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Abstract
Endophytes have been shown to play a crucial role in determining the fitness of host plant during their association, yet the cross-
functional effect of endophytes of one plant on another plant remains largely uncharacterized. In this study, we attempt to analyze
the effect of native endophytes of Coleus forskohlii (Phialemoniopsis cornearis (SF1),Macrophomina pseudophaseolina (SF2),
and Fusarium redolens (RF1), isolated from stem and root parts) on plant growth and secondary metabolite enhancement in
medicinal plant Andrographis paniculata, and aromatic plants Pelargonium graveolens and Artemisia pallens. Here, we report,
endophytic treatments with SF2 (21%) and RF1 (9%) in A. paniculata resulted in significant enhancement of andrographolide
along with plant primary productivity. Correspondingly, application of fungal endophytes RF1, SF1, and SF2 significantly
improved the plant growth (11 to 40%), shoot weight (28 to 34%), oil content (44 to 58%), and oil yield (72 to 122%) in
P. graveolens. Interestingly, treatment of A. pallens with three fungal endophytes resulted in significant enhancement of plant
productivity and oil content (12 to 80%) and oil yield (32 to 139%). Subsequently, the endophyte treatments RF1 and SF1
enhanced davanone (13 to 22%) and ethyl cinnamate (11 to 22%) content. However, SF2 endophyte-treated plants did not show
any improvement in ethyl cinnamate content but enhanced the content of davanone (10%), a signature component of davana
essential oil. Overall, results depict cross-functional role of native endophytes of C. forskohlii and repurposing of functional
endophytes for sustainable cultivation of economically important medicinal and aromatic crops.
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Introduction

Plant microbe interaction plays a beneficial role in growth and
development. Endophytes are the least explored group of mi-
crobes for their beneficial effects in enhancing plant fitness
and metabolism. Endophytes reside inside tissues without
hurting the plant and have been isolated from the surface
disinfected plant parts (Hallmann et al. 1997). Endophyte re-
lation with plants is most common and has been identified in
most vascular plant families. Major roles of endophytes in-
clude phosphate solubilization, nitrogen fixation, and plant
hormone production (Costacurta and Vanderleyden 1995;
Verma et al. 2001; Compant et al. 2005). Endophytes confer
tolerance to heavy metals during stress conditions such as
drought and salinity stress and assist plants in escaping stress
by exhibiting ACC deaminase activity and subsequent
siderophore formation (Ullah et al. 2015; Kong et al. 2015).
Endophytes can also modulate the growth parameters of non-
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host plant irrespective of their original host. For instance,
Piriformospora indica is a known fungal endophyte isolated
from xerophytes of Indian desert (Verma et al. 1998). In vitro
studies have shown that the fungus has broad host spectrum
activities, for example, the fungus can enhance growth of
Arabidopsis (Strehmel et al. 2016), Bacopa monnieri
(Prasad et al. 2013), Hordeum vulgare (Schaefer et al.
2009), Lycopersicon esculentum (Fakhro et al. 2010),
C. forskohlii (Das et al. 2012), Withania somnifera (Ahlawat
et al. 2015), and Artemisia annua (Sharma and Agarwal 2013)
among others. Considering this broad host spectrum of endo-
phyte, in this study, we have analyzed the beneficial role of
C. forskohlii endophytes on other economical crops like
P. graveolens, A. pallens, and A. paniculata.

