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Main conclusion: The in vitro application of rhizosphere microorganisms led to a higher rooting

percentage in Pyrus Py12 rootstocks and increased plant growth of Pyrus Py170 and Prunus RP-20.

Abstract

The rooting of fruit tree rootstocks is the most challenging step of the in vitro propagation process.
The use of rhizosphere microorganisms to promote in vitro rooting and plant growth as an alternative to the
addition of chemical hormones to culture media is proposed in the present study. Explants from two Pyrus
(Py170 and Py12) rootstocks and the Prunus RP-20 rootstock were inoculated with Pseudomonas
oryzihabitans PGP01, Cladosporium ramotenellum PGP02 and Phoma sp. PGPO03 following two different
methods to determine their effects on in vitro rooting and plantlet growth. The effects of the microorganisms
on the growth of fully developed Py170 and RP-20 plantlets were also studied in vitro. All experiments
were conducted using vermiculite to simulate a soil system in vitro. When applied to Py12 shoots, which
is a hard-to-root plant material, both C. ramotenellum PGP02 and Phoma sp. PGP03 fungi were able to
increase the rooting percentage from 56.25% to 100% following auxin indole-3-butyric acid (IBA)
treatment. Thus, the presence of these microorganisms clearly improved root development, inducing a
higher number of roots and causing shorter roots. Better overall growth and improved stem growth of
treated plants was observed when auxin treatment was replaced by co-culture with microorganisms. A root
growth-promoting effect was observed on RP-20 plantlets after inoculation with C. ramotenellum PGPO02,
while P. oryzihabitans PGPO1 increased root numbers for both Py170 and RP-20 and increased root growth
over stem growth for RP-20. It was also shown that the three microorganisms P. oryzihabitans PGP01, C.
ramotenellum PGP02 and Phoma sp. PGP03 were able to naturally produce auxin, including indole-3-acetic

acid (1AA), at different levels. Overall, our results demonstrate that the microorganisms P. oryzihabitans
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PGPO01 and C. ramotenellum PGPO02 had beneficial effects on in vitro rooting and plantlet growth and could

be applied to in vitro tissue culture as a substitute for IBA.

Keywords: Auxins, Fruit tree rootstocks, Micropropagation, Plant-growth promoting fungi, Plant-growth

promoting rhizobacteria.
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Introduction

Of the different steps of in vitro plant propagation, the rooting of micropropagated shoots of
different fruit tree species belonging to the Prunus genus is not easy (Quambusch et al. 2016; Wiszniewska
et al. 2016; Arab et al. 2018), and rooting enhancement is crucial to ensure plant production and survival
in soil conditions. The main procedures used to stimulate the formation of roots in in vitro environments
involve a reduction in the concentration of macronutrients, as well as the addition of exogenous auxin
(Iglesias et al. 2004; Dobranszki and Teixeira da Silva 2010; Goel et al. 2018; Lucchesini et al. 2019). The
effectiveness of the process depends on several factors, including the genotype, the type of auxin and the

dose of hormone applied (Magyar-Tabori et al. 2002; Ruzic and Vujovic 2007).

In recent years, restrictions imposed by the European Commission concerning the use of chemicals
in plant production (including auxin) have led to the development of new strategies to improve in vitro
rooting using more ecological sources to avoid the application of exogenous auxin (Pacholczak et al. 2012;
Elmongy et al. 2018). It is well known that some plant growth-promoting microorganisms (PGPMs) have
an impact on in vitro plant development, increasing plant growth or the efficacy of the propagation and
rooting of explants (Contesto et al. 2010; Trinh et al. 2018). Bacteria and fungi are able to produce hormones
such as auxin or gibberellins (Wagas et al. 2012; Igbal and Hasnain 2013; Meents et al. 2019), making the
use of microorganisms a promising alternative to the use of chemical compounds. In a study conducted by
our research group, the plant growth-promoting effects of two fungi (Cladosporium ramotenellum PGP02
and Phoma sp. PGP03) and one bacterium (Pseudomonas oryzihabitans PGPO01) isolated from Pyrus and

Prunus endogenously contaminated in vitro cultures were reported (Cantabella et al. 2020).

