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Abstract
The increasing demand for products based from Stevia rebaudiana Bertoni (both leaves and purified
steviol glycosides) makes of interest the research on sustainable production systems, in order to
guarantee secure availability and high quality of agricultural raw materials. Arbuscular mycorrhizal
fungi (AMF) symbiosis represents an interesting tool for increasing crop production and quality,
especially thanks to improved nutrient absorption, particularly phosphorus (P). In the present study,
Stevia rebaudiana Bert. plants were exposed to different levels of P fertilization (0, 25 and 50 mg P20s
kg soil) with or without Rhizoglomus irregulare inoculation, in order to evaluate root colonization,
plant growth and productive parameters, steviol glycosides (S\Vglys) yield, as well as nitrogen (N) and
P concentrations and uptake. A nutrient balance was also carried out and the nutrient use efficiency was
evaluated. Stevia roots were highly colonized by Rhizoglomus irregulare, especially in the absence of P
fertilization. During the whole vegetative growth, the AMF symbiosis, in association with the P supply,
benefitted stevia growth, especially with regard to leaf dry biomass production and SVglys yield.
Arbuscular mycorrhizal fungi symbiosis was able to modify the growth habit of stevia plants, with
increased branching and a reduced plant height. At the end of the vegetative growth, mycorrhizal plants
reached the highest leaf dry yield, together with the highest SVglys production. The application of 25
mg P20s kg soil in association with AMF symbiosis seemed to be the most effective treatment in

improving stevia SVglys yield and P uptake together with P nutrient use efficiency.

Keywords: Biofertilizers, Diterpene glycosides yield, Nutrient use efficiency, Rhizoglomus irregulare.
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1. Introduction

Stevia rebaudiana Bert. (hereafter stevia), a perennial semi-shrub of Asteraceae family, has
been long used as a sweetener and herbal remedy by the Guarani people (Ramesh et al. 2006; Madan et
al., 2010). This steviol glycoside-rich plant now represents an economic opportunity, especially after
the approval of the use of steviol glycosides (SVglys) as a food additive in many countries (Angelini et
al., 2016), and the very recent recognition, in Europe, of stevia leaves as “traditional food” in tea,
herbal and fruit infusions (Novel Food catalogue, European Commission, 2017).

More than 30 SVglys have been detected in stevia leaf extracts (Wolwer-Rieck, 2012), of which
the most abundant are stevioside and rebaudioside A, followed by rebaudiosides B-E, dulcoside A and
steviolbioside (De et al., 2013; Pal et al., 2015; Tavarini et al., 2015). The sweetness of SVglys ranges
between 250-300 times that of sucrose (Crammer and lkan, 1987). In addition to the sweet taste, a
recent review assessed the health-promoting properties of steviol glycosides and other active principles
of stevia (Marcinek and Krejpcio, 2016).

Stevia leaves present a unique composition in terms of the presence of several biologically
important secondary metabolites, such as labdanes, flavonoids, phenolic acids, sterols, triterpenoids,
chlorophylls, organic acids, mono-disaccharides, and inorganic salts (Gardana et al., 2010; Tavarini et
al, 2015; Tavarini and Angelini, 2013). The global market for stevia has grown considerably (Mintel,
2014): consumers increasingly tend to opt for products with a natural origin, and their concerns derived
from the use of synthetic sweeteners (Soffritti et al., 2006, 2016; Chiozzotto et al., 2011; Seuez et al.,
2014; Kuk and Brown, 2016). As the agricultural production of stevia is still problematic and
insufficient to meet such a growing global demand, its cultivation could represent a great opportunity
for farmers.

Identifying the main pre-harvest factors that affect the phytochemical profile of stevia is key to

improving its productivity and the amounts of beneficial active compounds in its leaves. One of the

3



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

main challenges in stevia production is the use of arbuscular mycorrhizal fungi (AMF) which are
ubiquitous beneficial root symbionts which promote plant growth and affect the production of health-
promoting secondary metabolites (Sbrana et al., 2014; Pedone-Bonfim et al., 2015). Sharma et al.
(2015) highlighted the lack of information on the use of AMF as biofertilizers in stevia, as useful tools
for modern agriculture that can reduce chemical inputs as well as the impact on the environment.

Arbuscular mycorrhizal symbioses may increase mineral nutrients and water uptake, and
photosynthetic rate (Goslin et al., 2006). The improvement in P absorption in mycorrhizal plants is
widely recognized, together with AMF activity as bioenhancers, biostimulants and biocontrol agents
(Smith and Read, 2008; Smith et al., 2011; Rouphael et al., 2015; Bucking and Kafle, 2015; Corréa et
al., 2014). However, studies on the effects of mycorrhizal symbiosis on the quantitative and qualitative
production of stevia are limited (Portugal et al., 2006; Mandal et al., 2015) and do not consider the
interaction between AMF and P fertilization on the biosynthesis of the different steviol glycosides.

The aim of this study was to evaluate the effects of AMF inoculation, P fertilization levels (P)
and their reciprocal interaction (AMFxP) on stevia root colonization, the main biometric and
productive parameters, and SVglys yield, throughout the vegetative growth. In addition, nitrogen and
phosphorus concentrations in three different plant organs (leaves, stems and roots) and the nutrient

uptake and partitioning within the plant were analyzed at harvest.

