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ABSTRACT
Rooting tissue-cultured shoots and acclimatizing the rooted plantlets are key final steps in
successful micropropagation protocols. We assessed the effect of indole-3-acetic acid (IAA)
from synthetic and biological sources for effects on in vitro rhizogenesis and acclimatization
stages in micropropagated ‘Marubakaido’ (Malus prunifolia) apple rootstock. Shoots of 3 cm
length were transferred to rooting medium, composed of Murashige and Skoog (MS) medium
supplemented with up to 2 mg L-1 AIA and grown for 60 days in a controlled environment
before assessment. Root initiation rate, callus formation, dry-root biomass, dry-shoot
biomass, root length, root volume and diameter were evaluated. After the acclimatization
stage, survival rate was determined. The root initiation rate of micropropagated ‘Marubakaido’
apple rootstock was higher in culture media supplemented with IAA, independent of the
source. Callus formation at the base of shoots was higher according to increases of synthetic
IAA concentration. In contrast, there was no callus formation from shoots cultured on MS
medium supplemented with bacterial. ‘Marubakaido’ shoots rooted in vitro were successfully
acclimatized. Survival of the plantlets during acclimatization was affected by both IAA
concentration and source. Plant survival rate at the acclimatization stage decreased from
96% to 66% as the concentration of synthetic IAA increased. 'Marubakaido' inoculated in MS
medium supplemented with bacterial IAA had thinner roots without callus formation, resulting
in higher survival (up to 98 %) during acclimatization. Strain N39 was particularly effective in
inducing in vitro rooting and acclimatization of ‘Marubakaido’ apple rootstock, resulting in
high-quality rooted plantlets.
Highlighted Conclusion
Supplementation with indole-3-acetic acid (IAA) produced by rhizobacteria during in vitro
rooting of apple rootstock increased survival rates at the acclimatization stage, and may be
an efficient and sustainable alternative to synthetic IAA within micropropagation protocols.

INTRODUCTION
Apples (Malus spp.) are among the most important fruit crops worldwide. Globally, apple production reached about
87 Mt in 2019, of which 1.4% was produced in Brazilian orchards (Faostat 2019). Apple producing areas in Brazil
are concentrated in the two southernmost states, Santa Catarina and Rio Grande do Sul, which together account
for 97.3% of national production (Epagri/Cepa 2019). The success of apple production in Brazil is underpinned by
the apple breeding program initiated in the early 1970s (Denardi et al. 2019, Petri et al. 2011). New apple cultivars
well adapted to the southern Brazilian climate and resistant to the main apple diseases were imported. In addition,
quarantine procedures required that imported apple cultivars be either virus free or cleaned up prior to entry into
the country. This increased the productivity and fruit quality of Brazilian apple orchards (Denardi et al. 2019, Petri et
al. 2011).
The use of rootstocks to grow apple trees is common practice: initially this was related to difficulties of scion
cultivar propagation by cuttings, but nowadays rootstocks are well known for their effects on the growth, yield,
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vigor, precocity and fruit quality of scions (Robinson 2011, De Ollas et al. 2019, Hezema et al. 2021, Rufato et al.
2021, Xu and Ediger 2021). In addition, rootstocks can confer various pest and disease resistances to grafted
cultivars (Denardi et al. 2015,2016, Wang et al. 2019). ‘Marubakaido’ (M. prunifolia) apple rootstock is often used
for cultivated apples in Brazil, as its root system is very vigorous and adapted to most types of soil, showing
resistance to pathogens and is thus a good alternative for replanted soils (Denardi 2006, Denardi et al. 2018).
Furthermore, this species is also recommended for many provinces in China (Wang et al. 2019). Propagation using
in vitro micropropagation, supplements conventional propagation methods in the production of healthy, diseasefree plants and in the rapid multiplication of plant material with desirable traits throughout the year (Dobránszki and
da Silva 2010, Bettoni et al. 2016, 2019, Souza et al. 2020). In addition, in vitro techniques provide a
complementary strategy to conserve germplasm collections for future requirements of breeding programs (Bhatti
and Jha 2010, Feng et al. 2013, Li et al. 2015, Wang et al. 2018, Bettoni et al. 2021a,b).
In vitro propagation of apple can be divided into four stages: establishment; shoot multiplication; rooting of
micro-shoots; and acclimatization (transfer from in vitro to ex vitro conditions) of in vitro plantlets (Da Silva et al.