On this basis, the aim of the present study involves the evaluation of the effects of these three
microorganisms on root induction and development and on the growth of micropropagated plantlets from
different rootstocks belonging to species of the Pyrus and Prunus genera. This application has generated
universal interest in agricultural research as an instrument to increase abiotic stress tolerance or disease
resistance (Asin et al. 2011; Elias-Roman et al. 2019; Riaz et al. 2019; Silva et al. 2019), and the use of in
vitro tissue culture techniques serves as a way to study tolerance to abiotic stresses, such as tolerance to
lime-induced chlorosis (Dolcet-Sanjuan et al. 1992, 2004a, 2008; Donnini et al. 2009). To ensure better
plant-microbe coexistence, an in vitro culture system using media comprising vermiculite instead of the

traditional approach in which semisolid agar-containing media are used was used in this study.
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Material and methods

Plant materials and in vitro culture conditions

Rootstocks for which there is commercial interest for fruit production were used in this study. A
Prunus rootstock marketed for commercial use named Rootpac® 20 (RP-20) (Agromillora Group,
Barcelona, Spain) and two Pyrus rootstocks named “Py12” and “Py170”, which are under agronomic
evaluation by the IRTA, were propagated by axillary branching through in vitro shoot tip cultures. RP-20
is a natural hybrid between Myrobalan plum (Prunus cerasifera Ehr.) and almond (Prunus dulcis) and can
be used as a rootstock for Japanese plum, peach, nectarine, almond and several apricot cultivars (Pinochet
2010). Py170 is a hybrid between OH11 (Simard and Michelesi 2002) and Pyrus amygdaliformis, while
Py12 is derived from the open pollination of Pyrus communis cv. Williams. Both clones are in the last
selection phase of an IRTA pear rootstock breeding programme that aims to obtain tolerance to both lime-
induced chlorosis and reduced vigour.

Shoot-tip cultures of both Pyrus rootstocks (Py12 and Py170) and commercial Prunus (RP-20)
rootstock were the source of shoot explants used to induce rooting and produce full plantlets. The three
plant materials were propagated by axillary branching in MS media (Murashige and Skoog 1962)
supplemented with 5 uM benzylaminopurine (BAP), as described by Iglesias et al. (2004). For shoot
elongation, 50 ml of liquid MS media without hormones was added to each flask after a 4-week-long culture
period in 100 ml of semisolid multiplication media. Root induction on in vitro elongated shoots was
conducted in “%-strength MS media supplemented with 10 uM indole-3-acetic acid (IAA), henceforth
referred to as RIM-101BA, for a 7-day-long period in darkness, followed by a transfer to ¥-strength MS
auxin-free media, henceforth referred to as root elongation media (REM). The in vitro coexistence of shoot
explants or full plantlets with the microorganisms took place in ¥-strength MS media without hormones
but amended with vermiculite (50:40, v/v, vermiculite:medium), as described by Dolcet-Sanjuan et al.
(2004b), henceforth referred to as root elongation media with vermiculite (REM-V). The pH of the different
liquid media was adjusted to 5.7 using NaOH before the addition of gelling agar (8 g I'* in RIM and REM
and 6 g I in REM-V). For semisolid agar-containing media, 15-mm-diameter tubes, each with 15 ml of
media, were used. When REM-V was used, 38-mm-diameter tubes, each containing 50 ml of vermiculite
and 40 ml of semisolid media, were used. The media were autoclaved at 121°C for 20 min, and once they

had cooled, they were stored at 14°C. All in vitro cultures, including those in co-culture with the
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microorganisms, were maintained in a culture chamber set at 24°C and providing 100-120 pumol m2s?
cool-white fluorescent light under a 16-h-light photoperiod.

In vitro root induction and development in the presence of microorganisms

The effects of co-culture with microorganisms during root induction and development were
evaluated using 3-cm-long elongated shoots of RP-20, Py12 and Py170. Two different protocols were
followed to study the impact of the three microorganisms on in vitro rooting. In the first protocol (method
1), elongated shoots were transferred to RIM-10IBA for 7 days in dark conditions. Afterward, the shoots
were transferred to REM-V and immediately inoculated with 1 ml of the microorganism suspension. In the
second protocol (method 2), elongated shoots were immersed for 5 min in 1 ml of microorganism
suspension and then placed in a sterile 2-cm-diameter well, which enabled immersion of 3 mm of the shoot
base. Afterward, the shoots were cultured in tubes with REM for one week to ensure the microorganisms
grew in direct contact with the shoot base. After this period, the shoots were transferred to REM-V to favour
root development, as was done for method 1. For both methods, a total of fifteen shoots per treatment were
used. Four treatments per experiment were used, namely, inoculation with PGPOL1 (P. oryzihabitans),
inoculation with PGP02 (C. ramotenellum), inoculation with PGP03 (Phoma spp.) and inoculation with a
control. The control treatment involved the addition of 1 ml of sterile water for method 1 or immersing the
shoot base in 1 ml of sterile water for method 2. After 8 weeks of co-culture, the rooting percentage was
calculated by dividing the number of rooted shoots by the total number of shoots. Morphometric and
photosynthetic parameters, including the number of leaves, root number, stem length (cm), root length (cm),
total plant fresh weight (FW, in g), root fresh weight (g) and stem fresh weight (g) were measured for each

plantlet, as described by Cantabella et al. (2020).

