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Abstract

Stevia rebaudiana (Bertoni) Bertoni is a plant of economic interest in the food and
pharmaceutical industries due its steviol glycosides (SG), which are rich in
metabolites that are 300 times sweeter than sucrose. In addition, S. rebaudiana
plants contain phenolic compounds and flavonoids with antioxidant activity.
Endophytic bacteria promote the growth and development and modulate the
metabolism of the host plant. However, little is known regarding the role of
endophytic bacteria in the growth; synthesis of SG, flavonoids and phenolic
compounds; and the relationship between trichome development and specialized
metabolites in S. rebaudiana, which was the subject of this study. The 12 bacteria
tested did not increase the growth of S. rebaudiana plants; however, the content of
SG increased with inoculation with the bacteria Enterobacter hormaechei H2A3
and E. hormaechei H5A2. The SG content in leaves paralleled an increase in the
density of glandular, short, and large trichome. The image analysis of S.
rebaudiana leaves showed the presence of SG, phenolic compounds, and
flavonoids principally in glandular and short trichomes. The increase in the
transcript levels of the KO, KAH, UGT74G1, and UGT76G1 genes was related to
the SG concentration in plants of S. rebaudiana inoculated with E. hormaechei
H2A3 and E. hormaechei H5A2. In conclusion, inoculation with the endophytic
bacteria E. hormaechei H2A3 and E. hormaechei H5A2 increased SG synthesis,
flavonoid content and flavonoid accumulation in the trichomes of S. rebaudiana
plants.

Keywords: Stevia rebaudiana, Endophytic bacteria, Trichomes, Specialized
metabolite, Steviol glycosides, Biosynthetic genes.
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Introduction

Plant-microbiome interactions are beneficial because they enhance the acquisition
of mineral nutrition and provide protection against abiotic and biotic stresses in
plants (Asaf et al., 2017; Wang et al., 2015). The study of these interactions has
great potential for application in biotechnology and agriculture because the use of
microorganisms improves the plant growth and development of food crops
(Lodewyckx et al., 2002; Rosenblueth & Martinez-Romero, 2006).

Endophytic bacteria are an important group of microorganisms that are found in
different plant tissues, such as in the roots (rhizosphere), leaves (phylloplane),
stems (laimosphere and caulosphere), fruits (carposphere), seeds (spermosphere)
and flowers (anthosphere) (Brader et al., 2017). In this relationship, plants and
endophytic bacteria form a unique interaction with the ability to provide alternative
sources of active metabolites such as enzymes, biofunctional chemicals,
phytohormones and nutrients and to facilitate the distribution and production of
secondary metabolites (Hardoim et al., 2015; Santoyo et al., 2016). The host plant
provides a protective environment for the bacteria, in which the microorganism can
grow and reproduce, but with no adverse effects that negatively affect plant growth
and health (Shahzad et al., 2018). Bacteria also enhance the accumulation of
secondary metabolites and modulate the accumulation profile and the expression
patterns of several biosynthetic pathways in many plant species (Tiwari et al.,
2013, 2010; Yang et al., 2019; Zhou et al., 2016). For example, isolated bacteria
from Lycoris radiata (L'Hér.) Herb promote Amaryllidaceae alkaloid accumulation in
the host plant (Liu et al., 2020), and Pseudomonas fluorescens induces
sesquiterpenoid accumulation in Atractylodes macrocephala Koidz plants (Yang et
al., 2019).

Trichomes are epidermal structures where various secondary metabolites are
synthesized and accumulated and are associated with the chemical defense of the
plant (Li et al., 2020; Werker, 2000). Trichomes are classified according to their
morphology into glandular and nonglandular groups. In particular, glandular
trichomes play an important role in the deposition of many secondary metabolites,
such as alkaloids, polyketides, phenylpropanoids, phenolic compounds and
terpenoids (Li et al., 2021).

Stevia rebaudiana (Bertoni) Bertoni is a perennial shrub species of the Asteraceae
family and is an economically important crop due its ability to accumulate
specialized metabolites called steviol glycosides (SG), including isosteviol,
stevioside, rebaudiosides (A, B, C, D, E and F), steviolbioside and dulcoside A,
which are used as low-calorie sweeteners (Sarmiento-Lépez et al., 2020;
Rajasekaran et al., 2008). The sweet taste of S. rebaudiana leaves depends on the
contents of stevioside and rebaudioside A, which are approximately 250-300 times
as sweet as sucrose (Geuns, 2003). Due to the high content of sweet glycosides,
S. rebaudiana is considered a valuable source of natural sweeteners for the
growing food market (Goyal & Goyal, 2010). In addition, the leaves of S.
rebaudiana contain phenolic compounds, which are a family of antioxidant
metabolites, including stilbenes, flavonoids and phenolic acids (Lemus-Mondaca et
al., 2012).

Brandle & Telmer (2007) proposed that SG biosynthesis begins with
geranylgeranyl-di-phosphate (GGDP) synthesis through the methyl-erythrol-4-
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phosphate (MEP) route. GGDP is transformed to kaurene by two cyclization steps
carried out by terpene cyclases and later converted to steviol by four additional
enzyme actions: (EC 5.5.1.13) copalyl diphosphate synthase (CDPS), (EC
4.2.3.19) kaurene synthase (KS), (EC 1.14.14.86) kaurene oxidase (KO), and
kaurenoic acid hydroxylase (KAH) (Kim et al., 1996). Different SG are formed by
steviol glycosylation by specific glucosyltransferases; the enzyme (EC 2.4.1.17)
UGT74G1 is involved in the conversion of steviolbioside to stevioside, while the
enzyme (EC 2.4.1.17) UGT76G1 is involved in the conversion of stevioside to
rebaudioside A (Shibata et al., 1991 ; Shibata et al., 1995). Some studies have
been carried out in S. rebaudiana to evaluate the effect of plant growth-promoting
rhizobacteria (PGPR) and mycorrhizal fungi on growth, secondary metabolite
accumulation, and the expression of biosynthetic genes. Mamta et al. (2010) and
Vafadar et al. (2014) reported that inoculation with different PGPR improved plant
growth, photosynthetic parameters, and the accumulation of stevioside and
rebaudioside A. Likewise, Sarmiento-Lopez et al. (2020) reported that arbuscular
mycorrhizal (AM) symbiosis with Rhizophagus irregularis improves growth and
photosynthetic activity. Additionally, they reported the upregulation of the
biosynthetic genes KO, UGT74G1 and UGT76G1. Furthermore, it has been
proposed that the synthesis and accumulation of SG take place in trichomes
(Bondarev et al., 2010). Recently, Sarmiento-Lopez et al. (2021) reported that AM
symbiosis with R. irregularis induced a significant increase in the accumulation of
phenolic compounds, related to the high number of trichomes, and reported that
these metabolites were localized specifically in the secretory cavity of glandular
trichomes.

Endophytic bacteria are microorganisms that can live inside plant tissues, providing
advantages over other rhizospheric microorganisms. However, little is known
regarding their role in secondary metabolism, plant growth, and the relationship
between trichome development and specialized metabolites (SG and phenolic
compounds) in S. rebaudiana. In this study, we hypothesize that 1) inoculation with
endophytic bacteria promotes the accumulation of specialized metabolites and the
expression of their biosynthetic genes in S. rebaudiana and 2) endophytic bacteria
induce the development of trichomes in relation to the accumulation of specialized
metabolites. Thus, the objective of this work was to evaluate the accumulation of
specialized metabolites and the expression of their biosynthetic genes in S.
rebaudiana and the development of trichomes in response to inoculation with
endophytic bacteria of S. rebaudiana plants.