2019, Zhang et al. 2020). Multiplication of shoots is achieved by promoting the growth of axillary shoots or
induction of adventitious shoots in cytokinin-supplemented culture media (Dobránszki and da Silva 2010, MagyarTábori et al. 2010, Saeiahagh et al. 2019). It can be difficult to induce roots on shoots originating from this
multiplication stage under normal conditions. Therefore, in most plants, to improve in vitro rooting, shoots are
rooted on culture media enriched with auxins such as indole-3-acetic acid (IAA), indole-3-butyric acid (IBA) and 1naphthaleneacetic acid (NAA) (Centellas et al. 1999, Radmann et al. 2002, Jardim et al. 2010, Magyar- Tábori et
al. 2011, Lizárraga et al. 2017, Modgil and Thakur 2017, Bettoni et al. 2018).
Studies have demonstrated the potential of rhizobacteria to produce IAA and their associated beneficial effects
when introduced into in vitro micropropagation protocols at the rooting stage (PeyvandI et al. 2010, Muniz et al.
2013, Dalla Costa et al. 2018). Plant growth promoting bacteria (PGPB) have been shown to be capable of
colonizing the rhizosphere of plant roots and producing growth regulating compounds such as siderophores,
hydrocyanic acid (HCN) and antibiotics; these directly and indirectly influence the growth of the hosts (Ahmad et al.
2005, Mohite 2013, Souza et al. 2017). The use of PGPB in plant growth experiments has therefore increased
substantially in the last few decades (Kudoyarova et al. 2019). The use of PGPB to promote plant growth under
drought conditions, in high salinity, in soils contaminated with toxic metals, and agricultural systems with reduced
fertilizer and pesticide application, without compromising crop yield and environmental benefits, is attracting
increased attention (Belimov et al. 2009, Gerhardt et al. 2009, Vacheron et al. 2013, Passos et al. 2014, Kundan et
al. 2015, Pii et al. 2015, Habib et al. 2016, Parray et al. 2016, Gouda et al. 2018, Arifin et al. 2021). However, the
use of PGPB directly in in vitro cultures is still in its infancy: more commonly IAA is produced from PGPB and then
applied discretely. Therefore, the aim of this study was to assess the use of IAA from synthetic and biological
sources in the in vitro rhizogenesis and acclimatization stages in micropropagated ‘Marubakaido’ apple rootstock.
MATERIAL AND METHODS
Plant material and stock cultures. In vitro shoots of ‘Marubakaido’ apple rootstock were subcultured in MS
medium (Murashige and Skoog 1962) supplemented with 40 g L-1 sucrose, 1 mg L-1 6-benzylaminopurine (BAP)
and 7 g L-1 of agar. The medium pH was adjusted to 5.8 prior to autoclaving at 121 °C for 15 min. Cultures were
maintained in a growth chamber at 25°C ± 2 °C, under a photoperiod of 16 h light day-1 with a light intensity of 50
μmol m-2 s-1.
Strain selection and IAA production. The bacterial strain identified as N39 was isolated from rhizosphere soil of
Axonopus catharinensis Valls. This strain was selected based on its IAA production potential in a preliminary
research at Epagri’s Laboratory of Biotechnology, in Lages, Santa Catarina State, Brazil (Souza et al. 2017). The
strain N39 is registered within the Brazilian national genetic heritage collection in the Sistema Nacional de Gestão
do Patrimônio Genético e do Conhecimento Tradicional Associado (SISGEN) under registration number AB5910A.
Production of IAA by isolate N39 was analyzed using a colorimetric method developed by Asghar et al. (2002).
Strain N39 was grown on yeast-mannitol-agar (YMA) medium supplemented with 250 mg L-1 tryptophan and
incubated at 25 °C for 72 h. Then, 2 mL aliquots of bacterial suspension were centrifuged at 5,000 rpm for 5 min at
4 °C. Supernatant was reserved and 100 μL was transferred to a microplate well with 100 μL of Salkowski's
solution (0.5 M FeCl3 in 35% HClO4 solution). The microplate containing the mixture was incubated at room
temperature, for 30 min, in the dark, and which the absorbance was measured at 530 nm in a spectrophotometer.
The isolate N39 produced 30.2 μg mL-1 IAA. Then, aliquots corresponding to IAA concentrations evaluated were
added to the culture medium.
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Experimental design. The experimental design was a randomized block design in a 2 x 5 factorial arrangement,
consisting of two sources of IAA (synthetic and bacterial) and five IAA concentrations (0, 0.5, 1.0, 1.5 or 2 mg L-1),
with three replicates of 20 shoots per replicate. A commercial product (Sigma, I2886) was used as the synthetic
source and strain N39 as the bacterial source.
To assess survival rate at the acclimatization stage, all cultures were grown for 60 days on in vitro rooting medium,
after which twenty of the rooted plantlets from each treatment were randomly selected and potted in commercial
substrate.