In vitro plant development in the presence of microorganisms

To test whether P. oryzihabitans PGP01, C. ramotenellum PGP02 and Phoma sp. PGP03 had plant
growth-promoting effects, in vitro fully developed RP-20 and Py170 plantlets were used. In previous
experiments (Cantabella et al. 2020), the three microorganisms were able to increase the FW, stem length

and root length of rooted pear seedlings derived from in vitro embryo rescue.

For these assays, a total of ten 3-cm-long micropropagated shoots per treatment were induced for
rooting in RIM-101BA for 7 days, followed by a 1- to 2-week-long culture period in REM to favour root

elongation and development. After this period, the shoots that displayed visible roots were removed from
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the agar-containing semisolid media and transplanted into REM-V, followed by inoculation with 1 ml of
each microorganism suspension or the same volume of sterile double distilled water for the control
treatment. After 8 weeks of co-culture, morphometric and photosynthetic parameters, including the number
of leaves, root number, stem length (cm), root length (cm), total plant fresh weight (FW, in g), root fresh
weight (g) and stem fresh weight (g) were measured for each plantlet. The root fresh weight (g)/stem fresh
weight (g) ratio was calculated for each plantlet and used as an indicator of differential plant growth

distribution.

Preparation of microorganism inocula

In the present study, the bacterium P. oryzihabitans PGP01 and fungi C. ramotenellum PGP02 and
Phoma sp. PGP03 belonging to the IRTA postharvest programme PGPMs collection, were used to test their
potential effects on the in vitro rooting and growth of Prunus and Pyrus rootstocks. These microorganisms
were isolated from Pyrus and Prunus embryos germinated in an aseptic environment and preliminarily
tested in in vitro rooted pear plantlets, the results of which showed beneficial effects (Cantabella et al.
2020). P. oryzihabitans PGPO1 cultures preserved at -80°C were grown in nutrient yeast dextrose agar
(NYDA: nutrient broth, 8 g I'%; yeast extract, 5 g I'}; anhydrous glucose, 10 g I'%; and agar, 15 g ) plates
at 25°C, while C. ramotenellum PGP02 and Phoma sp. PGPO3 cultures were grown in potato dextrose agar
(PDA: potato tissue, 200 ml; glucose, 20 g I!; and agar, 20 g I'?) plates at the same temperature. Forty-
eight-hour-old plates of bacteria and 14-d-old plates of both fungi were used to prepare the microorganism
suspensions. P. oryzihabitans PGPO1 cells were collected in phosphate buffer (70 ml KH,PO, 0.2 M; 30
ml K:HPO, 0.2 M; 300 ml of deionized water) and washed by centrifugation at 6164 x g. After suspension
in phosphate buffer, the bacterial concentration was adjusted with sterile distilled water at 2x108 CFU ml*
by measuring the absorbance at 420 nm with a spectrophotometer (SP-2000 UV, Shanghai Spectrum
Instruments Co., Ltd., Shanghai, China). The conidia of both C. ramotenellum PGP02 and Phoma sp.
PGPO03 were measured using a haemocytometer, and the concentration was ultimately set to 2x10° spores
ml with sterile distilled water (sp mI2). In both cases, the plate dilution technique on solid PDA and NYDA

media was applied to calculate the true colony forming units (CFU ml?).

Determination of auxin production via spectrophotometry

The indole-3-acetic (IAA) production ability of P. oryzihabitans PGP01, C. ramotenellum PGP02

and Phoma sp. PGP03 was tested spectrophotometrically according to the methods described by Gordon
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and Weber (1951). P. oryzihabitans PGPO1 bacteria and C. ramotenellum PGP02 and Phoma sp. PGP03
fungi were grown in flasks containing 50 ml of tryptone soy broth (TSB) and potato dextrose broth (PDB)
supplemented or not supplemented with 0.5 and 1 g I** tryptophan for 24 h and 168 h, respectively, and
incubated at 25°C and 150 rpm. Bacterial and fungal cultures were pelleted by centrifugation for 10 min at
6164 x g, and 1 ml of the supernatants was tested for the presence of indole compounds using 2 ml of
Salkowski reagent (1 ml of 0.5 M FeClszin 50 ml of 35% HCIQ,4). After 25 min of incubation in darkness,
the absorbance at 530 nm was measured with an SP-2000 UV spectrophotometer (Shanghai Spectrum
Instruments Co., Ltd., Shanghai, China). The content of auxin was determined via a standard curve of
synthetic IAA (Duchefa Biochemie, Haarlem, The Netherlands) at different concentrations (from 0 to 20

pg mlt) and treated in the same way as were the bacterial and fungal supernatants.

Data analysis

The different experiments were designed in accordance with a completely randomized design
(CRD), and the data were analysed by one- or two-way factorial ANOVA using JMP Pro Software (version
13.1.0, SAS Institute, Cary, NC, USA). Different letters were used to denote significant differences
according to Student’s t-test (p <0.05). Statistical significance was judged at the level P < 0.05, and Tukey’s
test was used to separate the means within one factor when the differences were statistically significant.
Significant differences in in vitro rooting percentages between treatments and the control were analysed

via Fisher’s exact test (P <0.05).