Materials and methods

Growth of Stevia rebaudiana plants

S. rebaudiana plants were grown under greenhouse conditions at Centro de
Desarrollo de Productos Bidticos (CeProBi-IPN) in Morelos, México, according to
the methodology described by Sarmiento-Lopez et al. (2021). Briefly, to obtain
rooted plants, one apical shoot (three to five cm long) was planted for each 1 dm?
pot containing a mixture of 60:20:20 (w:w:w) sterilized turf, perlite, and vermiculite
with an initial pH of 5.6 + 0.5 and a porosity of 85%. This substrate was sterilized at
121 °C and 15 psi for 2 h. The plants growing in this substrate showed root
formation at 15 days.
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Endophytic bacterial culture

The endophytic bacteria were isolated from different tissues of S. rebaudiana
plants: leaf, stem, and roots (Table 1). The tissues were rinsed with sterile water
and surface sterilized using 70% ethanol (10 min) and 2% sodium hypochlorite (20
min). The fragments of each tissue were seeded in Petri dishes with LB medium
and agar (Sigma—Aldrich, St. Louis, Missouri, USA); the Petri dishes were
incubated at 25 + 1 °C for 24 h. Axenic cultures were obtained and cryopreserved
in glycerol at 20% (v/v) at -80 °C. The 16S rDNA sequences of the isolates were
compared to the GenBank database using BlastN and a phylogenetic analysis
using the MEGA 6 program according to Montes-Salazar et al. (2018). The
bacterial inoculum was grown in 250%m3‘ flasks with a volume of 100 cm? of liquid

LB medium and incubated on a rotary shaker (Infors HT, Minitron, Switzerland) at
200 rpm for 48 h at 25 °C.

Inoculation of S. rebaudiana with endophytic bacteria

Fifteen-day-old S. rebaudiana plants with five-cm-long roots and two leaves were
used. Plants were disinfected by using 70% ethanol for 1 min, followed by 2%
sodium hypochlorite for 1 min, and subsequently rinsed three times with sterile
distilled water for 2 min. The plants were planted in 1 dm? pots containing the same
substrate mentioned above. One day after being planted (time 0 from the start of
the experiment), the plants were inoculated at the root with 5 cm? of culture broth
of each of the 12 isolates. The concentration was adjusted to 0.2 OD at 600 nm
(approximately 1 x 108 cells cm™) (Botta et al., 2013). The plants were grown at 28
°C, with a photoperiod of 16 h light/8 h darkness. Ten plants per treatment were
considered, and two independent experiments were carried out. The control was
non-inoculated plants. All plants were watered every other day with a 50% Steiner
solution (Rodriguez-Garcia, 2015). The pots were placed in the nursery in a
random arrangement, and no pruning was performed during the evaluation time.

Evaluation of plant growth

The S. rebaudiana plants inoculated with the endophytic bacteria were collected at
30 days post_inoculation (dpi). With a Vernier caliper, the plant height was
measured from the surface of the substrate to the apex of the plant, and root size
was measured from the base of the stem to the root apex. The numbers of leaves
and shoots were recorded, and roots were separated and dried in an oven (RiossA
E-33, Monterrey, México) at 50 °C. The dry tissue was weighed on an analytical
balance, and the dry weight (DW) was recorded. For the biochemical
determinations, the collection of leaves of inoculated and noninoculated plants was
carried out following the method previously reported by Sarmiento-Lépez et al.
(2021).

Determination of steviol glycoside (SG) concentration

In the leaves of inoculated and noninoculated plants, the SG concentration was
determined according to the methodology reported by Villamarin-Gallegos et al.
(2020). Briefly, the leaves were dried in an oven (RiossA E-33) at 65 °C for 48 h.
Dry tissue (0.1 g) was extracted with 1 cm?® of methanol (J.T. Backer, Phillipsburg,
USA) in 1.5 cm?® microtubes, according to Woelwer-Rieck et al. (2010). The
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microtubes were stirred for 3 min, allowed to stand for 24 h without stirring, and
then centrifuged at 1300 x g at 4 °C for 10 min. The supernatant was recovered,
placed in fresh microcentrifuge tubes, and stored at 4 °C until analysis by high-
performance thin layer chromatography (HPTLC, CAMAG, Muttenz, Switzerland).
SG quantification was based on the methodology reported by Villamarin-Gallegos
et al. (2020). Stevioside and rebaudioside A concentrations were expressed as mg

g DW-'. For each treatment, three plants were evaluated, and two independent
experiments were performed.

Determination of phenolic compound and flavonoid concentrations

Samples (0.1 g) of dry leaves from plants not inoculated and inoculated with
endophytic bacteria were extracted with 1 cm® of 75% ethanol and centrifuged at
1300 x g at 4 °C for 10 min. The supernatant was recovered in 1.5 cm?®
microcentrifuge tubes and kept at 4 °C until processing.

The phenolic compounds were determined using the Folin-Ciocalteu reagent as
described by Bobo-Garcia et al. (2014). The reaction was performed on a
microplate incubated at room temperature in the dark for 2 h. The_absorbance was
measured at 760 nm on a spectrophotometer (Multiscan Go, Thermo Fisher
Scientific, Massachusetts, USA) equipped with Skanlt Software version 1.00.40.
Galllic acid (Sigma-Aldrich, St. Louis, Missouri, USA) was used as a standard, and
the curve was constructed with serial dilutions (5, 10, 15, 20, 25 pug cm) in distilled
water. The standard curve had a correlation value R? = 0.995. The results were
expressed as mg equivalents of gallic acid (GAE) g DW-".

The flavonoid concentration was determined according to Villamarin-Gallegos et al.
(2020) and adapted from Chang et al. (2002). The assay mix was performed on a
microplate of 96 wells and incubated at room temperature in the dark for 30 min.
Absorbance was monitored at 415 nm on a spectrophotometer (Multiscan Go,
Thermo Fisher Scientific) equipped with Skanlt Software version 1.00.40. Serial
dilutions (5, 10, 15, 20, 25 ug cm3) of quercetin (Sigma—Aldrich) in distilled water
were used to construct the standard curve; the correlation value of the standard
curve was R? = 0.995. The results were expressed as mg equivalents of quercetin
(EQ) g DW-'.

Trichome analysis by environmental scanning electron microscopy (ESEM)
and confocal laser scanning microscopy

The trichome density of leaves was analyzed with an environmental scanning
electron microscope (Carl Zeiss, EVO LS10, Germany) according to the
methodology reported by Sarmiento-Lépez et al. (2021). Fully developed leaves
close to the apical meristem from plants that were non-inoculated and those
inoculated with the endophytic bacteria were collected. A leaf was placed in
aluminum stubs with double-sided conductive carbon tape and observed under
ESEM using a voltage of 15 kV. The gas pressure in the ESEM chamber was
maintained at 20 Pa by introducing water vapor, and a secondary electron detector
was utilized to obtain micrographs. The trichome density in 0.255 cm? (trichome
leaf area™') and the type of trichomes (short, large and glandular) were determined
by image analysis using ImageJ editing software 2.0 from micrographs obtained by
ESEM.
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The effect of the inoculation of plants with endophytic bacteria on specific
metabolite accumulation was visualized with a confocal laser scanning microscope
(Carl Zeiss, model LSM 800, Germany) according to the methodology reported by
Sarmiento-Lépez et al. (2021). The maximum fluorescence of secondary
metabolites (SG, phenolic compounds and flavonoids) was observed in the blue
spectrum (435-485 nm), and chlorophylls in the red spectrum (630-685 nm) were
detected according to the methodology of Talamond et al. (2015). Micrographs
were obtained using Zeiss Efficient Navigation (ZEN) 2.6 Blue edition.