2. Material and Methods

2.1. Chemicals

The HPLC-grade solvents, acetonitrile, formic acid and water were purchased from J. T. Baker

(Phillipsburg, NJ, USA). Common Stevia Glycosides Standards Kit (steviolbioside, dulcoside A,
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rebaudioside B, stevioside, rebaudioside A and rebaudioside C) were purchased from Chromadex

(LGC Standards S.r.L., Milan, Italy). All solvents and water were thoroughly degassed prior analyses.

2.2. Plant Material and Experimental Conditions

A pot trial was carried out at the Experimental Centre of the Department of Agriculture, Food and
Environment (DAFE) (Central Italy, Pisa, 43° 40’ N; 10° 19’ E), during the 2015 growing season. The
stevia plants were obtained from a high rich-rebaudioside C genotype, belonging to the DAFE germplasm
collection, through stem cuttings to ensure the production of uniform plant material. In December 2014,
apical portions were cut from the mother plants grown in greenhouse conditions, and transferred on
sterile peat-based growing media, into plug trays, for elongation and rooting. The derived plantlets
were maintained under controlled conditions in the greenhouse until the beginning of the trial. At the
beginning of May 2015, uniform sized (5-7 cm height) plants were selected and transplanted to 3 L
pots with 2 kg of autoclaved soil in each pot. The substrate used was a mixture of 9/10 sandy loam soil
(sand 75%; silt 22%; clay 3%; organic matter 15 g kgt; pH 8.1; total nitrogen 0.6 g kg*; available
phosphorus 11.9 mg kg*; exchangeable potassium 107.1 mg kg 1) and 1/10 peat-based growing media
(VALCOFERT S.r.l, Empoli, Italy). The substrate obtained was mixed and autoclaved twice (121°C
for 1 h), with a 24 h gap between one cycle and the next, in order to kill naturally occurring AMF
propagules.

The trial was conducted in open-air conditions, from May to the first ten days of September. A
weather station located near the experimental site was used to record any changes in minimum,
maximum and mean air temperatures and total rainfall. Mean maximum and minimum temperatures in
the growing season were 28.8°C and 15.8°C, respectively, with 283.8 mm of total rainfall.

The plants were exposed to six treatments, consisting in three phosphorus doses (0, 25 and 50

mg P.0s kgt of soil) with (M) and without (NM) mycorrhizal inoculum: NM+0P (without AMF

5
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inoculum and without P fertilization); NM+25P (without AMF inoculum with 25 mg P2Os kg * of soil);
NM+50P (without AMF inoculum with 50 mg P»Os kg of soil); M+0P (mycorrhizal without P);
M+25P (mycorrhizal with 25 mg P2Os kg of soil); M+50P (mycorrhizal with 50 mg P2Os kg of
soil).

According to Tavarini et al. (2015), a randomized block design with two treatment factors
(phosphorous, mycorrhizal inoculum) occurring in a factorial structure was used. Three harvests were
carried out at 69 (16 July 2015), 89 (5 August 2015) and 123 (8 September 2015) days after
transplanting (DAT) sampling 3 replicates for each treatment. Phosphorus, as triple superphosphate,
was added at the beginning of the trial. One month after the beginning of the trial, nitrogen fertilization
was supplied to each plant (0.25 g N pot, as ammonium nitrate). The plants were well-watered
through the experiment (75-80% of field capacity) thanks to a drip irrigation system.

On the last sampling date, the plants were at the beginning of the reproductive stage, when the
SVglys leaf concentration reaches the maximum (Sumida, 1980; Xiang, 1983; Ramesh et al., 2006). At
each sampling date, plant height, branch number, total fresh above- and below-ground biomass were
measured. The plants were then air-dried in a ventilated oven from 30°C to 40°C until constant weight,
for dry weight determination of the leaves, stems and roots. Root to shoot ratio was also measured as:
root dry mass/(leaf + stem) dry mass. The various dry plant parts were ground to a fine powder, by a

laboratory mill (IKA universal grinder M20), and used for subsequent analyses.

2.3. AMF inoculum and mycorrhizal colonization

Mycorrhizal treatments were set up using inoculum consisting of mycorrhizal roots and soil containing
spores and extraradical mycelium of the AMF species Rhizoglomus irregulare (N.C. Schenck & G.S.
Sm.) Sieverd., G.A. Silva & Oehl (syn. Rhizophagus irregularis (N.C. Schenck & G.S. Sm.) C. Walker

& A. Schussler, formerly known as Glomus intraradices), isolate IMAG. The inoculum was obtained
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from Medicago sativa L. and Zea mays L. pot cultures in a mixture of sandy loam soil and calcinated
clay (OILDRI, Chicago, IL, USA) (1:1 v/v), kept at the Microbiology laboratory, Department of
Agriculture, Food and Environment (DAFE), University of Pisa, Italy. After excision of the shoots
from the host plants, the substrate was air dried at room temperature, roots were ground, carefully
mixed with the soil, and stored until use.

