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Exogenous salicylic acid and ferulic acid
improve growth, phenolic and
carotenoid content in tomato

P.H. Gorni *), B. da Silva Cornelissen, A.A. Pereira
Faculdades Gammon, Engenharia Agronémica, Rua Prefeito Jayme
Monteiro, 791, 19700-000 Paraguagu Paulista, SGo Paulo, Brazil.

Key words: Elicitation, fruit quality, phenolic compounds, secondary metabolites,
Solanum lycopersicum.

Abstract: Salicylic acid (SA) and ferulic acid (FA) are considered phenolic com-
pounds that act as elicitors due to their regulatory functions on plant growth,
development, metabolic and physiological responses in plants. The aim of this
research was to evaluate the effect of SA and FA on growth, fruit quality and
synthesis of secondary metabolites in tomato (Solanum lycopersicum cultivar
Santa Clara). The experiment was conducted in pots in a greenhouse. The appli-
cation of SA and FA was performed at concentration of 1.0 mmol L* alone and
in combination, with water treated plants as control. Exogenous application of
SA and FA either alone or in combination (SA + FA) resulted in increases in bio-
mass accumulation and chlorophyll contents in tomato plant; and soluble
sugar, total polyphenol, flavonoids, lycopene and B-carotene contents in fruits.
It was concluded that application of SA and FA resulted in higher production
and concentration of secondary compounds in tomato.

1. Introduction

Tomato (Solanum lycopersicum L.) belongs to the Solanaceae family
and it is considered as low-calorie food. It is a good source of vitamins A,
C and E, and mineral salts (Adalid et al., 2010; Kazemi, 2014). In addition
to vitamins and minerals, tomato has a high lycopene and B-carotene
content, which has antioxidant and anticancer properties. Carotenoids is
naturally present in many fruits and vegetables and plays an important
role as a functional food when consumed as part of the diet, producing
specific health benefits such as reducing the risk of various diseases
(Martinez-Hernandez et al., 2016; Mehta et al., 2018) and polyphenols
(flavonoids, flavanones and flavones) are also present in significant
amount in tomato acting as antioxidant, anti-mutagenic, anti-proliferati-
ve, anti-inflammatory and anti-atherogenic activities (Marti et al., 2016;
Chaudhary et al., 2018).

Salicylic acid (SA), a natural plant hormone, act as an important sig-
nalling molecule triggering tolerance against abiotic and biotic stresses
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(Hernandez-Ruiz and Arnao, 2018; Gorni et al., 2020;
Gorni et al., 2021). SA plays a significant role in many
physiological and biochemical processes of the plant,
being able to act as growth regulators and also as an
abiotic elicitor capable of increasing the synthesis of
secondary compounds beneficial to human health
(Javanmardi and Akbari, 2016).

Ferulic acid (FA) is a phenolic compound syn-
thetized from the metabolism of phenylalanine and
tyrosine in plants. It is an important biological and
structural component of the plant cell wall and it
accumulates in soil and influences plant growth (Li et
al., 2013; Paiva et al., 2013). FA is considered as non-
enzymatic antioxidant and acts under stress to elimi-
nate free radicals produced in plants (Andreasen et
al., 2001; Engwa, 2018). Studies on the exogenous
application of FA in plants have demonstrated that
this compound acts as an important regulator of sev-
eral physiological processes related to plant growth
and mitigating stress, such as, stomatal closure, cell
division, membrane permeability, photosynthesis,
respiration and many other metabolic processes
(Santos et al., 2008; Li et al., 2013; Singh and Deen,
2014; Hussain et al., 2017; Cheng et al., 2018).

However, exogenous SA (Kazemi, 2014) and FA
(Singh and Deen, 2014) applications were effective in
inducing the growth and formation of secondary
metabolites in tomato plants. Therefore, it is suggest-
ed that the application of SA and FA may result in
combined effects of growth promotion and induction
of biosynthetic pathways of secondary metabolism.
Previous studies have revealed the hormonal and
eliciting action of SA and FA (1.0 mmol L?) in tomato
plants (Hussain et al., 2017; Kumar et al., 2017). In
this context, the application of SA and FA can
improve the productive performance and the biosyn-
thesis of secondary compounds in tomato, making
possible an increase in the commercial value of this
crop, reaching greater market competitiveness. In
this study we evaluated the effect of leaf spray of SA
and FA either alone and in combination on the
growth, yield and secondary compounds in tomato
cultivar Santa Clara.