Expression analysis by qRT-PCR

The transcript accumulation levels of the genes for kaurene oxidase (KO), kaurene
hydroxylase (KAH) and (UDP)-glycosyltransferases (UGT74G1 and UGT76G1)
were evaluated in leaves of non-inoculated plants (control) and leaves of plants
inoculated with the selected endophytic bacteria E. hormaechei H2A3, E.

hormaechei H5A2, and E. xiangfangensis R7A2. Expression levels of each gene : 'CDeIeted: Gene e

was normalized against the expression levels of the housekeeping gene GAPDH.
Frozen leaf samples (0.5 g DW) were ground to a fine powder with liquid nitrogen.
Total RNA was obtained using TRIzol reagent (Invitrogen, Carlsbad, CA) following
the manufacturer's protocol. First-strand cDNA synthesis was performed as
previously reported by Sarmiento-Lépez et al. (2020).

The primers corresponding to the KO gene were SrKOF 5'-
TCTTCACAGTCTCGGTGGTG-3" and SrKOR 5-GGTGGTGTCGGTTTATCCTG-
3’; the primers corresponding to the KAH gene were SrKAHF 5'-
CCTATAGAGAGGCCCTTGTGG-3" and SrKAHR 5°-
TAGCCTCGTCCCTTTGTGTC-3"; the primers corresponding to the
glycosyltransferase UGT74G1 gene were STtUGT74G1F 5°-
GGTAGCCTGGTGAAACATGG-3" and SrUGT74G1R
5'CTGGGAGCTTTCCCTCTTCT - 3’; and the primers corresponding to the
glycosyltransferase UGT76G1 gene were STUGT76G1F 5°-
GACGCGAACTGGAACTGTTG-3" and SrUGT76G1R 5'-
AGCCGTCGGAGGTTAAGACT - 3'. gqRT-PCR was performed using SYBR
Green (QIAGEN, California, USA) and quantified on a Rotor-Gene Q (QIAGEN,
California, USA) real-time PCR thermal cycler. qRT—PCR was programmed for 35
cycles, with denaturing at 95 °C for 15 s, annealing at 58 °C for 30 s and extension
at 72 °C for 30 s. Three biological replicates with three technical replicates per
treatment were evaluated. Primer specificity was verified by regular PCR and
melting curve analysis. The primers for the S. rebaudiana glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene SrGAPDHF 5'-
TCAGGGTGGTGCCAAGAAGG-3" and SrGAPDHR 5'-
TTACCTTGGCAAGGGGAGCA- 3" were used as internal controls for
normalization, and the quantitative results were evaluated by the 2"2¢T method
described by Livak & Schmittgen (2001). Three plants per treatment were
evaluated.

Statistical analysis
Raw data from each analysis were used to obtain the central tendency measures
(means and standard deviations). Data on each parameter for the non-inoculated
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and inoculated plants were analyzed by using one-way analysis of variance
(ANOVA), and significant differences were analyzed using Tukey’s test, with a P
value < 0.05. All the data were checked for normality using Shapiro—Wilk's test
before statistical analysis. All statistical analyses were performed using the
statistical software Minitab® for Windows, version 19.1 (United States, LLC), and
figures were made using GraphPad Prism for Windows, version 6.0 (GraphPad
Corp, San Diego, CA, USA).

Results
Effect of endophytic bacterial inoculation on S. rebaudiana growth, steviol
glycosides (SG), phenolic compounds, and flavonoid accumulation in the
leaves

The inoculation with endophytic bacteria did not promote the growth of S.
rebaudiana plants, since plant and root length, number leaves and root dry weight
were not different from those of non-inoculated plants (Table [2).

In plants inoculated with Enterobacter hormaechei H2A3, there was a significant
increase in the concentrations of total SG (Fig. 1A), rebaudioside A (Fig. 1B), and
stevioside (Fig. 1C), with values 2.2, 2.2 and 2.1- fold greater, respectively, than
those in non-inoculated plants. The same trend was found with the inoculation with
E. hormaechei H5A2, where the concentrations of total SG, rebaudioside A, and
stevioside increased significantly by 1.5, 1.5, and 1.4-fold in comparison with those
in the non-inoculated plants. Inoculation with E. bacterium H7A1 did not
significantly increase the concentration of specialized metabolites in relation to
non-inoculated plants, but the concentration of metabolites was similar to that
found in plants inoculated with E. hormaechei H5A2. Plants inoculated with other
bacteria did not present significant changes in the concentration of specialized
metabolites (Fig. 1).

In S. rebaudiana plants inoculated with E. hormaechei H5A2, there was a
significant increase of 1.4-fold in the flavonoid concentration in comparison to that
in non-inoculated plants (Fig. 2A), while the concentration of phenolic compounds
was similar to that in non-inoculated plants (Fig. 2B). Inoculation with other bacteria
did not increase the concentration of flavonoids and phenolic compounds, while
inoculation with E. xianfangensis R7A2 significantly decreased the concentration of
phenolic compounds.

Based on the screening results with endophytic bacteria, the selected bacteria
used to continue this work were E. hormaechei H2A3 and E. hormaechei H5A2.
Additionally, E. xianfangensis R7A2 was used as an additional treatment because
it did not show induction of specialized metabolites or growth promotion. These
bacteria were used to analyze the effect on trichome density in leaves as well as
the expression of genes of the SG biosynthesis pathway.

Trichome density in S. rebaudiana leaves by |screening| electron and confocal

microscopy

Photomicrographs (SEM) of the leaves from non-inoculated plants and plants
inoculated with the selected bacteria showed three types of trichomes: glandular,
large, and short (Fig. 3, see labels G, L and S). In plants inoculated with E.
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hormaechei H2A3, the photomicrographs showed the presence of a greater
number of trichomes that were short, large and glandular in comparison with those
in non-inoculated plants (Fig. 3B, see labels S, L and G), while in leaves of plants
inoculated with E. hormaechei H5A2 and E. xiangfangensis R7A2, the
photomicrographs did not show a visual effect on the trichome number in relation
to that in non-inoculated plants (Fig. 3C-D).

In the leaves of non-inoculated and inoculated plants, short trichomes were the

most abundant (2000 to 6000 trichomes/cm?), followed by glandular (1000 to 3000 [Commented [PS6]: Is it trichomes/cm?? Check and ]
trichomes/cm?) and large trichomes (200 to 800 trichomes/cm?) (Fig. 4). Trichome _ correct it wherever applicable.

density showed that E. hormaechei H2A3 induced a significant increase in " (Deleted: )
glandular, large, and short trichomes of 1.7, 4.3, and 1.5-fold those in ; (Ddeted; )
noninoculated plants, respectively (Fig. 4A-C). However, E. hormaechei H5A2 and “‘[oeleted: )

E. xiangfangensis R7A2 bacteria did not induce any effect on trichome density
(Fig. 4A-C).

The location of SG, phenolic compounds, and flavonoids in the trichomes of S.
rebaudiana leaves by autofluorescence using confocal microscopy is shown in Fig.
5. In the red channel, the autofluorescence of chlorophylls is shown in epidermal

and mesophyll leaf cells (Figs. 5 A-D), while in the blue channel, the
autofluorescence of SG, phenolic compounds, and flavonoids is shown in the
trichomes (Fig. 5 E-H). Inoculation with E. hormaechei H2A3 and E. hormaechei
H5A2 increased the intensity of the autofluorescence signal in the blue channel,
particularly in glandular and short trichomes (Figs. 5 F and G, see labels G and S),
while in the non-inoculated plants (Fig. 5E) and those inoculated with E.
xiangfangensis R7A2 (Fig. 5H, see labels L, G, and S), the autofluorescence signal
was lower.