All pots received 50 mL of a filtrate, obtained by sieving the mycorrhizal inoculum through a
50 um pore diameter sieve and then through Whatman paper no. 1 (Whatman International Ltd,
Maidstone, Kent, UK), to ensure a common microflora to all treatments. In the mycorrhizal treatment,
stevia plants were inoculated with 130 mL of inoculum, while NM plants received the same volume of
a mock inoculum, prepared by steam-sterilization of the whole inoculum. The inoculation occurred just
before transplanting.

One month after the transplant, root samples from three pots per treatment were collected for
the determination of mycorrhizal colonization. The method was based on clearing and then staining
with 0.05% Trypan blue in lactic acid root samples (Phillips and Hayman, 1970). The percentage of
colonized AMF root length was assessed on representative root samples from each plant, using the

gridline intersect method (Giovannetti and Mosse, 1980).

2.4. Evaluation of soil physical-chemical characteristics

Soil physical characterization was carried out according to the Soil Survey Laboratory Methods
Manual (USDA-NRCS, 1996) before plant transplanting. Bulk density (BD) was determined by a
separate undisturbed soil core (3 cm diameter) collected from a depth of 0-15 cm from each pot. This
was calculated by dividing the mass of the oven-dried sample at 105°C for 48 h by the volume of the

probe (USDA-NRCS, 1996).
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Soil organic matter (SOM) was evaluated by multiplying soil organic carbon x 1.724 (Nelson
and Sommers, 1982). Soil pH, total N and available P were assessed by McLean (1982), Bremner and
Mulvaney (1982), and Olsen and Sommers (1982), respectively. CaCO3z was evaluated according to
Derimains (1962), while for cation exchange capacity (C.E.C.), the method of Mehlich (1948) was
followed. Electrical conductivity (E.C.) was determined in a 1:5 (m:v) substrate:water suspension after

30 min of stirring with GLP-31 Crison conductimeter using a 52.93 electrode and corrected to 20°C.

2.5. Evaluation of nitrogen and phosphorus content and uptake

The nitrogen and phosphorus concentrations in the plant organs (leaf, stem and root) were determined
according to Jones et al. (1991). Nutrient uptake (N and P uptake) of the stems, leaves and roots were
determined by multiplying their nutrient concentrations by their corresponding dry yield biomass per

plant (g plant™).

2.6. Nutrient balance and nutrient use efficiency
At the end of the experimental period, the nutrient balance was evaluated as the differences between
the total inputs (N and P entering into the pot by mineral fertilization), and the total outputs (N and P
leaving the soil, through the uptakes by above-ground biomass) (Di Bene et al., 2011). For P balance,
the PO thesis was not considered since no P input was added to the crop.

Nutrient use efficiency (NUE) was also calculated for all treatments, except for the PO thesis,
according to D’Haene et al. (2007) as follows:

NUE (%)=(total output/total input) x 100 (Eqg. 1).

2.7. Preparation of extract
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For each treatment and sampling date, 0.1 g of powder leaves were dissolved in 10 mL of 5 mM
ammonium formate in water/acetonitrile (5:95, v/v) at pH 3.0, in order to obtain a concentration of 1 g
L%, and sonicated for 30 min at 60°C. The obtained extracts were then filtered using 0.45 pm nylon

filters.

2.8. Steviol glycoside content

Steviol glycoside determination was performed according to Zimmermann et al. (2012). A Hydrophilic
Liquid Interaction Chromatography column (Luna HILIC 200A, 5 um, 250 mm x 4.6 mm;
Phenomenex, Italy), was used in conjunction with the corresponding guard column (4 x 3.0 mm), in a
HPLC system (Jasco PU980) coupled with a UV-visible wavelength detector. Operating HPLC
conditions and chromatogram acquisition are based on the procedure described by Tavarini et al.
(2015). Steviol glycoside guantification was performed using authentic standards, through calibration
curves (0.05-0.5 g L), obtained from standard mixtures containing steviolbioside, dulcoside A,

rebaudioside B, stevioside, rebaudioside A, and rebaudioside C.

2.9. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) using CoStat version 6.2 (CoHort Software,
Monterey, CA, USA). Two-way completely randomized ANOVA was carried out to estimate the
variance components of phosphorus (P), arbuscular mycorrhizal fungi (AMF), and their interaction
(AMFxP). Means were separated on the basis of the least significant difference (LSD) only when the

ANOVA F test showed significance at the 0.05 or 0.001 probability level.

3. Results and discussion
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3.1. Mycorrhizal colonization

Rhizoglomus irregulare successfully established mutualistic symbiosis with stevia roots, with a high
percentage (from 76% to 88%) of mycorrhizal root length (Table 1). This thus confirms that stevia is
highly susceptible to AMF colonization (Portugal, 2006; Mandal et al., 2013, 2015). No colonization
was observed in NM plants. With increased P additions to the soil, a significant decrease in the
percentage of AMF colonized roots was found, in line with previous data on stevia (Mandal et al. 2013)
and other plant species, such as cucumber (Cucumis sativus L.) (Bruce et al., 1994), pea (Pisum
sativum L.) (Balzergue et al.,, 2011), and Mentha crispa L. (Urcoviche et al.,, 2015). Several
environmental factors affect AMF symbiosis. Nutrient availability can influence the symbiotic
interaction and, consequently, the total AMF root biomass (Menge et al., 1978; Thomson et al., 1986;
Breuillin et al., 2010; Smith et al.,, 2011; Balzergue et al., 2013; Bonneau et al., 2013). This
phenomenon is correlated to strigolactone biosynthesis, a new class of plant hormones involved in the
pre-symbiotic stage as signal molecules facilitating the contact between AMF and host plant roots
(Lopez-Réez and Pozo, 2013). It has been shown that strigolactone biosynthesis is negatively
correlated with phosphate levels, which increase under deficient phosphate conditions, thus promoting
fungal development and establishment of symbiosis (Yoneyama et al. 2007; Lépez-Réez et al. 2008;

Lopez-Raez et al. 2011).

3.2. Soil physical-chemical parameters

The substrate had a sandy-loam texture (sand 71.2%; silt 23.8%; clay 5.0%) with a bulk density of 1.55
g cm. The chemical characteristics, evaluated both before plant transplanting and at the end of the
experiment, are reported in Table 2. The substrate’s characteristics were favourable for stevia growth,
since this species requires well-drained soil, which is rich in organic matter and nutrients. During the

experiment, SOM concentration (%) decreased significantly from the initial substrate to M+25P and
10
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M+50P substrates, with an average reduction of 13.6% between the initial SOM concentration and the
SOM measured after cultivation of M-plants treated with 25 and 50P. A similar trend was also found
for the total N concentration, with the lowest values in the M+25P substrate (Table 2). These
observations are consistent with those reported by Hodge et al. (2001), who suggested that AMF can
influence SOM mineralization by accelerating its decomposition and N acquisition. The lowest soil pH
value was thus found in the initial substrate, with the maximum SOM concentration.

A clear effect of AMF inoculation and P application was found for the P levels into the soil
after stevia cultivation. In particular, the AMF treatment significantly reduced the P soil concentration
at the end of the experimental period, indicating that AMF provided the plant with a greater supply of
P. The lowest soil P concentrations were recorded in the M+0P substrate, followed by the M+25P
substrate (Table 2). These observations were confirmed by the plant P uptake (Figure 1). In fact, a
higher P absorption from the substrate was observed in M+0P and M+25P-treated plants compared

with NM counterpart (Figure 1).

3.3. Biometric characteristics
The branch number increased in M plants at the highest P fertilization levels, although this increase
was significant only at 89 DAT (p< 0.01 for AMFxP) (Table 3).

As a general trend, both plant height and branch number of stevia plants, were significantly
influenced by the mycorrhizal symbiosis, but not by the P fertilization level (Table 3). Significant
differences between NM and M plants were recorded, for both traits, at all sampling dates. The NM
plants were characterized by a larger stem height and a lower branch number, compared with M plants.

The obtained results showed that, in stevia, AMF symbiosis influenced the above-ground
architecture, irrespectively of the addition of P to the soil, by stimulating shoot branching. Little is

known about the impact of AMF symbionts on plant growth. In a study designed to assess the effect of
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AMF on the growth parameters of nine plant species, Touati et al. (2014) highlighted that all
mycorrhizal plants were significantly higher and more branched, compared with non-inoculated plants.
Similarly, in a study on stevia biofertilization, Vadafar et al. (2014), found that inoculated plants
reached a greater stem height, compared with controls. Since, in stevia, the biosynthesis of gibberellins
and SVglys share common steps (Richman et al., 1999; Brandle and Telmer, 2007; Ceunen and Geuns,
2013; Guleria and Yadav, 2013), Mandal et al. (2015) suggested that AMF may induce a shift in the
metabolite flow towards SVglys synthesis, thus explaining the increased shoot branching detected in
mycorrhizal plants. Similarly, low levels of gibberellins produced phenotypes with increased branching
in gibberellin-deficient mutants of Arabidopsis (Silverstone et al., 1997), rice (Oryza sativa L.) (Lo et
al., 2008) and pea (Murfet and Reid, 1993). However, although gibberellins were reported to affect
internode elongation (Davies, 2010), their role in shoot branching has yet to be fully unraveled
(Rameau et al., 2014). On the other hand, strigolactones may play a role in the modulation of shoot
branching and the control of plant above-ground architecture (Gomez-Roldan et al. 2008; Kapulnik et

al. 2011).

3.4. Biomass production and root:shoot ratio

Regarding the biomass production, the AMFxP interaction significantly influenced leaf dry yield only
at 69 DAT, with the lowest dry leaf production observed for NM+50P plants (Table 4). At 123 DAT,
both leaf dry yield and total dry above-ground biomass were affected by mycorrhizal symbiosis, with a
higher leaf dry yield (+17.6%) and total dry above-ground biomass (+9%) in M plants compared with
NM ones (Table 4). On the other hand, at 89 DAT, a negative effect of P supply was observed in the
total dry above-ground biomass with the lowest values at the maximum P level (Table 4). Taken
together, these results demonstrated that, in stevia at the end of the vegetative growth, mycorrhizal

symbiosis led to improved leaf dry and total dry above-ground production. These results confirm
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previous reports. Portugal et al. (2006) found that, in stevia, Glomus intraradices enhanced total dry
biomass and leaf dry yield. Mandal et al. (2013) and Vafadar et al. (2014) underlined the effectiveness
of AMF inoculation in increasing the shoot dry weight of stevia.