In vitro rooting. ‘Marubakaido’ shoots 3 cm in length containing three leaves were collected from 45-day-old in
vitro stock cultures, and placed in test tubes with MS medium supplemented with 30 g L-1 of sucrose, IAA from
synthetic or biological source (according to treatments), 7 g L-1 agar, with the medium pH adjusted to 5.8 prior to
autoclaving at 121 °C for 15 min. The cultures were grown under the same conditions as the stock cultures and
after 60 days, in vitro rooted cultures were acclimatized.
Acclimatization. The acclimatization was performed according to Bettoni et al. (2019). In vitro rooted cultures were
pruned by preserving two to three basal leaves and 2 cm root length. Plantlets were then transferred to 100 mL
honeycomb trays containing commercial substrate Tecnomax ® (Tecnomax, Vargem Bonita, Santa Catarina, Brazil)
and sand (3:2 v/v). The substrate mixture had been heat-sterilized at 121 °C for 1 h. Each tray was placed in a
plastic basin covered with glass to maintain high relative humidity. The plantlets were maintained in a growth room
under the same conditions as the stock cultures. The glass cover was gradually removed once new leaves
appeared. Plantlets were grown for 45 days following transfer to open greenhouse bench before the plant survival
rate was evaluated.
Data collection and analysis. Rooting and callus formation were determined in in vitro cultures after 60 days of
growth on rooting medium, while the plantlet survival rates of the micropropagated ‘Marubakaido’ were determined
after potted plants had spent 45 days at the acclimatization stage.
For in vitro rooting evaluation, the rooting rates (%) and callus formation (%) were assessed before shoots and
roots were separated: roots then were washed in tap water and stored in 50% ethanol in preparation for taking
images that were analyzed for total root length, root surface area, average root diameter, root volume, and number
of forks and tips using WinRhizo Pro scanning software (Regent Instruments, Quebec, Canada) system with the
Epson Expression 10000 XL scanner. The dry biomass was determined in shoots and roots after oven-drying at 65
– 70 °C for 72 h.
Data were submitted to a regression analysis and analysis of variance (ANOVA) followed by Tukey post-hoc
test (p ≤ 0.05). Statistical procedures were performed using the R software (R Development Core Team 2014).
RESULTS AND DISCUSSION
The rooting rate of micropropagated ‘Marubakaido’ apple rootstock was higher in culture media supplemented with
IAA, independent of the source (Figure 1A). The highest predicted rooting rate using synthetic IAA, according to a
polynomial regression curve, was at 1.3 mg L-1 of IAA (Figure 1A). However, for bacterial IAA treatments, there was
a positive linear effect on rooting rates according to the regression curve (Figure 1A). Similar effects on the in vitro
rooting of ‘Marubakaido’ apple rootstock were reported by Muniz et al. (2013) who applied a sterilized culture broth
from rhizobia isolated from Adesmia latifolia root nodules.
Callus formation at the base of shoots increased with increasing synthetic IAA concentration; in contrast, there
was no callus formation in shoots cultured on MS medium supplemented with bacterial IAA (Figure 1B and Figure
2). Callus is an irregular structure formed during the rooting process. Although calli are not root primordia, they
have gene expression profiles similar to that of root meristems, suggesting there is some overlap in the genetic
control of callus formation and root primordium induction (Ikeuchi et al. 2013, Lee et al. 2018, Shin and Seo 2018).
In addition to stimulating root induction, auxin application often leads to callus formation and expression of genes
that are not necessarily related to root initiation (Welander et al. 2014). Callus has a negative effect on shoot
growth and root formation, mainly because its undifferentiated structure impairs the vascular connection between
roots and shoots, preventing the absorption of water and nutrients (Radmann et al. 2002, Arab et al. 2018).
Therefore, a rooting method leading to no or little callus formation is desirable (Welander et al. 2014, Srikanth et al.
2016).
The addition of synthetic IAA increased root dry mass (RDM) (Figure 1C) compared to treatments with bacterial
IAA application (p <0.001). However, IAA source had no effect on shoot dry mass (SDM) (p = 0.3326; Figure 1D).
Thus, the RDM/SDM ratio within synthetic IAA treatments was consistently and significantly higher for all IAA
concentrations evaluated, compared with bacterial IAA application (Figure 1E).
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Figure 1. Effects of culture media supplemented with indole-3-acetic acid (IAA) from synthetic or bacterial sources on
the root initiation rate (A), callus formation (B), root dry mass (C), shoot dry mass (D), root dry mass/shoot dry mass
ratio (E) and survival rate (F) of in vitro apple (Malus prunifolia ‘Marubakaido’). Asterisks represent significant
differences as calculated by ANOVA (*p<0.05, **p<0.01, ***p<0.001).