Notably, strong blue fluorescence was exhibited in the secretory cavity of the
glandular trichomes and on the short trichomes of inoculated plants with E.
hormaechei H2A3 and E. hormaechei H5A2 (Fig. 5N and O, see labels S and G) in
comparison to the noninoculated plants (Fig. 5M) and those inoculated with E.
xiangfangensis R7A2 (Fig. 5P).

Effect of endophytic bacterial inoculation on differential SG biosynthetic
gene expression in S. rebaudiana plants

The results of the differential expression of SG biosynthesis genes in S.
rebaudiana plants inoculated with endophytic bacteria are presented in Fig. 6. The
transcription level of the KO gene increased significantly with E. hormaechei H5A2
bacteria (21.3-fold) and E. xiangfangensis R7A (42.3-fold) compared to that
inoculated with E. hormaechei H2A3 and that in non-inoculated plants (Fig. 6A).
The KAH transcript level increased significantly by 52.3-fold with E. hormaechei
H5A2 (Fig. 6B). The transcript levels of the UGT74G1 gene were significantly
increased with inoculation with E. hormaechei H2A3 (11.3-fold) and E. hormaechei
H5A2 (17.2-fold), while E. xiangfangensis R7A increased (6.0-fold) but was not
significant with respect to that in non-inoculated plants (Figs. 6C). Finally, the
transcript levels of the UGT76G1 gene were significantly increased by 3.2-fold with
the addition of E. hormaechei H2A3 (Figs. 6D).

that R7A2 had significantly lower number of short
trichomes compared to control. Please include this in
the text.

Commented [PS8]: Fig 5., Merged spelling is incorrect.
Please check

Commented [PS7]: But from the fig 4., it is also clear




381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427

Discussion

Interactions between plant and endophytic microorganisms have been proposed as
a strategy to improve plant growth and stimulate secondary metabolism (Afzal et
al., 2019; Hardoim et al., 2015; Hardoim et al., 2008). However, in this work,
reinoculation with endophytic bacteria isolated from different tissues of S.
rebaudiana did not significantly promote plant growth. These results suggest that
growth promotion is not associated with endophytic bacterial reinoculation and that
the bacteria did not negatively affect plant growth. It is possible that the plant could
divide the nutrients for primary metabolism or provide the nutrients required for
bacterial growth. This behavior has also been observed in different plant—
microorganism interactions, such as Ocimum basilicum L. inoculated with Glomus
mosseae (Copetta et al.,2006) and Ocimum gratissimum L. inoculated with Glomus
intrarradices (Hazzoumi et al., 2017).

The bacteria E. hormaechei H2A3 and E. hormaechei H5A2 increased the
concentrations of stevioside and rebaudioside A in the leaves of S. rebaudiana. E.
hormaechei H5A2 increased the concentration of flavonoids, which indicates that
these bacteria play an important role in the biosynthesis of the specialized
metabolites, SG and flavonoids in S. rebaudiana. Similarly, other studies have
shown that bacteria may have a differential effect on the biosynthesis of secondary
metabolites in crops such as Oryza sativa L. (Andreozzi et al., 2019; Balachandar
et al., 2006), Beta vulgaris L. (Shi et al., 2010), Artemisia annua L. (Li et al., 2012;
Tripathi et al., 2020), Catharanthus roseus (cv. Nirmal) (Tiwari et al., 2013), Salvia
miltiorrhiza Bunge (Yan et al., 2014), Fragaria ananassa (Duch) cv. Macarena
(Guerrero-Molina et al., 2014), Glycine max (L.) Merr (Asaf et al., 2017),
Glycyrrhiza uralensis F (Li et al., 2018), L. radiata (Liu et al., 2020), and Camellia
oleifera Abel (Xu et al., 2020). The effect of inoculation with bacteria and fungi on
the growth and synthesis of metabolites in S. rebaudiana plants has been reported.
Vafadar et al. (2014) reported that bacteria isolated from the rhizosphere (Bacillus
polymixa, Pseudomonas putida and Azotobacter chroococcum) inoculated in S.
rebaudiana plants significantly increased root and shoot biomass and the
concentrations of stevioside, chlorophyll, and macronutrients (nitrogen, phosphorus
and potassium) in plants. Kilam et al. (2015) reported that the bacterium A.
chroococcum improved the growth, antioxidant activity and SG content of S.
rebaudiana plantlets grown in vitro. Several fungi, including G. intraradices,
Piriformospora indica, Rhizoglomus irregulare, and Rizophagus intraradices, have
been reported as other inoculant microorganisms of S. rebaudiana, and several
results have demonstrated that these fungi can enhance plant growth and
stevioside accumulation (Kilam et al., 2015; Mandal et al., 2013a; Mandal et al.,
2015a Vafadar et al., 2014; Sarmiento-Lopez et al., 2020; Tavarini et al., 2018). A
synergistic relationship between bacteria and fungi has been proposed to improve
the plant growth of S. rebaudiana and the accumulation of SG (Kilam et al., 2015;
Vafadar et al., 2014). Nowogoérska & Patykowski's (2015) findings support the idea
that sequential inoculation with bacteria, fungi, or a combination of both does not
always yield synergistic effects. However, this issue should be investigated in the
future. To our knowledge, this is the first report of inoculation of S. rebaudiana with
endophytic bacteria from the Enterobacter genus as a strategy to improve the
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biosynthesis of their specialized metabolites. The results of our study indicate that
the synthesis of specialized metabolites is achieved with the inoculation of
endophytic bacteria without fungal co-inoculation.

Trichomes are plant structures that accumulate secondary metabolites, and their
presence in plant leaves is associated with defense mechanisms of the plant
against pathogens, insects, and adverse environmental conditions (Champagne &
Boutry, 2016; Tian et al., 2017; Werker, 2000). The trichomes observed in the
leaves of S. rebaudiana were short, large, and glandular. This trichome
morphology was typical of those previously reported (Bondarev et al., 2003;
Bondarev et al., 2010; Cornara et al., 2001; Monteiro et al., 2001). Our results
showed that inoculation with endophytic bacteria caused a significant increase in
trichome density in S. rebaudiana leaves. This anatomical response in the
increased trichome density has been observed in other plants, such as A. annua
inoculated with R. infraradices (Mandal et al., 2015) and A. annua inoculated with
Glomus macrocarpum and Glomus fasciculatum (Kapoor et al., 2007). Inoculation
with the endophyte E. hormaechei H2A3 generated a higher density of trichomes in
S. rebaudiana leaves as well as a higher concentration of SG and flavonoids in
comparison to the control. However, the results of a Pearson analysis between the
concentration of specialized metabolites and trichome density did not show a
correlation between the variables (R?<0.53). These results are in contrast with
Bondarev et al. (2010); the authors suggest a positive relationship between the
number of glandular trichomes and the accumulation of SG; however, they did not
present a quantitative analysis of the correlation between SG accumulation and
trichome density.

In other plants that accumulate secondary metabolites in trichomes, a relationship
between the number of trichomes in the leaves and the accumulation of secondary
metabolites induced by inoculation with different fungi was reported. Kapoor et al.
(2007) and Mandal et al. (2015b) described that the inoculation of beneficial fungi
(Glomus macrocarpum, Glomus fasciculatum and Rhizophagus intraradices) in A.
annua plants enhanced the accumulation of artemisinin in trichomes and reinforced
the idea that beneficial interactions, including endophytic bacteria, induce several
biochemical and physiological responses for the benefit of crops.