The aromatic plant, P. graveolens, typically known as rose-
scented geranium, belonging to the family Geraniaceae, is
native to Mediterranean region and is distributed in all parts
of the world. The aerial parts of geranium, especially shoot,
are rich in glandular trichomes in which various aromatic
compounds are synthesized and accumulated. Geranium oil
can be extracted from all parts of the plant such as leaves,
flowers, and stalks, by steam or hydrodistillation (Boukhris
et al. 2013). Essential oil of geranium has wide range of ap-
plications in pharmaceuticals for treatments of acne, bruises,
burns, cuts, dermatitis, eczema, and hemorrhoids.
Subsequently, it is used in cosmetic industries, for making of
soaps and perfumes. A. pallens (davana) is an aromatic me-
dicinal herb (Shukla et al. 2015). Lifetime of A. pallens is
3 months and during this time, the plant accumulates the
highest concentration of aromatic oil in aerial part like leaf,
stem, and flowers, which imparts a pleasant smell. In the ear-
lier days, davana oil has been used as flavoring agent for
cakes, pastries, tobacco, and some expensive beverages.
Subsequently, various medicinal properties of davana oil were
reported, such as being anti-pyretic, antioxidant, anti-inflam-
matory, anti-allergic (Mukherjee et al. 2017), anthelmintic
(Nakhare and Garg 1991), anti-diabetic (Subramoniam et al.
1996), insect deterrent (Bhagavathy et al. 2015), and anti-
malarial (Ruikar et al. 2011). Artesunate is a derivative of
artemisinin, which is a potential anti-malarial compound
but is present in very low concentrations in davana oil.
Chemically, davana oil contains davanone as the major
constituent, in addition to seven other sesquiterpene com-
pounds (Mallavarapu et al. 1999). The medicinal plant,
A. paniculata belongs to the family Acanthaceae and is
the only source for andrographolide. The plant has espe-
cially been used for the treatment of malaria for centuries
in Asia, America, and Africa continents and diabetes, can-
cer, high blood pressure, skin diseases, ulcer, leprosy, flat-
ulence, bronchitis, colic, influenza, dysentery, and dys-
pepsia (Okhuarobo et al. 2014).

Besides, there is an enormous demand for essential oil and
secondary metabolites in market, compounded with limitation

in agricultural land for cultivation of aromatic and medicinal
plants being the major problems. To overcome these prob-
lems, alternative crop technologies like developing new culti-
vars that have high oil yield or identifying the endophyte that
can enhance plant growth as well as in planta accumulation of
essential oils need to be addressed. Research on developing
new cultivars is time consuming and a genetically high limi-
tation process. Hence, in this regard, the current article pro-
posing a novel mechanism comprising identification of endo-
phyte that can compensate the demand could be a sustainable
approach in agriculture sector. Moreover, application of en-
dophytes as bio-fertilizers is a part of green revolution,
eco-friendly, and economically favorable for sustainable
cultivation of commercial crops. For instance, in earlier
studies, the application of bio-organics and Trichoderma
harzianum was shown to lead to enhancement of plant
biomass, flower bud, oil yield, and managing root knot
causing nematode (Meloidogyne incognita) as well
(Pandey 2005). In view of growing demand for medici-
nal and aromatic plants and its challenges for cultivation,
the present study was aimed at repurposing three func-
tional fungal endophytes F. P. cornearis (SF1),
M. pseudophaseol ina (SF2), redolens (RF1) of
C. forskohlii for cultivation of other economically impor-
tant medicinal and aromatic plants A. paniculata,
P. graveolens, A. pallens. The study was also designed
to understand the cross-functional role of three fungal
endophytes, to accomplish in planta secondary metabo-
lites enhancement in other medicinal and aromatic crops.

Materials and methods

Fungal endophytes and inoculum preparation

Fungal endophytes, RF1, SF1, and SF2, were isolated
during our previous study from different parts of
C. forskohlii plants (Suppl. Fig. 1) (Mastan et al.
2019a). The isolated endophytes were characterized by
amplifying the internal transcribed spacer-1 (ITS1 and
ITS 4). Three native fungal endophytes of C. forskohlii
such as RF1, SF1, and SF2 were identified as Fusarium
redolens, Phialemoniopsis cornearis, and Macrophomina
pseudophaseolina and were deposited at National
Collection of Industrial Microorganisms (NCIM), Pune
with accession numbers NCIM-1402, NCIM-1404, and
NCIM-1403, respectively. For the preparation of endo-
phytic bio-inoculum, fungal cultures were inoculated in
500 ml of PDB broth and grown for 7 days at 28 °C on
a shaker at 180 rpm min−1. Number of colonies was
counted by diluting in PBS and normalized for 1 to 3 ×
108 CFUmL−1.
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Evaluation of fungal endophytes on A. paniculata
under field conditions