Results

Effects of the applications of three microorganisms on in vitro root induction, development

and biometric parameters

To study the effect of the three microbes P. oryzihabitans PGP01, C. ramotenellum PGP02 and
Phoma sp. PGP03 on in vitro root induction and plantlet development, microorganisms were applied
following two different methods: inoculation after root induction in the medium supplemented with 10 uM
IBA (RIM-101BA, Method 1), and immersion of the shoot basis in microbe suspensions without root
induction with IBA (REM, Method 2). Using these methods, the effects of these microorganisms were
tested in three rootstock genotypes: the easy-to-root Prunus RP-20, the easy-to-root Pyrus Py170 and the
hard to root Pyrus Py12. To ensure the coexistence of plants and microorganisms, all the experiments were

conducted in REM supplemented with vermiculite (REM-V). After 8 weeks of co-culture, the in vitro
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rooting percentage, as well as several parameters regarding root induction and development (number of

roots and root length) and plantlet development (plant, shoot and root FW) were measured.

As expected, the plant material had an important effect on the rooting response. The control
treatment of the shoots, with neither inoculation with microorganisms (method 1) nor immersion into
suspensions of microorganisms (method 2), induced to root in RIM-10IBA (method 1) or by a 7-day-long
culture in REM (method 2), followed by an 8-week-long culture in REM-V, induced 100% rooting on RP-

20 and Py170, while it was only 56.3% for Py12, a hard-to-root Pyrus clone (Table 1).

Inoculation with P. oryzihabitans PGPO1 or C. ramotenellum PGP02 through either methodology
had no detrimental influence on rooting percentage, which remained at 100%, for the easy-rooting clones
RP-20 or Py170 (Table 1). For Py12 in co-culture with C. ramotenellum PGP02 and Phoma sp. PGP03, the
rooting percentage doubled, increasing to 100% when root elongation (method 1) or root induction and

elongation (method 2) were performed in co-culture with the tested microorganisms (Table 1).

The effect of the microorganisms on the number of developed roots (P < 0.001) and the length of
rooted shoots of RP-20, Py170 and Py12 (Fig. 1a) were highly influenced (P < 0.001) by the method of
inoculation. After the first protocol, we observed that P. oryzihabitans PGP01 was able to induce a 35%
significant increase in the number of roots in Prunus RP-20 shoots but not in either the Pyrus Py170 or
Py12 rootstocks (Figs. 1a and 2). However, this increase in the number of roots was not accompanied by a
greater root length for either of the three tested plant genotypes compared with non-treated plantlets (Figs.
1b and 2). Inoculation with C. ramotenellum PGP02 led to a higher number of roots for the three plant
genotypes tested compared with their respective controls, with increases of 57, 54 and 312% for RP-20,
Py170 and Py12, respectively (Figs. 1a and 2). Together with the positive effect of inoculation with this
microorganisms on the number of roots, a significant (135%) increase in root length was observed only in
Pyrus rootstock Py170 after 8 weeks of co-culture (Figs. 1b and 2). Phoma sp. PGP03 drastically affected
this parameter in the hard-to-root Py12 rootstock compared with the non-treated plantlets; the root length
increased 225% after 8 weeks of co-culture (Figs. 1a and 2). However, a significant inhibition in root
elongation was reported for the RP-20 and Py12 genotypes after inoculation with Phoma sp. PGP03 in

comparison to that of the control plants (Figs. 1b and 2).

Overall, the number of roots observed on RP-20 and Py170 shoots was similar or lower than that

on the control plants when they were immersed in the microorganism suspensions (method 2) with no
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previous exogenous auxin treatment (Fig. 1a). However, with the Py12 clone, inoculation with C.
ramotenellum PGPO02 significantly increased the number of roots (almost 50% higher than those of the
control) (Figs. 1a and 2). Regarding root length, inoculation by root immersion in the suspension of P.
oryzihabitans PGPO01 induced significantly longer roots (110% increase) from shoots of Py170 (Figs. 1b
and 2). As observed with method 1, Phoma sp. PGP03 inhibited root elongation in RP-20 and Py12, and

this reduction was significant only in RP-20 (58% lower than that of the control) (Figs. 1b and 2).