The use of confocal microscopy tools used in this work allowed the localization of
the specialized metabolites in the trichomes of S. rebaudiana leaves by detecting
their autofluorescence (Agati et al., 2002; Talamond et al., 2015; Vidot et al.,
2019). In this work, autofluorescence in the blue spectrum, which is indicative of
the accumulation of these metabolites, was found in trichomes of inoculated S.
rebaudiana by E. hormaechei H2A3 and E. hormaechei H5A2. In plants, the
accumulation of different specialized metabolites has been observed in trichomes
(Agati et al., 2002; Conéjéro et al., 2014; Hutzler et al., 1998; Talamond et al.,
2015). Recently, Sarmiento-Ldpez et al. (2021) reported that S. rebaudiana plants
colonized with arbuscular mycorrhiza fungi, R. irregularis showed fluorescence in
the trichomes and that this was related to the increase in phenolic compounds and
flavonoid accumulation. Taken together, these results suggest that a similar
mechanism for metabolite induction and accumulation occurs in both endophytic
bacterial and fungal interactions with plants. It is well known that specialized
metabolites such as terpenes and phenolic compounds have an important function

10
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in the priming response by activating systemic resistance, enabling plants to
respond more effectively to attacks from pathogens and herbivores (Cervantes-
Gamez et al., 2016; Pozo & Azcon-Aguilar, 2007; Santos et al., 2017). In this work,
we observed a significant increase in trichome development, as well as in the
accumulation of SG and phenolic compounds, which can be related to the
induction of systemic resistance by the inoculation of endophytic bacteria in S.
rebaudiana plants in a manner similar to that observed in other plant species under
different plant-microorganism interactions (Kapoor et al.,2017; Mandal et al.,2015).
However, in S. rebaudiana, further experimental studies are needed to prove this
hypothesis.

Kaurene oxidase and kaurenoic acid hydroxylase are important enzymes in SG
biosynthesis and represent the principal branch point in the catabolism of the
central backbone (steviol) of SG. In fact, steviol is glycosylated by the conjugation
of glucose by UDP-glycosyltransferases (UGTs), where UGT74G1 is responsible
for synthesizing stevioside, while UGT76G1 is required to produce rebaudioside A
(Brandle & Telmer, 2007). Our results of gene expression analysis of the SG
biosynthesis pathway in S. rebaudiana leaves showed that the KO gene was
upregulated with E. hormaechei H5A2 and E. xiangfangensis R7A2; the KAH gene
was upregulated with E. hormaechei H5A2. Likewise, the UGT74G1 gene was
upregulated with the inoculation of E. hormachei H2A3 and E. hormachi H2A3 and
E. hormaechei H5A2, which was consistent with the high stevioside concentration,
whereas the UGT76G1 gene was upregulated with E. hormachei H2A3 inoculation,
which may be directly related to the rebaudioside A concentration determined in S.
rebaudiana leaves. Inoculation with E. hormachei H5A2 also stimulated
rebaudioside A accumulation, but it was not reflected in the expression of genes
involved in their metabolite synthesis. Although the transcript levels in plants
inoculated with E. hormachei H5A2 were low, it is possible that the enzymatic
activity of (UDP)-glycosyltransferases synthetized by the UGT76G 1 gene could be
similar to that in plants inoculated with E. hormachei H2A3. However, further
complementary studies of enzymatic activity are necessary to confirm this
hypothesis.

Previously, other rhizospheric microorganisms inoculated in S. rebaudiana plants
showed improved SG accumulation, and the effect was associated with the high
expression of their biosynthesis genes, KO, KS, KHA, UGT74G1 and UGT76G1
(Kilam et al., 2015; Mandal et al., 2013; Tavarini et al., 2018; Vafadar et al., 2014).
In other plants, inoculation with endophytic bacteria also increased the content of
secondary metabolites and the expression of genes in their biosynthetic pathway.
For example, Pseudonocardia species induce the production of artemisinin in A.
annua (Li et al., 2012), and Acinetobacter sp. induces abscisic acid (ABA) and
salicylic acid (SA) production in Afractylodes lancea (Thunb.) DC. (AL) (Wang et
al., 2014). The findings of the present work show that the use of the endophytic
bacteria E. hormachei H2A3 and E. hormachei H5A2 can be considered a
biotechnological strategy to increase the concentration of specialized metabolites
in S. rebaudiana.

Conclusions
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Endophytic bacteria inoculated in S. rebaudiana plants did not promote plant
growth, but the bacteria E. hormaechei H2A3 and E. hormaechei H5A2 increased
the SG content and stimulated the density of trichomes in the leaves as well as the
accumulation of specialized metabolites in trichomes. The increase in the transcript
levels of the KO, KAH, UGT74G1, and UGT76G1 genes was correlated with SG
concentration by inoculation with E. hormaechei H2A3 and E. hormaechei H5A2.
These results suggest the potential use of endophytic bacteria to increase the
content of SG and flavonoids in S. rebaudiana plants.

Acknowledgments We owe special thanks to Dr. Luis Cardenas Torres from
Instituto de Biotecnologia (Universidad Nacional Auténoma de México) for access
to the laboratory to perform molecular biology tests of S. rebaudiana tissue. The
authors are grateful to Msc. Daniel Tapia Maruri for providing technical assistance
in producing the environmental scanning electron microscope and confocal laser
scanning microscope images.

The funders had no role in the study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Author contributions

Dumas G. Oviedo-Pereira conceived and designed the experiments, performed the
experiments, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

Melina Lopez-Meyer analyzed the data, prepared figures and/or tables, authored or
reviewed drafts of the paper, and approved the final draft.

Silvia Evangelista-Lozano performed the experiments and prepared the figures
and/or tables.

Gabriela Sepulveda-Jiménez authored or reviewed drafts of the paper and
approved the final draft.

Luis G. Sarmiento-Lopez conceived and designed the experiments and performed
the experiments.

Mario Rodriguez-Monroy conceived and designed the experiments, analyzed the
data, reviewed and edited drafts of the paper, and approved the final draft.

Declarations
Conflict of interest: The authors declare that they have no conflicts of interest.



558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604

References

Afzal |, Shinwari ZK, Sikandar S, Shahzad S. 2019. Plant beneficial endophytic
bacteria: Mechanisms, diversity, host range and genetic determinants.
Microbiological Research 221(February), 36-49
https://doi.org/10.1016/j.micres.2019.02.001.

Agati G, Galardi C, Gravano E, Romani A, Tattini M. 2002. Flavonoid distribution in
tissues of Phillyrea latifolia L. leaves as estimated by microspectrofluorometry
and multispectral fluorescence microimaging. Photochemistry and
Photobiology, 76(3), 350-360. DOI: 10.1562/0031-
8655(2002)076<0350:fditop>2.0.co;2.

Andreozzi A, Prieto P, Mercado-Blanco J, Monaco S, Zampieri E, Romano S,
Bianco C. 2019. Efficient colonization of the endophytes Herbaspirillum
huttiense RCA24 and Enterobacter cloacae RCA25 influences the
physiological parameters of Oryza sativa L. cv. Baldo rice. Environmental
Microbiology 21(9), 3489-3504. https://doi.org/10.1111/1462-2920.14688.

Asaf S, Khan MA, Khan AL, Wagas M, Shahzad R, Kim AY, Lee IJ. 2017. Bacterial
endophytes from arid land plants regulate endogenous hormone content and
promote growth in crop plants: An example of Sphingomonas sp. and Serratia
marcescens. Journal of Plant Interactions 12(1), 31-38.
https://doi.org/10.1080/17429145.2016.1274060.

Balachandar D, Sandhiya GS, Sugitha TCK, Kumar K .2006. Flavonoids and
growth hormones influence endophytic colonization and in planta nitrogen
fixation by a diazotrophic Serratia sp. in rice. World Journal of Microbiology &
Biotechnology 22(7), 707—712. https://doi.org/10.1007/s11274-005-9094-0.

Bobo-Garcia G, Davidov-Pardo G, Arroqui C, Virseda P, Marin-Arroyo MR,
Navarro M. 2014. Intra-laboratory validation of microplate methods for total
phenolic content and antioxidant activity on polyphenolic extracts, and
comparison with conventional spectrophotometric methods. Journal of the
Science Food and Agriculture 95(1), 204—209.
https://doi.org/10.1002/jsfa.6706.

Bondarev NI, Sukhanova MA, Reshetnyak OV, Nosov AM. 2003. Steviol glycoside
content in different organs of Stevia rebaudiana and its dynamics during
ontogeny. Biologia Plantarum 47(2), 261-264.
https://doi.org/10.1023/B:BIOP.0000022261.35259.4f.

Bondarev NI, Sukhanova MA, Semenova GA, Goryaeva OV, Andreeva SE, Nosov
AM. 2010. Morphology and ultrastructure of trichomes of intact and in vitro
plants of Stevia rebaudiana Bertoni with reference to biosynthesis and
accumulation of steviol glycosides. Moscow University Biological Sciences
Bulletin 65(1), 12—16. https://doi.org/10.3103/s0096392510010037.

Botta AL, Santacecilia A, Ercole C, Cacchio P, Del Gallo M. 2013. In vitro and in
vivo inoculation of four endophytic bacteria on Lycopersicon Esculentum. New
Biotecholology 30(6), 19—21. http://dx.doi.org/10.1016/j.nbt.2013.01.001.

Brandle JE, Telmer PG. 2007. Steviol glycoside biosynthesis. Phytochemistry
68(14), 1855-1863. https://doi.org/10.1016/j.phytochem.2007.02.010.

Buschmann C, Langsdorf G, Lichtenthaler HK. 2001. Imaging of the blue, green,
and red fluorescence emission of plants: An overview. Photosynthetica Vol.
38, pp. 483-491. https://doi.org/10.1023/A:1012440903014.



605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

Cervantes-Gamez RG, Bueno-lbarra MA, Cruz-Mendivil A, Calderén-Vazquez CL,
Ramirez-Douriet CM, Maldonado-Mendoza IE, Villalobos-Lépez MA, Valdez-
Ortiz A, Lopez-Meyer, M. 2016. Arbuscular mycorrhizal symbiosis-induced
expression changes in Solanum lycopersicum leaves revealed by RNA-seq
analysis. Plant Molecular Biology. Rep. 34, 89-102.
https://doi.org/10.1007/s11105-015-0903-9.

Champagne A, Boutry M. 2016. Proteomics of terpenoid biosynthesis and
secretion in trichomes of higher plant species. Biochimica et Biophysica Acta -
Proteins Proteomics 1864(8), 1039—1049.
https://doi.org/10.1016/j.bbapap.2016.02.010.

Chang CC, Yang MH, Wen HM, Chern JC. 2002. Estimation of total flavonoid
content in propolis by two complementary colometric methods. Journal of
Food and Drug Analysis 10(3), 178-182. https://doi.org/10.38212/2224-
6614.2748.

Compant S, Duffy B, Nowak J, Clément C, Barka EA. 2005. Use of plant growth-
promoting bacteria for biocontrol of plant diseases: Principles, mechanisms of
action, and future prospects. Applied and Environmental Microbiology 71(9),
4951-4959. https://doi.org/10.1128/AEM.71.9.4951-4959.2005.

Conéjéro G, Noirot M, Talamond P, Verdeil J, Conéjéro G, Noirot M, Spectral JV.
2014. Spectral analysis combined with advanced linear unmixing allows for
histolocalization of phenolics in leaves of coffee trees. Frontiers in Plant
Science 5, 39. https://doi.org/10.3389/fpls.2014.00039.

Copetta A, Lingua G, Berta, G. 2006. Effects of three AM fungi on growth,
distribution of glandular hairs, and essential oil production in Ocimum
basilicum L. var. Genovese. Mycorrhiza, 16(7), 485—-494.
https://doi.org/10.1007/s00572-006-0065-6.

Cornara L, Bononi M, Tateo F, Serrato-Valenti G, Mariotti MG. 2001. Trichomes on
vegetative and reproductive organs of Stevia rebaudiana (Asteraceae).
structure and secretory products. Plant Biosystems 135(1), 25-37.
https://doi.org/10.1080/11263500112331350610.

Garcia-Plazaola JI, Fernandez-Marin B, Duke SO, Hernandez A, Lopez-Arbeloa F,
Becerril JM. 2015. Autofluorescence: Biological functions and technical
applications. Plant Science 236, 136—145.
https://doi.org/10.1016/j.plantsci.2015.03.010.

Geuns, JMC. 2003. Stevioside. Phytochemistry 64(5), 913-921.
https://doi.org/10.1016/S0031-9422(03)00426-6.

Goyal SK, Goyal RK. 2010. Stevia (Stevia rebaudiana) a bio-sweetener : a review.
International Journal of Food Sciences and Nutrition 61(February), 1-10.
https://doi.org/10.3109/09637480903193049.

Guerrero-Molina MF, Lovaisa NC, Salazar SM, Diaz-Ricci JC, Pedraza RO. 2014.
Elemental composition of strawberry plants inoculated with the plant growth-
promoting bacterium Azospirillum brasilense REC3, assessed with scanning
electron microscopy and energy dispersive X-ray analysis. Plant Biology 16(4),
726-731. https://doi.org/10.1111/plb.12114.

Ginter B, Compant S, Mitter B, Trognitz F, Sessitsch A. 2014. Metabolic potential
of endophytic bacteria. Current Opinion in Biotechnology 27, 30-37.

14



652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698

https://doi.org/10.1016/j.copbio.2013.09.012.

Hardoim PR, Van Overbeek LS, Berg G, Pirttila AM, Compant S, Campisano A,
Sessitsch A. 2015. The hidden world within plants: ecological and evolutionary
considerations for defining functioning of microbial endophytes. Microbiology
and Molecular Biology Reviews 79(3), 293-320.
https://doi.org/10.1128/MMBR.00050-14.

Hardoim PR, Van Overbeek LS, van Elsas JD. 2008. Properties of bacterial
endophytes and their proposed role in plant growth. Trends in Microbiology,
16(10), 463-471. https://doi.org/10.1016/j.tim.2008.07.008.

Hazzoumi Z, Moustakime Y, Joutei KA. 2017. Effect of arbuscular mycorrhizal
fungi and water stress on ultrastructural change of glandular hairs and
essential oil compositions in Ocimum gratissimum. Chemical and Biological
Technologies in Agriculture. 4 https://doi.org/10.1186/s40538-017-0102-z.

Hutzler P, Fischbach R, Heller W, Jungblut TP, Reuber S, Schmitz R, Schnitzler
JP. 1998. Tissue localization of phenolic compounds in plants by confocal
laser scanning microscopy. Journal of Experimental Botany 49(323), 953-965.
https://doi.org/10.1093/jxb/49.323.953.

Kapoor R, Chaudhary V, Bhatnagar AK. 2007. Effects of arbuscular mycorrhiza
and phosphorus application on artemisinin concentration in Artemisia annua L.
Mycorrhiza 17, 581-587. https://doi.org/10.1007/s00572-007-0135-4.