Table 1- Chemical analysis of the soil used in the experiment

2. Materials and Methods

The experiment was conducted under greenhouse
(without temperature and humidity control) covered
with a 50% solar radiation shade located in Gammon
Colleges, Paraguagu Paulista (22°41’76” S, 50°58’33”
W, 517 a.s.l.), Sao Paulo, Brazil.

Trademark tomato cultivar Santa Clara seeds were
placed in a germination tray and after the training
period (30 days) they were planted in 18 L pots con-
taining soil. Soil samples were collected and submit-
ted to chemical analysis according to Van Raij et al.
(2001) (Table 1) and was corrected by applying lime-
stone to increase the saturation of bases to 80%
(40.0 g pots?), potassium chloride (3.0 g pots?) and
simple super phosphate (20.0 g pots?). For fertiliza-
tion with micronutrients it was added Yoorin Master
1 Si® (granulated) (Si: 10%, B: 0.1%, Mn: 0.3%, Cu:
0.05% and Zn: 0.55%) (1.5 g pots?), according to the
recommendations of Bulletin 100 (IAC) for tomato
species. The pots were irrigated by sprinklers per day
at 8 a.m. and 5 p.m. in order to keep the soil mois-
ture and ensure the availability of water throughout
the experimental period.

The application of salicylic acid (SA: 138.121 g mol
1) and ferulic acid (FA: 194.18 g mol!) was made for 3
consecutive days after having reached 20 days from
transplant. Foliar applications of SA and FA at a dose
of 1.0 mmol L alone and in combination, and water-
treated plants were used as control. SA and FA treat-
ments were carried out by spraying the shoots of the
plants with water-based solutions supplemented
with Agral® (50 uL L? of solution) until the drop point
(10 mL per plant), as follows: T1 - plants sprayed only
with water (Control); T2 - applications of 1.0 mmol L*
SA (SA); T3 - applications of 1.0 mmol L FA (FA); and
T4 - applications of 1.0 mmol L SA + 1.0 mmol L FA
(SA + FA) by spraying the plants for three consecutive
days.

Plants were harvested 90 days after transplanting
the seedlings by collecting leaves, roots and fruits.

Plant growth
The effect of SA and FA on the plants were evalu-

H Organic matter H+ Al Ca Mg K P
P gdm? mmolc dm?3 mmolc dm?3 mmolc dm?3 mmolc dm?3 mg dm?3
4.4 6.0 20.0 7.0 2.0 0.8 6.0
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ated based on the fallowing: leaf area (cm?), number
of leaves per plant, number of fruits per plant, plant
height (cm), dry weight of shoot and roots (g plant?)
and mean fruit weight (g plant?). The leaf area was
assessed using Imagel® Software (Powerful Image
Analysis) with 5 plants per treatment. The number of
leaves and fruit per plant was determined by manual
counting, considering fully expanded leaves and
fruits at harvest point. The plant height was deter-
mined by measuring tape. The shoot and root dry
weight were determined after drying in an oven with
air circulation at 70°C until constant weight.

Chlorophyll content

Chlorophyll content (ug mL?) was determined
spectrophotometrically following extraction in aceto-
ne, according to the method of Lichtenthaler (1987).
Fresh leaf tissue (0.6 g) was added in 7 mL of 80%
acetone, the tubes were shaken and left to stand for
30 minutes. The readings were performed in a spec-
trophotometer at A 663 and A 645 nm.