Regardless of the genotype, the effects of the three microorganisms on the total plant (P < 0.001),
shoot (P < 0.001) and root FW (P = 0.003, P = 0.004 and P < 0.001 for RP-20, Py170 and Py12,
respectively) were affected by the method used for their application (Fig. 3a, b, ¢). After inoculation, during
root elongation (method 1) of RP-20 and Py170 with the suspension of P. oryzihabitans PGPO1, while plant
FW was not affected, an important reduction in this parameter was reported in the hard-to-root Py12
genotype (Fig. 3a). The reduction in shoot FW occurred in the RP-20 and Py12 plantlets in response to
inoculation with P. oryzihabitans PGPO1 (48 and 67% lower than that of the control, respectively).
Inoculation with P. oryzihabitans PGPO1 following this method induced a nearly 70% increase in RP-20
root FW (Fig. 3c). However, the plant, shoot and root FWs remained unchanged or were lower than those
of the control plants after 8 weeks of co-culture with both C. ramotenellum PGP02 and Phoma sp. PGP03

inoculated according to method 1 (Fig. 3a, b, ).

In method 2, inoculation with P. oryzihabitans PGPO1 significantly increased the plant and shoot
FW of Pyrus Py170 rootstock (225% higher than that of the control) but not in RP-20 or Py12 rootstock
(Fig. 3a). When this bacterium was applied via this method, we reported an increase in root FW for all three
genotypes: RP-20, Py170 and Py12 (68, 120 and 80% more than that of the non-treated plantlets) (Fig. 3c).
In this sense, it is important to highlight that this increase in root FW observed for RP-20 in response to
inoculation with P. oryzihabitans PGP01 was quite similar to that obtained via method 1. Surprisingly, C.
ramotenellum PGPO02 significantly promoted plant, shoot and root FW of Pyrus rootstocks Py170 and Py12,
whereas no effects on the Prunus RP-20 rootstock occurred after 8 weeks of co-culture with this microbe
(Fig. 3a, b, ). Finally, while a negative effect of the application of Phoma sp. PGP03 was observed on RP-
20 shoots, the plant, shoot and root FW decreased (74, 86 and 171% lower than those of control,

respectively), but no significant changes in these parameters were found in Py170 or Py12 (Fig. 3a, b, ).
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In general, inoculation with the three microorganisms following method 1 stimulated root
development, mainly increasing the number of roots of RP-20, Py170 and Py12 explants. On the other
hand, increased growth of plantlets was observed when the inoculation was carried out by immersing the
shoots in P. oryzihabitans PGP01 and C. ramotenellum PGPO02 suspensions, since better values of plant,

shoot and root FW were observed in response to these microbes in the three genotypes tested in the study.

In vitro plantlet development in the presence of microorganisms

In this experiment, we focused our efforts in elucidating the effect of these three microorganisms
P. oryzihabitans PGPO01, C. ramotenellum PGP02 and Phoma sp. PGP0O3 on in vitro plant development of
the two rootstock genotypes Prunus RP-20 and Pyrus Py170. For that purpose, in vitro micropropagated
explants were inoculated with the three microorganisms in REM-V after root induction and development
in RIM-10IBA and REM, respectively. Again, several biometrical parameters including the number of

roots, root and shoot FW and root/shoot FW ratio were measured after 8 weeks of co-culture with microbes.

Plant material had a significant effect on root and plantlet development after inoculation with
microorganisms, and this interaction was significant for the number of roots (P < 0.001), shoot FW (P =
0.002), root FW (P = 0.001) and root/shoot FW ratio (P = 0.002). In this sense, we observed that P.
oryzihabitans PGPO1 positively affected all the parameters concerning root growth for the RP-20 plants,
such as the number of roots, root FW and the root/shoot FW ratio compared with those of the non-treated
plantlets (Fig. 4a, b and d). This root-localized effect was also observed when the bacterium was applied to
Py170 in vitro explants, since a significant increase in the number of roots was recorded after 8 weeks of
co-culture (Fig. 4a and 5). On the other hand, both plant genotypes behaved differently after inoculation
with C. ramotenellum PGP02. The application of the fungus favoured the root growth of RP-20 in vitro
plantlets, increasing their root FW (129% compared with that of the control plants). This fungus also
increased shoot length compared with that of the non-treated plantlets (data not shown). Nevertheless, only
shoot growth increased when the application was carried out on the Pyrus Py170 explants (Fig. 4b, ¢ and
5). In this sense, the shoot FW significantly increased by only 32% compared with that of the control
plantlets. Again, no significant plant growth promotion was observed in response to inoculation with Phoma
sp. PGP03, except for the higher number of roots observed for Py170 plantlets after 8 weeks of co-culture
with this fungus (Fig. 4a and 5). Other parameters, including root length and number of leaves, were not

significantly affected by either of the three microbes (data not shown).
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Determination of 1AA in P. oryzihabitans PGP01, C. ramotenellum PGP02 and Phoma sp.

PGPO3 cultures.