The endophytes of C. forskohlii such as RF1, SF1, and SF2
were cross inoculated into medicinal plant A. paniculata, to
understand their effect in enhancing plant growth and second-
ary metabolite content. Seeds of A. paniculata were obtained
from the National Gene Bank for Medicinal and Aromatic
Plants, CSIR-Central Institute of Medicinal and Aromatic
Plants (CSIR-CIMAP), Lucknow, India, and seedlings were
generated under greenhouse conditions. Healthy seedlings
were transplanted to field conditions (designed as 3 × 3 m
dimension at a spacing of 60 cm plant to plant) to inoculate
the endophytes. In the field, each plant (16 plants plot−1) was
treated with 30 mL of endophytic (RF1, SF1, and SF2) inoc-
ulums, and one plot without any endophyte treatment, which
served as control. Plant growth parameters such as plant
height and the number of branches were recorded. The
plants of both endophyte treatments and control were
harvested at 90 days post inoculum. After harvesting,
total fresh shoot weight was measured and dry weight
measured after 30 days of incubation at room tempera-
ture. Completely dried shoot samples were subjected to
analysis of the variation of andrographolide content after
treatment of endophytes.

Evaluation of fungal endophytes for cultivation
of P. graveolens under field conditions

Beneficial effect of three fungal endophytes, RF1, SF1, and
SF2, isolated from C. forskohlii was analyzed on
P. graveolens under field conditions at CSIR-CIMAP,
Research Center, Bengaluru, India. Plant material of
P. graveolens was procured from plant material-stock of
CSIR-CIMAP, Research Centre, Bangalore. One hundred
twenty-day field-grown P. graveolens plants were selected
from the stock, and 2–3 inter nodes containing stem cuttings
were prepared using sterilized blade. The stem cuttings were
transplanted to 15 × 6 cm polythene bags comprising 150 g of
soil and 100 g of vermicompost and propagated under glass
house conditions for further experiments. The developed nurs-
ery of geranium stem cuttings with established roots were
transplanted to experimental plots (3 × 3 m dimension) at a
spacing of 60 cm plant to plant and in a depth of 12–15 cm.
Each treatment plot comprised four rows divided by a 50-cm
guard ridge to reduce the effect of adjoining plots. Each bed
was transplanted with 16 plants (12 peripheral and 4 central
plants) and one complete bed without any treatment served as
control. After 4 months of treatment, plant height and herbage
yield were measured from each treatment plot. Two hundred
grams of fresh geranium herbage from each treatment was
weighed and transferred to Clevenger apparatus for
hydrodistillation (Clevenger 1928). Distillation was

performed at 50–60 °C temperature for 3 h to obtain complete
oil from 200 g plant herbage. After distillation, the obtained
essential oil was collected in 2 ml fresh microtubes and the oil
yield (mL) and content (%) was calculated. To remove excess
moisture, the distilled essential oil was treated with anhydrous
sodium sulfate and the oil stored at 4 °C until experimental
analysis.

Evaluation of fungal endophytes for cultivation
of A. pallens under field conditions

Beneficial effects of three fungal endophytes, RF1, SF1,
and SF2 was analyzed on A. pallens (local variety of
Bangalore) under field conditions at CSIR-CIMAP,
Research Center, Bengaluru, India. A. pallens seeds were
sown at a depth of 2 cm and covered with thin layer of
sand. Plants of four to five leaf stages were used for field
experiments. Thirty milliliters of diluted endophyte sus-
pension containing 1 × 108 CFU/mL was inoculated to
each plant in the plot and one complete plot without any
endophyte treatment served as control. Generally, after
60–70 days of transplantation, plants become ready to
harvest, i.e., plants achieve maximum flowers in bloom
stage. At this time, eight plants were randomly selected
for the measurement of plant growth parameters from
each treatment and control bed. Similarly, the herbage
weight of plant from each treatment was measured.
Since davana plant retains oil in its aerial parts, the com-
plete aerial parts (leaf and stem) were harvested.
Composite sample of 200 g herbage from each treatment
bed was used for extraction of essential oil. Distillation of
davana oil and calculation of yield (mL) and content (%)
was performed similar to geranium experiment.