Total soluble sugar content

Total soluble sugar content in fruit was determi-
ned according to the method described by Dubois et
al. (1956) using glucose as the standard. Fresh tissue
(0.1 g) was added in 10 mL of 80% ethanol, and mac-
erated in a mortar and left to rest for 30 min. The
analyzes followed with the addition of phenol (5%)
and sulfuric acid (98 N). The readings were per-
formed in a spectrophotometer at A 490 nm.

Preparation of fruit tomato extract

Determinations of total polyphenolic compounds
and total flavonoid were obtained from the tomato
juice. The fruits were ground in a low speed food pro-
cessor (3000 rpm) for two minutes and passed in 2
mm sieves.

Total polyphenols contents

Total polyphenols contents were determined
spectrophotometrically (A 765 nm) by Folin-Ciocalteu
method with modification described by Stagos et al.
(2012). The total polyphenols contents were report-
ed based on micrograms of gallic acid equivalents per
milliliters (ug GAE mL?). Gallic acid solutions were
prepared with concentrations of 25 to 500 pg mL? in
absolute ethyl alcohol. The assays were performed in
triplicate.

Total flavonoid content

Total flavonoid content was determined spec-
trophotometrically (A 510 nm) by the method of Yao
et al. (2013). The total flavonoids contents were

Gorni et al. - Salicylic acid and ferulic acid elicitation in tomato

reported based on micrograms of rutin equivalents
per milliliters (ug RE mL?). Rutin solutions were pre-
pared with concentrations of 25 to 500 pg mL? in
absolute ethyl alcohol. The assays were performed in
triplicate.

Carotenoid content

Carotenoid content were extracted from fresh
tomato samples after homogenisation of whole
fruits. The homogenised sample was mixtured with
chloroform/acetone/ethanol (2:1:1, v/v/v) (Sadler et
al., 1990). For the determination of lycopene and B-
carotene, the absorbance was read at A 470 and A
450 nm. Carotenoid content were determined
according to the equation described by Craft and
Soares (1992), using the molar extinction coefficient
of 3450 for lycopene, and 2592 for B-carotene and
expressed in micrograms per grams (ug g). The
assays were performed in triplicate.

Statistical analysis

The experiment was arranged in a completely ran-
domized design with four treatments and five repli-
cations per treatment. The Shapiro-Wilk test was
used to ensure the normality assumption and the
homogeneity of variances. The data were submitted
to analysis of variance (p<0.05) and Tukey test
(p<0.01) using the SISVAR software. The results were
presented by means of the treatments and standard
error.

3. Results

The results indicated that SA and FA both caused
a significant increase of growth in tomato (Table 2).
The exogenous application of 1.0 mmol L SA resul-
ted in increasing in the accumulation of root dry
weight by 61% and total dry weight by 41.3% compa-
red to control plants. The application of 1.0 mmol L*
FA resulted in increasing in shoot dry mass by 52.3%
and total dry mass by 52% compared to control
plants. However, the interaction between SA + FA
resulted in increasing in shoot dry mass by 51.5%,
root dry mass by 146.37% and total dry mass by
66.6%, when compared to control plants. Fruit
weight increased by 16.5% in plant treated with 1.0
mmol L FA.

The exogenous application of SA + FA resulted in
increasing the leaf area by 47% and number of leaves
by 204.3% compared to control plants (Table 3).
Application of SA and FA showed increasing of 101.8
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Table 2 - Effect of salicylic acid and ferulic acid on the shoot, root, total dry weight and fruit weight in tomato
Shoot dry weight Root dry weight Total dry weight Fruit weight
Treatments (g plant?) (g plant?) (g plant?) (g plant?)
Control 24.01+1.11c 4.55+0.83 ¢ 28.57+1.60 c 524.46+2.07 b
SA 33.06+1.59 abc 7.32+0.36 b 40.38+1.60 b 554.29+7.44 b
FA 36.57+2.35 a** 6.84+0.42 bc 43.41+1.86 ab 610.78+11.94 a**
SA + FA 36.38+3.99 a 14.02+1.72 a** 47.59+4,57 a** 525.40+20.23 b
CV (%) 15.78 15.08 12.04 5.39

Different letters indicate significant differences by Tukey’s test (p<0.01).

Table 3 - