTOF-MS metabolomic analysis of leaves (A) and roots (B) of maize plants
treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii
TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH). The fold-change
based heat map was used to build hierarchical clusters (linkage rule: Ward; distance: Euclidean).
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FIGURE 2 | Orthogonal projection to latent structures discriminant analysis (OPLS-DA) supervised modeling of leaves (A) and roots (B) of maize plants treated with a
consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and
rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH). The metabolomic dataset
produced through UHPLC-ESI/QTOF-MS was Pareto scaled and then used for the multivariate OPLS-DA modeling.
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FIGURE 3 | Biosynthesis processes which take place in leaves of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii
TK?7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH),
or with a protein hydrolyzate-based biostimulant (PH). The metabolomic dataset produced through UHPLC-ESI/QTOF-MS was subjected to a Volcano Plot analysis
(P < 0.01, fold-change > 1.2) and differential metabolites were loaded into PlantCyc Pathway Tool (https://www.plantcyc.org/). The x-axis represents each set of

contrast, these compounds together with other phytoalexins and
polyketides, were the most up-regulated secondary compounds
in the presence of PHs. As noted for leaves, the quinol
and quinones pathway was significantly up-regulated in the
presence of PH. The metabolic reprogramming induced by the
treatments on phytohormones was also more pronounced in
roots than leaves. A generalized increase of auxins and a decrease
in jasmonates could be observed in all treatments, whereas
the opposite trends could be observed when microorganisms
were applied alone, compared to the treatments including
PH. Gibberellin- and cytokinin-related compounds were more
abundant following PH application and less abundant in presence
of the microorganisms (AMF + Trichoderma), compared
to the control. The same trend could be observed for
brassinosteroids.

Finally, fatty acids, amino acids and their intermediate
compounds showed an up-accumulation in the presence of PH
or PH + Trichoderma. Interestingly, glutamate, glutamine and
asparagine were accumulated in roots, whereas only asparagine
accumulated in leaves following PH application. This may
indicate that glutamine synthetase - glutamine oxoglutarate
aminotransferase (GS-GOGAT) was involved in the maize
response to the treatments including PH, thus suggesting
the involvement of nitrogen assimilation and the subsequent
export to shoots.

DISCUSSION

Biostimulants are EU fertilizing products having a beneficial
effect on plants in low quantities because they are able to
improve one or more of the following characteristics: (i) tolerance
to abiotic stress, (ii) nutrient use efficiency, and (iii) quality
traits (EU, 2019). These products include both substances and
beneficial microorganisms (du Jardin, 2015). Since the mode
of action of biostimulants is still largely unknown, the effect
of microorganisms (in particular AMF and T. koningii TK7)
in combination with PHs was investigated in order to shed
light onto the molecular and biochemical processes following
their application to plants. Diverse responses were found in
plants treated with microorganisms alone rather than with PHs,
differing by the specific pathways elicited in treated plants. Our
results underline the nature of biostimulants as modulators
of specific plant responses, since such responses were not
generalized but rather depended on the treatment considered.
From a phenotypic point of view, the application of PH alone
or in combination with Trichoderma had the most positive effect
on shoot biomass, followed by the co-inoculation with AMF
and Trichoderma. The presumed mechanisms behind the desired
effects on crop traits by PH or PH + Trichoderma could be
related (i) to the release of signaling molecules with auxin and
ethylene-like activity, in particular bioactive volatile compounds
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FIGURE 4 | Biosynthesis processes which take place in roots of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii
TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH),
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by Trichoderma and (ii) to the hormone-like activity (i.e., auxin
and gibberellin-like activities) as well as the increase in the
activity of key enzymes like glutamine synthetase and nitrate
reductase by PH (Schiavon et al., 2008; Vinale et al., 2008;
Matsumiya and Kubo, 2011; Colla et al., 2014; Sestili et al., 2018).
The former biostimulant activity of PH alone or in combination
with Trichoderma may have increased nutrient bioavailability
to the plants, thus boosting biomass production. On the other
hand, the co-inoculation with endophytic fungi stimulated the
below ground root growth (higher root biomass) compared to
PH, PH + Trichoderma and especially to the untreated control.
A stimulation/modulation of root auxin production after the
inoculation with AMF strains (Rhizoglomus irregulare BEG72
and Funneliformis mosseae BEG 234) may explain the increase
of root biomass in mycorrhized plants, as reported previously in
maize, tomato, pepper, lettuce, zucchini, and wheat (Colla et al.,
2015a,b; Lucini et al., 2018; Saia et al., 2019, 2020).

The metabolomic profile of both maize leaves and roots were
clearly affected by microbial and non-microbial biostimulants,
as highlighted by unsupervised and supervised multivariate
statistics. As expected, secondary metabolism in both leaves
and roots was markedly modulated by the treatments. In
general, microorganisms induced a down-regulation of
phenylpropanoid, terpenoids, and N-containing secondary
metabolites biosynthesis. These findings are supported by

the fact that phenylalanine and tryptophan biosynthesis were
decreased, although it has been reported that phenylalanine
derivates play an important role in plant responses to AMF
(Basu et al.,, 2018). However, in the presence of mycorrhizal
fungi, glycolipids and phospholipids, as well as the biosynthetic
intermediates of sterols, were up accumulated, mainly in roots.
In this sense, several studies suggest that HMG-CoA reductase, a
key enzyme of sterol biosynthesis, is involved in plant responses
to AMF (MacLean et al, 2017). It is also known that lipids
in membranes play an important role in microbial infection
and some genes related to lipid metabolism are upregulated in
plants following microbial attack. Lipidic metabolites could be
involved as signal molecules or by modifying the lipid bilayers.
Specifically, lipidic metabolites, such as choline, are involved
in the metabolism of phosphatidic acid which is an important
secondary messenger. Glycolipids and galactolipids in particular
have a relevant function in plant-pathogen interactions and
signal transduction (Siebers et al., 2016). The accumulation of
these membrane lipids in our plants (mainly in the roots) after the
application of microorganisms suggests the involvement of these
metabolites in the plants response to microbial biostimulants.
On the other hand, plants treated with PH-containing
biostimulants showed a higher number of metabolites involved in
the response, as compared to microorganisms alone. Nonetheless,
the response of PH and PH + Trichoderma were comparable.
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TABLE 2 | Summarized biosynthesis processes highlighted in leaves of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma
koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant

(PH), or with a protein hydrolyzate-based biostimulant (PH).

AMF + Trichoderma PH PH + Trichoderma

Number of Average FC Sum FC Number of Average FC Sum FC Number of Average FC Sum FC

compounds compounds compounds
Amino acid 10 2.3 23.0 11 3.3 36.8 11 4.3 47.0
Nucleosides and -4 —24.4 8 -0.7 —-5.6 8 -0.3 —2.2
Nucleotides
Fatty acid and Lipid 14 -04 —6.1 15 -0.1 -1.1 15 0.0 -0.1
Amines and Polyamines 1 2.5 2.5 1 -3.8 -3.8 1 -3.8 —-3.8
Carbohydrates 3 —-1.6 —-4.7 6 7.5 451 6 6.3 37.9
Secondary Metabolites 144 -0.4 —-55.5 167 0.3 44.3 167 0.1 23.1
Cofactors, Prosthetic 12 1.9 22.4 13 7.2 94.2 13 8.9 116.2
Groups, Electron
Carriers
Hormones 10 1.3 12.7 15 5.0 74.4 15 5.4 81.0
Cell structures 4 -2.0 —-8.1 5 4.0 35.2 10.4 52.0
Metabolic Regulators 1 1.8 1.8 2 —-5.1 —10.3 -0.2 -0.5
Other biosynthesis 9 -2.8 —25.0 0 -53 —53.3 10 -3.5 —35.7

The metabolomic dataset produced through UHPLC-ESI/QTOF-MS was subjected to a Volcano Plot analysis (P < 0.01, fold-change > 1.2) and differential metabolites
were loaded into PlantCyc Pathway Tool (https://www.plantcyc.org/). The average and summed Log fold-changes (Log FC) values, together with the number of
compounds involved, is provided for each biosynthetic pathway and for each treatment.

TABLE 3 | Summarized biosynthesis processes highlighted in roots of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii
TKY7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or

with a protein hydrolyzate-based biostimulant (PH).

AMF + Trichoderma PH PH + Trichoderma

Number of  Average FC  Sum FC Number of  Average FC  Sum FC Number of  Average FC  Sum FC

compounds compounds compounds
Amino acid 18 -3.2 —58.5 19 4.0 75.3 19 4.4 82.7
Nucleosides and 2.5 17.8 4.5 31.6 7.2 50.6
Nucleotides
Fatty acid and Lipid 29 3.1 90.0 29 7.8 225.6 29 6.5 189.5
Amines and Polyamines 4 2.7 10.8 4 —2.2 —-8.7 4 —2.2 —-8.7
Carbohydrates 4 2.6 10.4 5 10.8 54.0 5 124 61.9
Secondary Metabolites 224 -2.8 —621.6 242 3.3 809.2 244 3.0 7411
Cofactors, Prosthetic 43 -0.2 —7.4 44 3.2 1411 44 2.9 126.5
Groups, Electron
Carriers
Hormones 31 -2.0 —62.4 35 5.7 197.9 35 4.8 166.7
Cell structures 6 -7.2 —43.1 6 4.3 26.1 6 5.2 31.8
Metabolic Regulators 3 0.5 15 3 -0.7 —2.1 3 -0.7 2.1
Other biosynthesis 19 -53 —100.7 20 -0.7 —13.1 20 -0.7 —14.9

The metabolomic dataset produced through UHPLC-ESI/QTOF-MS was subjected to a Volcano Plot analysis (P < 0.01, fold-change > 1.2) and differential metabolites
were loaded into PlantCyc Pathway Tool (https://www.plantcyc.org/). The average and summed Log fold-changes (Log FC) values, together with the number of
compounds involved, is provided for each biosynthetic pathway and for each treatment.

Despite a direct effect of PH on Trichoderma that cannot be
excluded a priori, our findings suggest a hierarchically stronger
effect of PH on plant physiology compared to microorganisms.
Considering the pathways affected by PH application, this
biostimulant could have a stronger metabolic reprogramming
effect by modifying the essential metabolism of N and C. In
this sense, it has been reported that PH acts by increasing,

either directly or indirectly, the plant growth and crop yield by
enhancing nutrient uptake and nutrient use efficiency in plants
(Paul et al., 2019a,b). Several studies reveal that PHs stimulated
some enzymes involved in N assimilation and C metabolism
(Ertani et al., 2009; Colla et al., 2015a,b, 2017b). In our study,
PH imposed a marked remodulation of the metabolic pathways of
amino acids. Particularly interesting was the upregulation of the

Frontiers in Microbiology | www.frontiersin.org

132

May 2020 | Volume 11 | Article 664


https://www.plantcyc.org/
https://www.plantcyc.org/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Rouphael et al.

Seed Treatments With Plant Biostimulants

phenylalanine biosynthetic pathway after PH application. This
aromatic amino acid, biosynthesized via shikimate, is a precursor
of phenylpropanoids which are linked to plant stress responses
(Bottger et al., 2018). Consistently, other metabolites derived
from shikimic acid such as chorismate were increased in the
presence of PH, in agreement with the concurrent stimulation of
the pathway of phenylpropanoid secondary metabolites.
Previous studies support the fact that the phenylpropanoid
pathway is part of the reaction of plants to PHs (Lucini etal., 2015,
2018; Carillo et al., 2019). Some biostimulants are postulated to
enhance the activity of PAL, a key enzyme in this pathway; Ertani
etal. (2017) showed an increase in total phenolic compounds and
an increase in the expression of PAL in tomato plants treated
with an alfalfa-based PH. Other authors found an increase of
PAL (ZmPALL1) gene expression and PAL activity in maize treated
with 1 mg C/1 of humic substances (Schiavon et al., 2010). These
findings corroborate our results, suggesting a crucial role of
phenylpropanoids in the response to PH biostimulants.
Hormones were also affected by PH, with a more evident
modulation in the roots. The treatments induced reprogramming
of the whole phytohormone profile. It is noteworthy that
plant growth is known to be regulated by a complex and
partially understood interaction network of hormones like
auxins, cytokinins, and gibberellins (Liu et al., 2017). In fact,
a regulation of all these hormones was triggered in maize
roots by the treatments applied in this study, together with the
modulation of brassinosteroids and jasmonates. Gibberellins, the
most up accumulated phytohormones, play a crucial role in
plant development comprising of shoot and root growth, leaf
morphogenesis, germination dormancy, seed production, and
flowering (Marzec, 2017). DELLA proteins have been related to
the interaction between gibberellins and other hormones such as
brassinosteroids, jasmonate, and ethylene (Liu et al., 2017). The
concurrent increase in abscisic acid following PH treatment is
also worth considering, since this hormone coordinates auxins
to determine elongation, lateral root formation and architecture
in general (Harris, 2015). In relation to hormones, it has been
reported that PHs could affect the phytohormonal balance
and elicit auxin- and gibberellin-like activities. Moreover, plant
bioactive peptides has been noted to have hormone-like activities
(Colla et al., 2015a,b, 2017b). In particular, Ertani et al. (2009)
and Colla et al. (2014) reported that PHs could have auxin-
like and gibberellin-like activity. Although the depiction of this
hormonal coordinated network is complicated, we can postulate
that the hormonal signatures induced by the treatments are
involved in the improved plant growth we observed. The more
distinctive phytohormone profile gained in plants treated with
the microorganisms alone can also explain the differences in root
growth and root-to-shoot ratio we observed from this treatment.
Another factor pertaining to the increased biomass we
observed following the biostimulant treatments is the potential
involvement of the GS-GOGAT nitrogen assimilation system.
Indeed, this system represents the first step of incorporating both
ammonium and nitrate into organic compounds. Glutamate and
glutamine are the first results of this process, while asparagine
is one of the most common ways to export nitrogen to shoots.
Consistently, the former accumulated in roots whereas the

latter accumulated in shoots. This opens the possibility that the
treatments increased nitrogen use efficiency, although specific
studies are advisable with this aim. Nonetheless, preliminary
evidence that protein hydrolyzates can promote nitrogen use
efficiency is present in prior literature (Colla et al., 2017a).

CONCLUSION

Over the past decade, the application of microbial and non-
microbial biostimulants in intensive and extensive cropping
systems has been on the rise, compelled by the increasing interest
of growers, scientists, and private sectors. In fact, the agriculture
industry has been requested to boost crop productivity in a
sustainable manner, even for extensive crops such as maize.
A biostimulant activity was observed in the current study in
maize, demonstrating that the application of PH alone or in
combination with Trichoderma as well as the co-inoculation with
endophytic fungi (AMF + Trichoderma) can generate beneficial
effects in terms of plant growth promotion. Co-inoculation
with endophytic fungi or the application of PH alone or in
combination distinctively modulated the metabolite profile of
both maize leaves and roots. Untargeted metabolomics followed
by multivariate statistics allowed us to shed light onto the
biochemical processes elicited by the treatments. The specific
metabolomic signatures achieved from the different treatments
indicate that different molecular processes are involved in
plant responses to biostimulants, thereby not excluding their
combined use in order to provide complementary benefits.
Nonetheless, PH induced a hierarchically more pronounced
metabolomic response. In general, secondary metabolism
(including phenylpropanoids and terpenes) was extensively
affected by the different biostimulants, although the direction of
regulation was different when only microorganisms (without PH)
were used. The multilayer interaction network of phytohormones
was also modulated by the treatments, thus supporting the
hypothesis of a hormone-like activity ascribed to several
biostimulants. For the first time, the treatments considered
suggested that nitrogen use efficiency might be involved in the
mechanism of the increased plant growth observed. This point is
of particular interest and deserves future studies based on more
targeted approaches.
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