In order to assess the above- and below-ground biomass allocation in stevia plants affected by
AMF symbiosis and P fertilization, the root to shoot ratio (R/S) was evaluated. The patterns of biomass
allocation were inconsistent, as mycorrhizal symbiosis affected R/S only at OP and 50P, at 69 DAT,;
and at OP, at 89 DAT, with the highest ratio in NM plants. Conversely, at 89 DAT, R/S showed at
25Pthe lowest values in NM plants (Table 4), confirming previous findings (Veresoglou et al., 2012).
However, the present study highlighted that P fertilization was the major factor influencing the R/S
ratio in stevia, at 123 DAT sampling. Finally, R/S was higher at the beginning of the vegetative growth,
in comparison with the last harvest, suggesting an effect of plant growth stage and seasonality on R/S

in stevia (Ledig and Perry, 1966; Haolin et al., 2008).

3.5. Mineral concentration and uptake

Nitrogen and phosphorous concentration and uptake were recorded in the different plant organs
at the end of the experiment (123 DAT). Nitrogen and phosphorous concentrations were significantly
affected by AMFxP interaction, apart from leaf N concentration, which was dependent on both the
AMF and P level (Table 5). Regarding this latter parameter, NM plants were characterized by a
significantly higher N concentration in the leaves, than M plants, and, at the same time, the plants
treated with 25P showed the lowest value (Table 5). In stems and roots, the highest N concentrations
were recorded in NM plants treated with the maximum P dose. A similar trend was observed for P
concentrations, with the highest values in leaves, and roots of NM plants treated with the 50P dose. NM

plants, together with M plants receiving 25P treatment, also showed the highest stem P concentration
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(Table 5). These findings highlight that, at the maximum P treatment (50 mg P20s kg™ soil), all the
organs (leaves, stems and roots) of NM plants were characterised by the highest P concentrations.

Interestingly, with lower P doses (25 and 0 mg P.Os kg soil), the M plants showed
significantly higher P concentrations in their organs than NM plants, as result of a more effective P
absorption due to mycorrhizal symbiosis. Similarly, Hoseini et al. (2015) found that stevia plants
inoculated with Glomus mossae were characterised by a higher P concentration than non-inoculated
plants. In terms of the P concentration in roots, Earanna (2007) did not find significant differences
between non-inoculated and Glomus fasciculatum inoculated stevia plants.

The results obtained in the present study would seem to indicate that mycorrhizal inoculation in
stevia was very beneficial without or with a low P fertilization level, in terms of P concentration in the
various plant organs. However, this effect disappeared at the highest fertilization rate, which means
that, at this level of fertilization, mycorrhizal symbiosis became irrelevant for stevia plants (Figure 1
B). In fact, total P uptake by stems, leaves and roots was significantly higher in M than in NM plants at
OP and 25P (p < 0.001). In contrast, no significant variation was recorded for NM and M plants at the
highest P level (Figure 1 B).

The findings observed in the present study confirm Mandal et al. (2015), who found that P
uptake by M stevia plants was 216% higher compared with that taken up by non-inoculated plants.
Such data are consistent with the well-known role of AMF in plant P nutrition at low soil P availability
(Smith and Read, 2008). The lack of differences in P uptake in M and NM stevia plants at a high P
availability may be ascribed to the predominance of direct root P uptake on the AMF-mediated P
pathway (Smith et al., 2011). The high P absorption by M plants is mainly due to the activity of the
extraradical mycelium which provides an additional pathway for P assimilation (Smith et al., 2011).

The N uptakes by stevia plants are shown in Figure 1A. When no P fertilization was added to

the soil, M plants were characterised by a significantly higher N uptake than NM plants (p < 0.01). On
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the other hand, NM stevia plants showed a higher N uptake, compared with M plants, at the highest P
dose, while no significant variation was observed between NM and M plants at 25P.

However, little is known about the influence of AMF on N uptake (Blcking and Kafle, 2015;
Corréa et al., 2015). A low N availability can be limiting for both the plant and AMF, resulting in the
retention of N by the fungus, thereby reducing N availability for the plant (Johansen, 1999; Nouri et al.,
2014; Corréa et al., 2014).

In the present study, AMF produced inconsistent results on N uptake by stevia plants,
depending on P fertilization levels, thus confirming previous studies showing positive (Saia et al.,
2014; Mensah et al., 2015), neutral (Hawkins and George, 1999) and negative (George et al., 1995)
effects of AMF on N plant nutrition. The average amount of N and P extracted by the stevia plants and
required to produce 1 kg of dry leaf biomass was 11.91 g and 1.55 g of N and P, respectively for NM
plants. The nutrient requirements of M plants were 10.49 g N and 2.10 g P to produce 1 kg of dry leaf.
These data suggest that M plants need a lower amount of nitrogen to produce the same quantity of dry

leaf biomass, than NM plants, while the opposite was observed for P.