Secondary metabolite estimation and essential oil
analysis

Andrographolide content was estimated in endophyte treated
and control A. paniculata plants by TLC method. Completely
dried leaves of A. paniculata from field experiments were
powdered with mortar and pestle. One hundred milligrams
crude powder was macerated in 1 mL of methanol and
vortexed for 1 h. Supernatant was separated by centrifugation
at 10,000 rpm for 4 min and the chlorophyll removed using
activated charcoal. The final supernatant was concentrated in
vacuum drier (V-AL mode) for 50 min at 45 °C. Concentrates
were reconstituted in 100 μL methanol, from which 5 μL was
used for analysis. For quantitative analysis, 98%
andrographolide was purchased from Sigma-Aldrich and used
as authentic standard. A. paniculata leaf samples along with
standard andrographolide was loaded on aluminum pre-
coated silica gel 60 F254 plates (Merck) by leaving 6 mm
space between samples and plates were developed using
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mobile phase, chloroform, methanol, and ethyl acetate
(8:1.5:1 ratio, respectively) (Rajani et al. 2000). The devel-
oped plates were exposed to UV light to analyze
andrographolide spots, while the same plates were stained
by anisaldehyde reagent (0.5 mL anisaldehyde, 85 mL meth-
anol, 10 mL glacial acetic acid and 5 mL conc. H2SO4) and
kept at hot air oven for 5 min at 110 °C. Both UV visualization

and anisaldehyde treatment exposed andrographolide spots on
TLC plates, and RF values and spot intensity were analyzed
by referring to authentic andrographolide standard. For quan-
tification, intensity level of the total spot size of
andrographolide was measured using Spot Densitometric
Analyzable Software AlphaEaseFC (Version 4.0.0, Alpha
Innotec). Variation of andrographolide content between endo-
phyte treatments and control A. paniculata plants was mea-
sured. Subsequently, essential oils were subjected to GC anal-
ysis to determine their constituents. The method was per-
formed using Perkin-Elmer Gas Chromatograph system
equipped with flame ionization detector (FID) as detection
source (Saxena et al. 2007). Fused Silica capillary column
BP-1 (25 m × 0.5 mm × 25 m film thickness) coated with
polydimethylsiloxane was used as stationary phase. Nitrogen
gas was used as the carrier at 10 psi inlet pressure and tem-
perature ramp as follows: (initial 5 min) 220 °C at 5 °C/min
and the final temperature was held for 5 min. The oil samples
were injected by split mode (Split ratio 1:80); temperature of
injector and detector was maintained at 250 °C and 300 °C,
respectively. Compounds were identified by referring to stan-
dards retention times (procured from Sigma-Aldrich). The rel-
ative amounts of constituents were computed from peak areas
without applying FID response factor correction and
expressed as percentage.

Statistical analysis

For statistical difference, one-way ANOVA with Dunnett’s
multiple test was calculated using GraphPad prism, version
6.0 (GraphPad Software, San Diego, CA). Statistically signif-
icant differences between control and endophyte treated sam-
ples were analyzed at different P values.
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Results

Effect of endophytic fungi on plant growth
and andrographolide content of A. paniculata

The endophytic fungal isolates viz., F. redolens (RF1),
P. cornearis (SF1), and M. pseudophaseolina (SF2) showed
differential enhancement in plant height, number of branches,
and herbage yield of A. paniculata under field conditions (Fig.
1). In field experiment, the endophytic treatments RF1 and SF2
showed enhancement in plant height (12 and 11%) and number
of branches (47 and 42%) compared to the other endophyte, SF1
treated and untreated control plants. However, the plants treated
with SF1 under field conditions did not show significant effect
on plant height but showed significant increase of branch num-
ber (28%) compared to control plants. In addition, the endophyt-
ic treatments, RF1, SF1, and SF2 contributed to significant en-
hancement in fresh shoot weight (60, 10, and 26%, respectively)
and dry shoot weight (54, 47, and 55%, respectively) compared
to uninoculated control plants. The effect of endophytes on
andrographolide content of A. paniculata under field conditions
was analyzed. Interestingly, the SF2 endophyte treatment
showed significant enhancement of andrographolide (21%) con-
tent compared to control plants. Further, the plants treated with
RF1 showed enhancement in andrographolide (9%) compared
to control plants (Fig. 2). However, SF1 endophyte treated plants
did not show significant difference in andrographolide content.