Kilam D, Saifi M, Abdin MZ, Agnihotri A, Varma A. 2015. Combined effects of
Piriformospora indica and Azotobacter chroococcum enhance plant growth,
antioxidant potential and steviol glycoside content in Stevia rebaudiana.
Symbiosis 66(3),149-156. https://doi.org/10.1007/s13199-015-0347-x.

Kilam D, Saifi M, Abdin MZ, Agnihotri A, Varma A. 2017. Endophytic root fungus
Piriformospora indica affects transcription of steviol biosynthesis genes and
enhances production of steviol glycosides in Stevia rebaudiana. Physiological
and Molecular Plant Pathology 97, 40—48.
https://doi.org/10.1016/j.pmpp.2016.12.003.

Kim KK, Sawa Y, Shibata H. 1996. Hydroxylation of ent-kaurenoic acid to steviol in
Stevia rebaudiana Bertoni - Purification and partial characterization of the
enzyme. Archives of biochemistry and biophysics 2, 223-230.
https://doi.org/10.1006/abbi.1996.0336.

Lee T, Ng M, Karim R, Tan YS, Teh HF, Danial D, Appleton DR. 2016. Amino acid
and secondary metabolite production in embryogenic and non- embryogenic
callus of fingerroot ginger (boesenbergia rotunda). PLoS One, 11(6), 1-19.
https://doi.org/10.1371/journal.pone.0156714.

Lemus-Mondaca R, Vega-Galvez A, Zura-Bravo L, Ah-Hen K. 2012. Stevia
rebaudiana Bertoni, source of a high-potency natural sweetener: A
comprehensive review on the biochemical, nutritional and functional aspects.
Food Chemestry 132(3), 1121-1132.
https://doi.org/10.1016/j.foodchem.2011.11.140.

Li J, Zeng L, Liao Y, Tang J, Yang Z. 2020. Evaluation of the contribution of
trichomes to metabolite compositions of tea (Camellia sinensis) leaves and
their products. LWT Food Science Technology 122(September), 109023.
https://doi.org/10.1016/j.lwt.2020.109023.

Li Jie, Zhao GZ, Varma A, Qin S, Xiong Z, Huang HY, Li WJ. 2012. An endophytic

15



699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745

Pseudonocardia species induces the production of artemisinin in Artemisia
annua. PLoS One 7(12). https://doi.org/10.1371/journal.pone.0051410.

Li L, Mohamad OAA, Ma J, Friel AD, Su 'Y, Wang Y, Li, W. 2018. Synergistic plant—
microbe interactions between endophytic bacterial communities and the
medicinal plant Glycyrrhiza uralensis F. Antonie van Leeuwenhoek
Journal of Microbiology 111(10), 1735-1748. https://doi.org/10.1007/s10482-
018-1062-4.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using

real-time quantitative PCR and the 2-22CT method. Methods 25:402 - 408
DOI 10.1006/meth.2001.1262.

Liu Z, Zhou J, Li Y, Wen J, Wang R. 2020. Bacterial endophytes from Lycoris
radiata promote the accumulation of Amaryllidaceae alkaloids. Microbiological
Research 239(April), 126501. https://doi.org/10.1016/j.micres.2020.126501.

Lodewyckx C, Vangronsveld J, Porteous F, Moore, ERB, Taghavi S, Mezgeay M,
Van der Lelie D. 2002. Endophytic bacteria and their potential applications.
Critical Reviews in Plant Sciences 21(6), 583-606.
https://doi.org/10.1080/0735-260291044377.

Mamta, Rahi P, Pathania V, Gulati A, Singh B, Bhanwra RK, Tewari R. 2010.
Stimulatory effect of phosphate-solubilizing bacteria on plant growth,
stevioside and rebaudioside-A contents of Stevia rebaudiana Bertoni. Applied
Soil Ecology 46(2), 222—-229. https://doi.org/10.1016/j.aps0il.2010.08.008.

Mandal S, Evelin H, Giri B, Singh VP, Kapoor R. 2013. Arbuscular mycorrhiza
enhances the production of stevioside and rebaudioside-A in Stevia
rebaudiana via nutritional and non-nutritional mechanisms. Applied Soil
Ecology 72, 187-194. https://doi.org/10.1016/j.apsoil.2013.07.003.

Mandal S, Upadhyay S, Singh VP, Kapoor R. 2015a. Enhanced production of
steviol glycosides in mycorrhizal plants: A concerted effect of arbuscular
mycorrhizal symbiosis on transcription of biosynthetic genes. Plant physiology
and biochemistry 89, 100—106. https://doi.org/10.1016/j.plaphy.2015.02.010.

Mandal S, Upadhyay S, Wajid S. 2015b. Arbuscular mycorrhiza increase
artemisinin accumulation in Artemisia annua by higher expression of key
biosynthesis genes via enhanced jasmonic acid levels. Mycorrhiza 25, 345—
357. https://doi.org/10.1007/s00572-014-0614-3.

Monteiro WR, Castro MDM, Mazzoni-viveiros SC, Mahlberg PG. 2001.
Development and some histochemical aspects of foliar glandular trichomes of
Stevia rebaudiana (Bert.) Bert. - Asteraceae. Brazilian Journal of Botany 24(3),
349-357. https://doi.org/10.1590/s0100-84042001000300013.

Montes-Salazar AM, Maldonado-Mendoza IE, Rodriguez-Monroy M. 2018. Stevia
rebaudiana Bertoni endophytic bacteria with growth promoters activity. 2nd
World Symposium on Biotechnology and 11" Encuentro Nacional de
Biotecnologia del IPN. Frontera y Biotecnologia, 11-238.
https://www.revistafronterabiotecnologica.cibatlaxcala.ipn.mx/volumen/vol11/p
df/Revista-Septiembre-Diciembre-2018.pdf

Nowogorska A, Patykowski J. 2014. Selected reactive oxygen species and
antioxidant enzymes in common bean after Pseudomonas syringae pv.
phaseolicola and Botrytis cinerea infection. Acta Physiologiae Plantarum 37.
https://doi.org/ 10.1007/s11738-014-1725-3.



746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792

Pande SS, Gupta P. 2013. Plant tissue culture of Stevia rebaudiana ( Bertoni ): A
review. Journal of Pharmacognosy and Phytotherapy 5(February), 26-33.
https://doi.org/10.5897/JPP13.

Rajasekaran T, Ramakrishna A, Udaya Sankar K, Giridhar P, Ravishankar GA.
2008. Analysis of predominant steviosides in Stevia rebaudiana Bertoni by
liquid chromatography/electrospray ionization-mass spectrometry. Food
Biotechnology, 22(2), 179-188. https://doi.org/10.1080/08905430802043255.

Rodriguez-Garcia, T. 2015. Fertilizacion, secado y obtencion de estevidsidos en
Stevia rebaudiana Bertoni. Tesis, Centro de Desarrollo de Productos Bibticos,
Instituto Politécnico Nacional.

Rosenblueth M, Martinez-Romero E. 2006. Bacterial endophytes and their
interactions with hosts. Molecular Plant-microbe Interactions 19(8), 827—837.
https://doi.org/10.1094/MPMI-19-0827.

Pozo, M.J., Azc’on-Aguilar, C., 2007. Unraveling mycorrhiza-induced resistance.
Current Opinion Plant Biology. 10, 393—-398.
https://doi.org/10.1016/j.pbi.2007.05.004

Sarmiento-Lépez LG, Lépez-Meyer M, Sepulveda-Jiménez G, Cardenas L,
Rodriguez-Monroy, M. 2020. Photosynthetic performance and stevioside
concentration are improved by the arbuscular mycorrhizal symbiosis in Stevia
rebaudiana under different phosphate concentrations. PeerdJ, 8.
https://doi.org/10.7717/peerj.10173.

Sarmiento-Lépez LG, Lépez-Meyer M, Sepulveda-Jiménez G, Cardenas L,
Rodriguez-Monroy M. 2021. Arbuscular mycorrhizal symbiosis in Stevia
rebaudiana increases trichome development, flavonoid and phenolic
compound accumulation. Biocatalysis and Agricultural Biotechnology
31(October 2020). https://doi.org/10.1016/j.bcab.2020.101889.

Santos, EL dos, Alves da Silva, F, Barbosa da Silva, FS. 2017. Arbuscular
mycorrhizal fungi increase the phenolic compounds concentration in the bark
of the stem of Libidibia ferrea in field conditions. Open Microbiology Journal
11, 283-291.https://doi.org/10.2174/1874285801711010283.

Shi Y, Lou K, Li C. 2010. Growth and photosynthetic efficiency promotion of sugar
beet (Beta vulgaris L.) by endophytic bacteria. Photosynthesis research
105(1), 5-13. https://doi.org/10.1007/s11120-010-9547-7.

Shibata H, Sawa Y, Oka T, Sonoke S, Kim KK, Yoshioka M. 1995. Steviol and
steviol-glycoside: glucosyltransferase activities in Stevia rebaudiana bertoni -
purification ans partial characterization. Archives of biochemistry and
biophysics 321(2), 390-396. https://doi: 10.1006/abbi.1995.1409.

Shibata H, Sonoke S, Ochiai H, Nishihashi H, Yamada M. 1991. Glucosylation of
steviol and steviol-glucosides in extracts from Stevia rebaudiana bertoni. Plant
Physiology 95(1), 152—156. https://doi.org/10.1104/pp.95.1.152.

Talamond P, Verdeil JL, Conéjéro G. 2015. Secondary metabolite localization by
autofluorescence in living plant cells. Molecules 20(3), 5024-5037.
https://doi.org/10.3390/molecules20035024.

Tavarini S, Passera B, Martini A, Avio L, Sbrana C, Giovannetti M, Angelini LG.
2018. Plant growth, steviol glycosides and nutrient uptake as affected by
arbuscular mycorrhizal fungi and phosphorous fertilization in Stevia
rebaudiana Bert. Industrial Crops and Products 111(June 2017), 899-907.



793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839

https://doi.org/10.1016/j.indcrop.2017.10.055.

Tian N, Liu F, Wang P, Zhang X, Li X, Wu G. 2017. The molecular basis of
glandular trichome development and secondary metabolism in plants. Plant
Gene 12, 1-12. https://doi.org/10.1016/j.plgene.2017.05.010.

Tiwari R, Awasthi A, Mall M, Shukla AK, Srinivas KVNS, Syamasundar KV, Kalra
A. 2013. Bacterial endophyte-mediated enhancement of in planta content of
key terpenoid indole alkaloids and growth parameters of Catharanthus roseus.
Industrial Crops and Products 43(1), 306—310.
https://doi.org/10.1016/j.indcrop.2012.07.045.

Tiwari R, Kalra A, Darokar MP, Chandra M, Aggarwal N, Singh AK, Khanuja, SPS.
2010. Endophytic bacteria from ocimum sanctum and their yield enhancing
capabilities. Current microbiology 60(3), 167-171.
https://doi.org/10.1007/s00284-009-9520-x.

Tripathi A, Awasthi A, Singh S, Sah K, Maji D, Patel VK, Kalra A. 2020. Enhancing
artemisinin yields through an ecologically functional community of endophytes
in Artemisia annua. Industrial Crops and Products 150(February), 112375.
https://doi.org/10.1016/j.indcrop.2020.112375.

Vafadar F, Amooaghaie R, Otroshy M. 2014. Effects of plant-growth-promoting
rhizobacteria and arbuscular mycorrhizal fungus on plant growth, stevioside,
NPK, and chlorophyll content of Stevia rebaudiana. Journal of Plant
Interactions 9(1), 128—136. https://doi.org/10.1080/17429145.2013.779035.

Vidot K, Devaux M, Alvarado C, Guyot S, Jamme F. 2019. Plant science phenolic
distribution in apple epidermal and outer cortex tissue by multispectral deep-
UV auto fl uorescence cryo-imaging. Plant science 283(March), 51-59.
https://doi.org/10.1016/j.plantsci.2019.02.003.

Villamarin-Gallegos D, Oviedo-Pereira D, Evangelista-Lozano S, Sepulveda-
Jiménez G, Molina-Torres J, Rodriguez-Monroy M. 2020. Trichoderma
asperellum, an inoculant for the production of steviol glycosides in Stevia
rebaudiana Bertoni plants micropropagated in a temporary immersion
bioreactor. Revista Mexicana Ingieneria Quimica 12(3), 505-511.
https://doi.org/10.24275/rmiq/Bio947.

Wang XM, Yang B, Ren CG, Wang HW, Wang JY, Dai CC. 2014. Involvement of
abscisic acid and salicylic acid in signal cascade regulating bacterial
endophyte-induced volatile oil biosynthesis in plantlets of Atractylodes lancea.
Physiologia plantarum, 153(1), 30—42. https://doi.org/10.1111/ppl.12236.

Wang XM, Yang B, Wang HW, Yang T, Ren, CG, Zheng HL, Dai CC. 2015.
Consequences of antagonistic interactions between endophytic fungus and
bacterium on plant growth and defense responses in Atractylodes lancea.
Journal of basic microbiology, 55(5), 659-670.
https://doi.org/10.1002/jobm.201300601.

Werker, E. 2000. Trichome diversity and development. Advances in Botanical
Research Vol. 31, 31, 1-35. https://doi.org/10.1016/S0065-2296(00)31005-9

Woelwer-Rieck U, Lankes C, Wawrzun A, Wist M. 2010. Improved HPLC method
for the evaluation of the major steviol glycosides in leaves of Stevia
rebaudiana. European Food Research and Technology 231(4), 581-588.
https://doi.org/10.1007/s00217-010-1309-4.

Xu JX, Li ZY, Lv X, Yan H, Zho, GY, Cao LX, He YH. 2020. Isolation and



840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857

characterization of Bacillus subtilis strain 1-L-29, an endophytic bacteria from
Camellia oleifera with antimicrobial activity and efficient plant-root colonization.
PLoS One 15(4), 1-18. https://doi.org/10.1371/journal.pone.0232096.

Yan Y, Zhang S, Zhang J, Ma P, Duan J, Liang Z. 2014. Effect and mechanism of
endophytic bacteria on growth and secondary metabolite synthesis in Salvia
miltiorrhiza hairy roots. Acta Physiologiae Plantarum 36(5), 1095-1105.
https://doi.org/10.1007/s11738-014-1484-1.

Yang HR, Yuan J, Liu LH, Zhang W, Chen F, Dai CC. 2019. Endophytic
Pseudomonas fluorescens induced sesquiterpenoid accumulation mediated by
gibberellic acid and jasmonic acid in Afractylodes macrocephala Koidz
plantlets. Plant Cell Tissue and Organ Culture 138(3), 445-457.
https://doi.org/10.1007/s11240-019-01640-4.

Zhou JY, Yuan J, Li X, Ning YF, Dai CC. 2016. Endophytic bacterium-triggered
reactive oxygen species directly increase oxygenous sesquiterpenoid content
and diversity in Atractylodes lancea. Applied and environmental microbiology
82(5), 1577-1585. https://doi.org/10.1128/AEM.03434-15.