3.6. Nutrient balance and nutrient use efficiency

A positive N balance (input > output) was found for all treatments at the end of the experiments (Table
6). On the other hand, a negative P balance was observed for M+25P-treated plants. Despite the AMF
colonization, N use efficiency, calculated according to Eq.(1), was similar for both NM and M plants
(Table 6). Conversely, the P use efficiency was maximum in M+25P plants. In fact, M+25P plants
were characterised by similar outputs to those registered for M+50P plants, however their input was

50% lower with respect to M+50P.

3.7. Steviol glycoside yield
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As expected, the SVglys vyield increased during the vegetative growth, from the first to the last
sampling. At 69 and 123 DAT, the SVglys yield was significantly (p < 0.05) affected by the AMFxP
mutual interaction (Table 7). In the first sampling, differences between inoculated and non-inoculated
plants were recorded for 0 and 50P, with the lowest values for NM plants. However, at the 25P level,
no differences were observed between NM and M stevia plants. In the last sampling, the highest yields
were recorded for M plants receiving P fertilization (25 and 50 mg P20s kg™ soil). These findings
indicate that a double P dose applied to M plants did not lead to an increase in SVglys yield. This
suggests that 25P is likely the best P level in order to achieve the maximum SVglys yield at the end of
the vegetative growth. At 89 DAT, the SVglys yield was significantly influenced only by mycorrhizal
inoculation, with higher yields in M plants in comparison with NM plants (Table 7).

Definitively, these findings indicate that M plants receiving P fertilization are able to achieved
the maximum SVglys yield, as previously observed by Mandal et al. (2013). This behaviour is probably
due to the improved P uptake in M plants, which, in turn, has been shown to be responsible, not only
for an enhanced nutritional status of the plant, but also for stimulation of secondary metabolite

biosynthesis, as observed in several fruits and vegetables (Sbrana et al., 2014).

4. Conclusions

This study underlines that, in stevia, AMF, in association with P supply, can be beneficial for stevia
growth, especially with regard to leaf dry biomass production and SVglys yield. AMF symbiosis was
able to modify plant architecture, with an increase in branching and a reduction in plant height. At the
end of the vegetative growth, mycorrhizal plants reached the highest leaf dry yield, together with the
highest SVglys production. At the same time, the application of 25 mg P20s kg? soil in M plants

improved P uptake, P nutrient use efficiency as well as SVglys yield. Based on these data, AMF can be
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considered a valid biofertilizer for stevia cultivation, thereby leading to more sustainable agricultural

systems.
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Table 1. Root colonization of Stevia rebaudiana Bert.
plants by the arbuscular mycorrhizal fungal species
Rhizoglomus irregulare under three phosphorus fertilization
levels. The roots were analysed one month after
transplanting.

Root colonization

(%)
oP 25P 50P
NM nd nd nd
M 876+6.0a 76.1+6.4b 758+89b

nd = not detectable

Results are the means (n=3) + SD. Data were arc sin
transformed before statistical analysis. Mean values
followed by different letters were significantly different at
the p < 0.05 probability level according to the LSD test.
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Table 2. Mean chemical characteristics of three replicates (£ standard deviation) of the initial substrate and at the end of the trial.

Initial substrate NM+0P NM+25P NM+50P M+0P M+25P M+50P
SOM 2 (%) 4.63+0.01ab 454+001b 475+0.20 a 434+0.06¢ 424+0.04c 4.00+0.05d 4.04+0.13d
Total N (g kg?) 0.99+0.01b 1.05+001a 0.97 £0.03 bc 0.94 £0.02 cd 0.93+0.01d 0.87+0.02¢ 0.92+0.04d
Available P (mg kg?) 1521 +0.03¢c 1431 +0.04d 16.58 £0.02 b 20.85+0.01a 9.57+0.02¢9 1166 +0.01f 1427+0.01e
CaCOs (g kg?) 2.08+0.18a 206+0.23a 222+045a 206+0.23a 222+0.23a 2.06+0.23a 222+0.23a
pH 8.07+£0.01d 8.29+0.01b 8.27+0.01c 8.27+0.01c 8.32+0.01a 8.32+0.01a 832+0.01a
C.E.C. " (meq 100g™) 18.50+041a 18.48 +0.32 ab 18.62+0.37 a 18.21+0.48 ab 18.80+0.51a 17.11+0.23¢c 17.84+0.31b
E.C. ¢ (us cm™) 368.10+1.20 f 372.08+1.12¢ 42731+1.18¢c 408.42+1.10d 42727 +143c 44418 +1091a 430.20£1.47b

2 Soil organic matter

b Cation exchange capacity

¢ Electrical conductivity

Mean values followed by different letters were significantly different at the p < 0.05 probability level according to the LSD test.



Table 3. Effect of phosphorus fertilization and mycorrhizal inoculation on plant height and branch number of
Stevia rebaudiana Bert. at 69, 89 and 123 days after transplanting (DAT).