Effect of endophytic fungi on plant growth and oil
yield of P. graveolens

Screening of three non-native fungal endophytes (RF1, SF1,
and SF2) on P. graveolens under field conditions exhibited

differential enhancement of plant height, number of branches,
biomass, and oil yield, compared to uninoculated plants
(Suppl Fig. 2). At 120 days post treatment, the plants treated
with RF1, SF1, and SF2 showed enhancement of plant height
by 22, 40, and 11%, respectively, compared to control plants,
while significant enhancement of branch number by 88, 102,
and 48% was noticed in endophyte treatments RF1, SF1, and
SF2, respectively, compared to control plants (Fig. 3). Further,
increment in the herbage yield was observed in the fungal
endophytic treated plants over control plants. SF1 treatments
significantly improved shoot weight by 34% followed by RF1
(30%) and SF2 (28%). Moreover, the application of endo-
phytes RF1, SF1, and SF2 significantly enhanced the oil con-
tent (44, 58, and 56%, respectively) compared to control
plants, thereby enhancement of oil yield by 0.7-, 1.2-, and
1.1-fold, respectively. The essential oil of P. graveolens
(CIM—Pawan) contains geraniol and citronellol as major
monoterpenes, in addition to linalool and another phenyl
propanoids. The plants treated with SF2 enhanced citronel-
lol content (11%) and geraniol content (4%) compared to
control plants, while the plants treated with RF1 and SF1
did not show significant difference in citronellol and ge-
raniol content compared to control plants. However, all
three fungal endophyte treatments maintained the C/G
(Citronellol/Geraniol) ratio more or less equal to one,
which is considered as a good quality index for geranium
essential oil (Table 1; Suppl. Fig. 3).

Effect of endophytic fungi on plant growth and oil
yield of A. pallens

Treatment of the three fungal endophytes significantly en-
hanced plant height and herbage weight of A. pallens under

Control RF1 SF1 SF2

tnalp
mcthgie

H
1-

0

10

20

30

40

50

60

Control RF1 SF1 SF2

stnalp
01,L

m(
dleiyli

O
1-
)

0

5

10

15

20

25

****

Control RF1 SF1 SF2

tnalp
mg(thgie

wtoohS
1-
)

0

200

400

600

800

1000

** **
**

****

**

(a) (b)

(d)(c)

Control RF1 SF1 SF2

)
%(tnetnocli

O

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

**
** **

Fig. 3 The endophytic treatments
of P. graveolens grown under
feild conditions. a Plant height. b
Shoot weight. c oil content. d Oil
yield. Verticle bars represent
standard deviation of four
replicates. Asterisks above the
bars represent a significant
difference between control and
endophyte treated plants
(*p < 0.05; **p < 0.01)

Int Microbiol (2020) 23:345–354 349



field conditions (Fig. 4). After 90 days of inoculum, the en-
dophyte SF1-treated plants showed enhancement of plant
height by 34% followed by the treatment of RF1 (26%) and
SF2 (16%) compared to control plants. While the plants treat-
ed with SF2 showed significant result in enhancement of herb-
age weight (33%), followed by other endophytic treatments
SF1 (22%) and RF1 (19%) compared to control plants.
Further, the essential oil yield of A. pallens was differentially
enhanced in endophyte-treated plants. Application of RF1,
SF1, and SF2 augmented the essential oil content (12%,
52%, and 80%, respectively), and oil yield (33%, 52%, and
139%, respectively) compared to control plants. The essential
oil of A. pallens contains davanone as major sesquiterpene
followed by other chemical constituents such as ethyl
cinnamate and bicyclogermacrene. Treatment of fungal endo-
phytes differentially modulated the chemical constituents of
davana essential oil (Table 2). Interestingly, SF2 endophyte
treatment significantly enhanced the major chemical compo-
nent, davanone content, by 22% followed by RF1 (13.9%)
and SF1 (10%) when compared with control plants tested
under field conditions. In addition, the plants treated with
RF1 showed enhancement in ethyl cinnamate by 22% follow-
ed by treatment of SF1 (11%), while the fraction of ethyl
cinnamate enhancement (5%) was noticed in SF2 endophyte
treated plants compared to control. However, no enhancement
of bicyclogermacrene was observed in any of the three endo-
phyte treated plants. Overall, the application of C. forskohlii
endophytes in cross-functionality approach significantly en-
hanced the plant height and herbage weight, thereby increas-
ing production of essential oil through plant system.