Figure 2. In vitro rooted plants of apple (Malus prunifolia ‘Marubakaido’) on Murashige and Skoog (MS)
medium supplemented with 0.5 (left) and 2.0 mg L-1 (right) indole-3-acetic acid (IAA) from synthetic (A)
and bacterial (B) sources. White arrow indicates callus formation. Scale bars: A= 1 cm, B= 0.8 cm.

‘Marubakaido’ shoots rooted in vitro were able to be successfully acclimatized. Survival of plantlets during the
acclimatization was affected by both IAA concentration and source (Figure 1F). Plant survival rate at the
acclimatization stage decreased from 96% to 66% as the concentration of synthetic IAA increased, i.e., survival
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decreased as synthetic IAA level increased (Figure 1F). Survival was 98% and 93% in ‘Marubakaido’ plants
previously grown in MS medium supplemented with bacterial IAA at 0.5 mg L-1 and 2 mg L-1, respectively (Figure
1F). The success of micropropagation depends on effective acclimatization and the reduction of plant losses at this
final stage has a strong economic impact. We observed a relationship between callus formation in vitro and survival
at the acclimatization stage, wherein callus formation had a negative impact on acclimatization. According to our
results, higher concentrations of synthetic IAA during the rooting stage enhanced callus formation, which
subsequently decreased the survival of plants during acclimatization (Figures 1B and 1F). The results obtained
here are similar to those reported by Arab et al. (2018) on Prunus in vitro rooting using synthetic IBA. IBA has been
suggested as a suitable hormone for in vitro rooting of Prunus rootstock, however, higher concentrations of IBA
during the rooting stage enhanced callus formation and increased plant losses at the acclimatization stage (Arab et
al. 2018).
The root morphology and architecture results followed that the root dry mass responses, with highest predicted
values in the presence of synthetic IAA being 1.2 and 1.3 mg L-1, respectively (Figure 3). ‘Marubakaido’ plants
grown in MS medium supplemented with 0.5, 1.0, and 1.5 mg L-1 synthetic IAA had better root development (i.e.,
increased total root length, surface area, root average diameter, volume occupied in soil, number of forks and
number of tips) compared with the corresponding bacterial IAA concentrations (Figure 3). Interestingly, the thick
roots produced by 'Marubakaido' plantlets rooted in the presence of synthetic IAA were more fragile during
acclimatization. While the presence of a root is positive, the presence of fibrous and thick roots lacking root hairs,
sometimes associated with callus formation, may be detrimental for the acclimatization of micropropagated plants
(Kataoka 1994, Karhu 1997, Radmann et al. 2002,2014, Wang et al. 2020). In contrast, shoots of 'Marubakaido'
cultured in MS medium supplemented with bacterial IAA had thinner roots without callus formation, resulting in a
higher survival rate during acclimatization (Figure 1F, Figure 2).

Figure 3. Effects of culture media supplemented with indole-3-acetic acid (IAA) from synthetic or bacterial sources on
the total root length (A), surface area (B), root average diameter (C), root volume (D), number of tips (E) and number of
forks (F) of in vitro propagated apple (Malus prunifolia ‘Marubakaido’). Asterisks represent significant differences as
calculated by ANOVA (*p<0.05, **p<0.01, ***p<0.001).
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Studies have shown that a wide range of PGPB are capable of promoting plant growth and are involved in the
production of IAA (Asghar et al. 2002, Mohite 2013, Muniz et al. 2013, Wang et al. 2020, Alemneh et al. 2021).
Furthermore, many of these that produce IAA have been shown to be effective in protecting plants against abiotic
and biotic stresses (Beneduzi et al. 2012, Bhattacharyya and Jha 2012, Reetha et al. 2014, Arifin et al. 2021). The
strain N39, isolated from the rhizosphere soil of Axonopus catharinensis Valls, produced 30.2 μg mL-1 IAA and its
incorporation (sterilized culture broth) in MS medium to produce an IAA concentration between 0.5 and 2.0 mg L-1
was effective in improving both in vitro rooting and acclimatization of ‘Marubakaido’ apple rootstock, resulting in
high-quality rooted plantlets and a high survival rate during acclimatization. Further studies may identify other
compounds generated in the bacterial broth and also to explore the use of bacterial IAA in in vitro and ex vitro
rooting in other plant species as well as acclimatization of micropropagated shoots in addition to 'Marubakaido'
apple rootstock.
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