Plant height
(cm) Branch number
NM M NM M
69 DAT 0P 4550 +2.76 39.27 £3.02 2.50+0.30 3.40+0.27
25P 40.63 + 3.90 38.81+3.96 271+0.74 3.00 +0.69
50P 46.26 £ 5.47 38.72+£3.52 2.30 £0.76 4.20+£0.74
Mean 4413 A 39.03B 250B 3.25A
Source of variation: AMFxP = ns; AMF =*; P =ns Source of variation: AMFxP = ns; AMF = **; P =ns
89 DAT 0P 56.76 + 3.21 48.27+2.14 242+011c 3.53+0.22b
25P 52.86 +4.10 48.02 £3.44 260+021c 3.28+0.31b
50P 56.87 + 3.58 45.49 £ 3.15 230+£0.29¢c 418+0.35a
Mean 55.50 A 47.26 B
Source of variation: AMFXP = ns; AMF = ***; P = ngs Source of variation: AMFXP = **; AMF = ***: P = ng
123DAT QP 75.20 +3.92 62.88 +3.19 2.33+0.41 3.67 £0.67
25P 72.78 +3.62 61.58 +3.91 240+0.32 3.60 + 0.46
50P 70.88 +3.43 57.82 +3.07 2.50+0.58 4.17 £0.67
Mean 7295 A 60.76 B 241B 381A

Source of variation: AMFxP = ns; AMF = ***; P = ns

Source of variation: AMFxP = ns; AMF = ***; P =ns

Results are the means (n=3) £ SD. A two-way ANOVA was used to evaluate the effect of the interaction between
mycorrhizal inoculation (AMF) and phosphorus fertilization (P) (AMFxP). Lower-case letters indicate AMFxP interaction,
upper-case letters indicate effect of mycorrhizal inoculation (AMF). Significance is indicated as follows: ns, not significant;
*  significant at p < 0.05 level; **, significant at p < 0.01 level; *** significant at p < 0.001 level.
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Table 4. Effect of phosphorus fertilization and mycorrhizal inoculation on leaf dry yield, total dry above-ground biomass, and root to shoot ratio of Stevia
rebaudiana Bert. at 69, 89 and 123 days after transplanting (DAT).

Leaf dry yield Total dry above-ground biomass .
(g plant) (g plant) Root to shoot ratio
NM M NM M Mean NM M Mean
69 oP 5.72+0.162a 5.91+0418a 8.52 £0.130 8.91 £ 0.542 0.89 £ 0.006 a 0.79 £ 0.041 be
DAT  25p 595+0478a  535+0522a 8.86 +0.921 8.22 +0.870 0.66 £0.005d  0.72 +0.018 cd
50P 458 +0.153b 5.68 £0.489a 7.24 £0.329 8.45 +0.358 0.87 £ 0.066 ab 0.76 £0.082 c
Source of variation: AMFxP =*; AMF =ns; P =* Source of variation: AMFxP = ns; AMF =ns; P =ns Source of variation: AMFXP = *; AMF = ***; p = ***
89 0P 7.58 +£0.878 6.61 +0.977 12.25 £1.602 11.80 £0.112 12.02 A 0.74+£0.010a 0.62 £0.008 b
DAT  25p 7.57 £0.990 6.32+0.078 12.52 +1.550 10.58 +0.500 11.55 A 0.60+0.069b  0.69+0.047a
50P 6.53 £0.223 6.63 = 0.142 10.40 £ 0.149 10.58 £ 0.151 10.49B 0.70£0.018 a 0.70£0.021a
Source of variation: AMFXP = ns; AMF =ns; P =ns Source of variation: AMFxP =ns; AMF =ns; P =* Source of variation: AMFxP = ***: AMF =ns; P =*
123 0P 9.05+0.572 10.58 + 0.547 19.38 £ 0.241 20.66 = 0.240 0.72 £ 0.003 0.68 £ 0.001 0.70 AB
DAT  25p 9.23 +0.536 10.94 +0.238 18.71+1.202 21.70 +1.303 0.66 + 0.068 0.66 +0.038 0.66 B
50P 9.72 +1.280 11.41 £0.219 20.53 +1.988 21.56 £0.091 0.74 £0.051 0.73 £0.033 0.73 A
Mean 9.33B 1097 A 1954 B 2131 A

Source of variation: AMFxP = ns; AMF = ***; P = ns

Source of variation: AMFxP = ns; AMF = **; P = ns

Source of variation: AMFxP =ns; AMF =ns; P=*

Results are the means (n=3) = SD. A two-way ANOVA was used to evaluate the effect of the interaction between mycorrhizal inoculation (AMF) and phosphorus
fertilization (P) (AMFxP). Lower-case letters indicate AMFXP interaction, upper-case letters indicate effect of mycorrhizal inoculation (AMF) and phosphorus level
(P). Significance is indicated as follows: ns, not significant; *, significant at p < 0.05 level; **, significant at p < 0.01 level; ***, significant at p < 0.001 level.
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Table 5. Effect of phosphorus fertilization and mycorrhizal inoculation on nitrogen and phosphorus concentration in the
leaves, stems and roots of Stevia rebaudiana Bert. plants at 123 days after transplanting (DAT).

N concentration P concentration
(g 100g™) (9 100g™)
NM M Mean NM M

Leaf  OP 0.87 £ 0.026 0.79 £0.001 0.83 A 0.05+0.005 e 0.11+0.001 b

25P 0.80 £ 0.003 0.76 £0.011 0.78 B 0.07 £0.001d 0.10 £ 0.011c

50P 0.87 £0.009 0.80 £ 0.029 0.84 A 0.12 £0.003 a 0.11+0.005b

Mean 0.85 A 0.78 B

Source of variation: AMFXP = ns; AMF = *; P = *** Source of variation: AMFXP = ***; AMF = ***; p = ***
Stem 0P 0.30+0.010ab  0.29 £ 0.026 bc 0.04 £0.001 c 0.11+£0.005 b

25P 0.30+0.027ab  0.30+0.013ab 0.04 £0.002 ¢ 0.12 £ 0.006 a

50P 0.33+0.007a 0.26 +0.032 ¢ 0.12+0.001a 0.11+0.005 b

Source of variation: AMFxP =*; AMF = *; P = ns Source of variation: AMFXP = ***; AMF = ***; p = #%*
Root OP 0.36 +0.004b  0.38+0.005ab 0.03 £0.001e 0.09 +0.001c

25P 0.38+0.011ab 0.22 +0.005d 0.05+0.005d 0.10 £0.004 b

50P 0.39£0.011a 0.32+0.031c 0.11 £ 0.006 a 0.10+0.001 b

Source of variation: AMFXP = ***; AMF = ***; p = *** Source of variation: AMFXP = ***; AMF = ***; p = ***

Results are the means (n=3) £ SD. A two-way ANOVA was used to evaluate the effect of the interaction between
mycorrhizal inoculation (AMF) and phosphorus fertilization (P) (AMFxP). Lower-case letters indicate AMFxP
interaction, upper-case letters indicate effect of mycorrhizal inoculation (AMF) and phosphorus level (P). Significance is
indicated as follows: ns, not significant; *, significant at p < 0.05 level; ***, significant at p < 0.001 level.



Table 6. Mean nutrient balance of Stevia rebaudiana Bert. cultivation, and nutrient use
efficiency (NUE) during 123 days of cultivation.

NM+0P NM+25P NM+50P M+0P M+25P M+50P

N (g pot™®) Input:

F 0.250 0.250 0.250  0.250 0.250  0.250
Output:

U 0.110 0.103 0.121 0.112 0.115 0.117
Balance ?: input — output  0.140 0.147 0.129 0.138 0.135 0.133
NUE * (%) 44 41 48 45 46 47

P (gpot™®) Input:

F - 0.022 0.043 - 0.022  0.043
Output:

u - 0.010 0.025 - 0.024  0.023
Balance: input — output - 0.011 0.018 - -0.003 0.021
NUE (%) - 48 58 - 112 53

aNutrient Balance was calculated as the difference inputs-outputs
® Nutrient Use Efficiency (NUE) was evaluated according to Eq.(1).



Table 7. Effect of phosphorus fertilization and
mycorrhizal inoculation on steviol glycoside yield of
Stevia rebaudiana Bert. measured at 69, 89 and 123 days
after transplanting (DAT).

Steviol glycosides yield

(g plant™)
NM M
69 DAT oP 0.60+0.02b 0.71+0.05a
25P 0.75+£0.06 a 0.70+£0.07 a
50P 0.59+0.02b 0.70£0.06 a

Source of variation: AMFxP =*; AMF =*; P=%*

89 DAT oP 0.86 +0.08 0.98 +0.08
25P 0.89 +£0.08 0.91+0.09
50P 0.82 £0.03 1.04 £0.02

Mean 0.86 B 0.98 A

Source of variation: AMFxP = ns; AMF = **; P = ns

123 DAT oP 1.39 £ 0.09 bc 1.30+0.07¢c
25P 1.28+0.07c 1.59+0.04a
50P 1.43+0.08 b 1.66 £0.03 a

Source of variation: AMFXP = ***; AMF = ***; p = ***

Results are the means (n=3) + SD. A two-way ANOVA
was used to evaluate the effect of the interaction between
mycorrhizal inoculation (AMF) and phosphorus
fertilization (P) (AMFxP). Lower-case letters indicate
AMFXP interaction, upper-case letters indicate effect of
mycorrhizal inoculation (AMF). Significance is indicated
as follows: ns, not significant; *, significant at p < 0.05
level; **, significant at p < 0.01 level; ***, significant at p
< 0.001 level.
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Figure 1. Effect of phosphorus fertilization and mycorrhizal inoculation on total nitrogen (A) and phosphorus (B)
uptake (g plant?) of Stevia rebaudiana Bert. at 123 days after transplanting (DAT). Results are the means (n=3) * SD.
Significance is indicated as follows: ns, not significant; **, significant at p < 0.01 level; ***, significant at p < 0.001
level, according to t-test.
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