Discussion

Various research groups have described endophytes of differ-
ent species of medicinal and aromatic plants. However, in this
study, we analyzed their beneficial effects on non-host plants,
which include both medicinal (A. paniculata) and aromatic
plants (P. graveolens and A. pallens) to improve plant growth
and enhance in planta signature metabolites.Microorganisms
as plant growth promoting (PGP) strains are now known to
have various plant beneficial properties to assist plants in their
metabolism and confer resistance under biotic and abiotic
stress conditions, in which one of the classes of microbes
termed endophytes reside inside the plant tissues and perform
numerous beneficial functions in their host plants (Arnold
2007). Fungal endophytes are very common and greatly di-
verse microorganisms, and survive asymptomatically in the
plant tissues (Faeth and Fagan 2002). Moreover, most of the
fungal endophytes modulate plant growth and biomass by
various mechanisms. Photosynthesis is very crucial process
for generating energy molecules and carbon-containing com-
pounds to perform biological functions within the plant cellsTa
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(Tanaka and Makino 2009). Inoculation of endophytic fungi
augments expression of genes and pigments of photosynthesis
(Harman et al. 2019). Fortunately, endophytes (RF1, SF1, and
SF2) ofC. forskohlii have the ability to enhance photosynthet-
ic pigments like chlorophyll a, chlorophyll b, and carotenoids
and significantly enhance the photosynthetic process in their
host plant (Mastan et al. 2019a). It has been stated that
phosphate-solubilizing and plant-hormones-producing strains
could help in increasing the plant growth and yield (Sharma
et al. 2013; Khan et al. 2014). Inoculation of endophytic fun-
gus Colletotrichum tofieldiae to Arabidopsis thaliana trans-
fers the macronutrient phosphorus from soil to shoot system
and thus promotes plant growth and increases fertility under
phosphorus-deficient conditions (Hiruma et al. 2016). The
endophyt ic fungi Phoma glomerata LWL2 and
Penicillium sp. LWL3 significantly enhance shoot growth
in gibberellins (GAs)-deficient dwarf mutant Waito-C and
Dongjin-beyo rice by producing gibberellins and
indoleacetic acid (Waqas et al. 2012).

In our previous studies, the fungal endophytes (RF1, SF1,
and SF2) were identified as plant growth-promoting organ-
isms for medicinal plant C. forskohlii, the host of the tested
endophytes. Treatment of host plant C. forskohlii with fungal
endophytes showed significant enhancement in plant height,
number of branches, and shoot and root weight compared to
untreated plants. PGP screening revealed that the endophytes
RF1 and SF1 are positive for indole-3-acetic acid (IAA) pro-
duction, while SF1 significantly solubilized the phosphate
when tested using Pikovskaya’s broth and agar medium. The
main limitation in cultivation of these crops is their high sus-
ceptibility to fungal diseases. Generally, P. graveolens is af-
fected by fungal pathogens like F. oxysporum and Rhizoctonia
solani, which causes wilt diseases that drastically affect the
crop yield and quality of geranium oil (Prasad et al. 2008;
Gautam 2014). In our previous studies, all the three endo-
phytes (RF1, SF1, and SF2) displayed remarkable antagonis-
tic activity against fungal pathogens like F. oxysporum,
Colletotricum gloeosporioides, and Sclerotium rolfsii
(Mastan et al. 2019a). Considering these important PGP prop-
erties of endophytes, we made an attempt to evaluate these
beneficial effects of endophytes on other medicinal and aro-
matic plants. Surprisingly, application of endophytes en-
hanced plant height and herbage weight of aromatic plants,
P. graveolens and A. pallens, under field conditions.
Subsequently, the endophyte inoculated medicinal plant
A. paniculata showed improved plant primary productivity.