The content of IAA was determined in P. oryzihabitans PGPO1, C. ramotenellum PGP02 and
Phoma sp. PGPO03 cultures. The ability to produce auxins was suggested in the three microorganisms, as
significant increases in the IAA content were detected when the different culture media were supplemented
with Trp. In this context, it is noteworthy to mention that the concentration of IAA detected in P.
oryzihabitans PGP01 cultures was higher than that observed for C. ramotenellum PGP02 and Phoma sp.
PGPO03 In the case of P. oryzihabitans PGP01, an increase in the IAA content was observed when the
tryptophan was added to the medium in a dose-dependent manner, registering a 4.35- and a 7.07-fold
increase at 0.5 and 1 g I%, respectively (Fig. 6). On the other hand, IAA was also found in C. ramotenellum
PGPO02 cultures when fungal cells were grown in PDB without Trp (Fig. 6), and these levels remained
unchanged when the lowest concentration of tryptophan was tested. However, the addition of 1 g I induced
a 3.57-fold increase in 1AA levels in comparison to those recorded in PDB without tryptophan (Fig. 6).
Regarding PGP03, the addition of tryptophan at 0.5 or 1 g I"* to the PDB medium induced significant
increases on IAA content in comparison to non-supplemented medium (3.2 and 3.7-fold), but, in that case,

no differences between both doses of tryptophan were registered (Fig. 6).
Discussion

Rootstocks have important agronomic value in fruit tree crops since they are used for grafting
commercial varieties, providing desirable fruit production and quality and tree tolerance to edaphic factors
associated with abiotic and biotic stresses (Prodhomme et al. 2019). Some clones selected for their desirable
agronomic characteristics, especially those clones that result in low vigour, have poor rooting efficiencies
and root development, such as the following: apple rootstock M9 (Malus x domestica Borkh) (Sun and
Bassuk 1991; Amiri and Elahinia 2011); pear rootstocks OHxF 333, Brossier P.2274 and P.227 (Mielke
and Turner 2008; Necas and Kosina 2008); and peach rootstocks Lovel and Prunus americana (Mayer et
al. 2015). As a consequence, in vitro propagation is not feasible. Herein, owing to its tolerance to lime-
induced chlorosis and reduced vigour (Asin et al. 2011), Py12, a pear rootstock clone selected in an IRTA
breeding programme, also has low rooting efficiency compared to that of another Pyrus rootstock, Py170,
or the commercial Prunus rootstock Rootpac® 20 (RP-20). When in vitro rooting is the main obstacle to

obtaining complete viable plants in woody plant species (Wiszniewska et al. 2016), research to improve the
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efficiency of this step frequently emphasizes determining the hormone type and level (Dobranszki and
Teixeira da Silva 2010) to be added during in vitro growth, though the results are highly dependent on
genotype. In three apple rootstocks (M.26, MM.106 and JTE-H) in which three different levels of IBA were
used, different responses in terms of rooting percentage and root length were observed for the different

genotypes (Magyar-Tabori et al. 2002).

Improvement in root development in peach and pear embryo-derived plantlets inoculated with the
microorganisms used in the present work was reported in a previous work (Cantabella et al. 2020).
Therefore, an in vitro model in which these three microorganisms (P. oryzihabitans PGP01, C.
ramotenellum PGP02 and Phoma sp. PGP03) were applied to in vitro clonally propagated Prunus RP-20
and Pyrus Pyl12 and Py170 rootstocks at different stages of in vitro development was constructed to
determine their effects on root induction, root development, and whole-plantlet in vitro growth. Two
independent experiments were conducted: first, to study the effects of the microorganisms on the in vitro
rooting efficiency of shoots, with or without an IBA root induction treatment, and second, to study the
microorganisms’ effects on in vitro whole-plantlet growth. Inoculation of microorganisms following the
two different methods has been previously reported in semiwoody olive microcuttings under nursery
conditions (Montero-Calasanz et al. 2013). Herein, to improve the coexistence between shoots or plantlets
and microorganisms, vermiculite was added to the culture media under in vitro conditions. In the first
method, in which IBA was used to induce rooting, which is the standard protocol (Murashige and Skoog
1962; Iglesias et al. 2004), Pyrus Pyl12 shoots showed 56.25% rooting, while in the presence of C.
ramotenellum PGP02 and Phoma sp. PGP03, the in vitro-rooted shoots completely rooted (100%). In
accordance with our results, other endophytic bacterial isolates demonstrated that inoculation of in vitro
microshoots of two Prunus avium genotypes resulted in increased rooting percentage (Quambusch et al.
2014). Additionally, the results obtained with method 2, without IBA treatment of the shoots, confirmed
that the P. oryzihabitans PGPO1 bacterium and both C. ramotenellum PGP02 and Phoma sp. PGP03 fungi
could act as a natural root-promoting source, likely due to their ability to produce IAA. In this context, it
has been proven that the bacterium P. oryzihabitans PGP0O1 was able to produce a higher amount of IAA
than both fungi. All inoculated and control shoots, including those of Py12, rooted after 8 weeks of culture,
except those inoculated with Phoma sp. PGP03, which showed a decrease in this parameter. On the other
hand, in the IBA-induced shoots (method 1), invariably reduced growth was observed in all plantlets

compared with those derived from method 2. Nonetheless, the three microorganisms increased the number
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of roots per plantlet in the three different rootstocks in a genotype-dependent way, and these increases were
statistically significant for C. ramotenellum PGPO02 in all three tested rootstocks, P. oryzihabitans PGP01

in RP-20 and Phoma sp. PGP03 in RP-20 and Py12.