Essential oil of geranium is composed of various volatile
terpenoids, which are especially rich in mono terpenoids like
citronellal (33.6%), geraniol (26.8%), linalool (10.5%),
citronellylformate (9.7%), and phenyl propanoids like
isomenthone (6.0%), and these definite constituents-
containing essential oil has wide range of applications in es-
sential oil industry as well as in pharmaceuticals.
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Fig. 4 Effect of three fungal
endophytes on A. pallens grown
under field conditions. a Plant
height, b fresh shoot weight, c oil
content, and d oil yield were
analyzed after harvesting the
plants. The error bars indicate
standard deviation (SD) of four
replicates for plant height and
shoot weight, while eight repli-
cated for oil yield.Asterisks above
the bars represent a significant
difference between control and
endophyte treated plants
(*p < 0.05; **p < 0.01)

Table 2 GC profile of essential oil of A. pallens grown under field
conditions

Treatments Davanone Ethyl cinnamate Bicyclogermacrene

Control 16.02 ± 0.3 4.25 ± 0.13 8.79 ± 0.62

RF1 18.25 ± 1.3b 5.20 ± 0.3a 7.26 ± 1.13

SF1 17.63 ± 1.8b 4.72 ± 0.02b 6.90 ± 0.21

SF2 19.60 ± 1.2a 4.47 ± 0.14 7.72 ± 0.56

GC profile of A. pallens plants treated with endophytic fungi and unin-
oculated plants under field conditions. (±) indicates standard deviation of
mean from three replicates. The letters (a and b) above the values (%)
represent a significant difference between control and endophyte-treated
plants (b p < 0.05, a p < 0.01)
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Transcriptomic analysis of forskolin genes by quantitative
real-time PCR (qPCR) revealed that inoculation of endo-
phytes augmented the expression levels of forskolin diterpene
synthase genes (Mastan et al. 2019a). Application of the fun-
gal endophytes did not show any significant enhancement in
oil components but enhanced the oil yield and maintained
appropriate composition of geranium essential oil. In an ear-
lier study, to increase artesunate production, Pala and group
developed the hairy root culture approach form leaf and stem
explants for maximum production of artesunate in in vitro
conditions (Pala et al. 2016). In other modes of transgenic
technology, Alok and group optimized in vitro regeneration
and Agrobacterium mediated transformation of A. pallens
(Alok et al. 2016). However, cell culture and transgenic tech-
nologies are more expensive and time-consuming processes.
Hence, finding alternative strategies to augment the plant yield
and secondary metabolites is the need of the hour. Inoculation
of C. forskohlii with these three endophytes augmented the in
planta forskolin at significant levels (Mastan et al. 2019b). In
this study, application of endophytes on A. pallens showed
differential effect in davana oil composition. RF1 and SF2
inoculation significantly induced davanone and ethyl
cinnamate content in total oil, while SF2-treated plants exhib-
ited increment in davanone content, which is main component
of davana essential oil (Mallavarapu et al. 1999). In earlier
studies, inoculation of both arbuscular mycorrhizal fungi
(AMF) and endophyte enhanced plant growth as well as sec-
ondary metabolite content. Inoculation of Rhizophagus
intraradices and AMF combination enhanced the content of
hypericin and pseudohypericin in the shoots (Zubek et al.
2012), while colonization of AMF fungi in Curcuma longa
enhanced its secondary metabolite content (Dutta and Neog
2016). Similarly, fungal endophytes of Catharanthus roseus
were able to enhance vindoline content by modulating indole
alkaloid pathway genes and various transcription factors
(Pandey et al. 2016). The colonization of endophytic fungus,
Trimmatostroma sp. promoted salidroside and tyrosol accu-
mulations in Rhodiolacrenulate (Cui et al. 2017). Our
endophyte-mediated secondary metabolite enhancement
study revealed that the treatment of three endophytes differ-
entially modulated the accumulation of andrographolide in
leaves of A. paniculata; however, colonization of SF2 en-
hanced this metabolite content in significant amounts com-
pared to untreated control and other endophyte treatments.

Conclusion

We have demonstrated cross-functionality of three fungal en-
dophytes (RF1, SF1, and SF2), which are native to
C. forskohlii, exhibit increased primary plant productivity, es-
sential oil yield as well as enhanced secondary metabolite
content in A. paniculata, P. graveolens, and A. pallens.

Here, our results unambiguously demonstrate that these fun-
gal endophytes could also be used as plant-probiotic bio-stim-
ulants during cultivation of A. paniculata, P. graveolens, and
A. pallens. It also provides novel strategies like deployment of
non-native functional endophytes to improve plant productiv-
ity without compromising on quality of secondary metabolite
content in medicinal and aromatic plants.
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