In the present work, the ability of both P. oryzihabitans PGP0l and C. ramotenellum PGPO2 to
produce IAA could explain the increase in the number of roots. P. oryzihabitans PGP0l and C.
ramotenellum PGPO02, in the absence of IBA (Method 2), led to better root elongation and shoot growth —
more significantly in the Py170- and Pyl2-treated shoots. Regarding Phoma sp. PGP03, no important
effects on root length were observed in this method in spite that the ability to produce auxins was proven.
Studies revealing the use of microorganisms in microshoots to induce rooting while avoiding the application
of exogenous auxin are scarce, and some authors have reported positive effects of other natural compounds
such as humic acid on improving the in vitro rooting efficiency (EImongy et al. 2018). Herein, though an
improvement in rooting percentage was proven only for Py12 shoots, better growth of the three rootstocks
(Py170, Py12 and RP-20) was observed after exposure to P. oryzihabitans PGP0O1 and C. ramotenellum
PGP02, and this technique is a promising alternative to the use of chemical hormones in plant production.
Further assays employing clonal rootstocks with a compromised rooting ability under in vitro conditions,
such as M9, OHxF 333, Brossier P.2274 and P.2276, Lovell or P. americana, will need to be carried out to
corroborate and verify this effect. The performance of rhizobacteria in the in vitro rooting process is highly
documented (Quambusch et al. 2014; Kavino and Manoranjitham 2018; Perez-Rosales et al. 2018; Burygin
et al. 2019); however, very little is known about the role of fungi in plant root development. It has been
previously established that some beneficial fungi are able to produce and accumulate auxin in their mycelia,
which could increase the levels of auxin as well as auxin-responsive plant gene expression in Arabidopsis
thaliana (Meents et al. 2019). The present research constitutes the first work showing the auxin production
ability of C. ramotenellum. In the case of P. oryzihabitans, Belimov et al. (2015) already reported the ability
of this bacterium to produce different indole compounds. In the same study, potato (Solanum tuberosum)
plants showed increased root biomass when P. oryzihabitans was present in the rhizosphere compared to

that of non-inoculated plants.

A different approach was conducted to analyse whether P. oryzihabitans PGP01 bacteria and the
two C. ramotenellum PGP02 and Phoma sp. PGP03 fungi are microorganisms with potential plant growth-
promoting effects under in vitro conditions. For this purpose, fully developed Py170 and RP-20 plantlets

were used to evaluate whether they were able to improve root and shoot growth. The effects in response to
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inoculation with C. ramotenellum PGP02 and Phoma sp. PGP03 were somehow different depending on the
genotype. In Prunus RP-20 rootstocks, a greater root FW was observed in response to C. ramotenellum
PGPO02, and a significantly higher number of roots was registered in Py170 after the inoculation with Phoma
sp. PGP03. These results might be explained by the ability of both fungi to produce auxins. However, the
clear effect of C. ramotenellum PGPO02 on the growth of the aerial parts of Py170 and RP-20 suggested the
role of other compounds produced by the fungus instead of auxin. Some fungi play a crucial role in plant
growth and development, mostly due to the endophytic production of plant hormones such as gibberellins
(GAs), which are involved in important physiological processes, including stem elongation (Calvo et al.
2014). Previous studies have demonstrated the ability of different isolates from rhizosphere fungi belonging
to the Cladosporium and Phoma genera to produce GAs, which resulted in increased growth of soybean
and cucumber seedlings (Hamayun et al. 2009, 2010). Plant growth promotion in Atriplex gmelinii by a
gibberellin-producing strain of Gliomastix murorum was reported (Khan et al. 2009). Thus, considering the
above reference, our results could suggest that GAs play a role in the enhancement of shoot growth induced
by C. ramotenellum PGP02 in Pyrus Py170 rootstock. On the other hand, the bacterium P. oryzihabitans
PGPO1 tended to act more specifically in the roots, increasing the number of roots for both Py170 and RP-
20 rootstocks, as well as the root FW and root/shoot FW ratio solely in RP-20. Reprogramming root system
architecture in response to rhizobacteria belonging to the Pseudomonas and Bacillus genera is mediated by
auxin signalling in A. thaliana (Lopez-Bucio et al. 2007; Zamioudis et al. 2013). Pourjasem et al. (2020)
recently reported that bacteria belonging to the Pseudomonas genus are able to release some elements into
the culture media as a result of the decomposition of minerals present in vermiculite that might also favour
root development. These results represent a step forward compared with those of a previous publication
where the effects of the three microorganisms were described in Prunus in vitro rescued embryos for the
first time (Cantabella et al. 2020). However, more comprehensive studies are being undertaken to

corroborate that this mechanism occurs in Py170 and RP-20 plants with the studied microorganisms.

Conclusions

In summary, the two different procedures concerning inoculation of P. oryzihabitans PGP01, C.
ramotenellum PGP02 and Phoma sp. PGPO03 did not reduce the in vitro rooting percentage of the efficient-
to-root Pyrus and Prunus rootstocks Py170 and RP-20. On the hard-to-root Pyrus Py12 rootstock, both
fungi increased the rooting percentage from 56.25% to 100%. As a consequence of the auxin production

ability by some of the microorganisms, a higher number of roots was observed with these microorganisms
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when co-cultured after IBA induction, and increased plantlet growth was observed when no synthetic auxin
was used. Due to the strong potential of rootstocks in fruit tree production, this study constitutes a
worthwhile approach to improve the rooting efficiency of difficult-to-root genotypes such as Py12.
Furthermore, while P. oryzihabitans PGP01 primarily showed a root growth-promoting effect on both RP-
20 and Py170 fully developed in vitro plantlets, a location-dependent effect in response to inoculation with
C. ramotenellum PGP02, which positively affected the roots of RP-20 and shoots of Py170 rootstocks, was
observed. The present results could suggest that auxin and gibberellins play a role, and the mechanisms

underlying this plant growth promotion will be studied in the future.
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Fig. 1 Effects of P. oryzihabitans PGP01, C. ramotenellum PGP02 and Phoma sp. PGP03 on the humber
of roots (a) and root length (b) of Prunus RP-20 and Pyrus Py170 and Py12 plantlets after 8 weeks of co-
culture and inoculation by two different methods. In method 1, the shoots were inoculated with
microorganisms after root induction in 10 mM IBA, while in method 2, the shoots were immersed in
microorganism suspensions without previous root induction with IBA. In all cases, the data represent the
means + SEs (standard errors) of at least fifteen shoots each. The means with different letters within each

genotype are significantly different according to Tukey’s test (P < 0.05).
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Fig. 2 Plantlets of Prunus RP-20 and Pyrus Py170 and Py12 after an 8-week-long co-culture with P.
oryzihabitans PGP01, C. ramotenellum PGP02 and Phoma sp. PGP03. The shoots were inoculated with
microorganisms after root induction with 10 mM IBA (method 1) or immersed in microorganism

suspensions without previous IBA root induction (method 2). The black bar is equivalent to 2 cm of length.
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Fig. 3 Effects of P. oryzihabitans PGP01, C. ramotenellum PGP02 and Phoma sp. PGP03 on plant (a),
stem (b) and root (¢c) FW of Prunus RP-20 and Pyrus Py170 and Py12 plantlets after 8 weeks of co-culture
after inoculation through two different methods. In method 1, the shoots were inoculated with
microorganisms after root induction in 10 mM IBA, while in method 2, the shoots were immersed in
microorganism suspensions without previous root induction with IBA. In all cases, the data represent the
means + SEs of at least fifteen plants. The means with different letters within each genotype are

significantly different according to Tukey’s test (P < 0.05).
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Fig. 4 Effects of inoculation with P. oryzihabitans PGP01, C. ramotenellum PGP02 and Phoma sp. PGP03
on the number of roots (a), root FW (b), shoot FW (c) and root/stem FW ratio of Prunus RP-20 and Pyrus
Py170 fully developed plantlets. The different lowercase and uppercase letters refer to significant
differences between the control and treatments for RP-20 and Py170, respectively, according to Tukey’s

test (P < 0.05).
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585 Fig. 5 Prunus RP-20 and Pyrus Py170 plantlets after 8-week-long co-culture with P. oryzihabitans PGPO1,

586 C. ramotenellum PGP02 and Phoma sp. PGP03. The black bar is equivalent to 2 cm of length.
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588 Fig. 6 IAA production in P. oryzihabitans PGP01, C. ramotenellum PGP02 and Phoma sp. PGPO3 cultures.

589 Bacteria and fungi were grown in TSB and PDB media, respectively, supplemented with 0.5 (dark grey
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bars) and 1 g I* tryptophan (light grey). Supernatants were collected after 24 and 168 h in the case of
bacteria and fungi, respectively, and the absorbance at 530 was measured after 25 min of incubation with
2 ml of Salkowski reagent. The bars represent the means + SEs of three replicates per treatment. The
different lowercase and uppercase letters refer to significant differences between tryptophan-treated and

non-treated media according to Tukey’s test (P < 0.05).
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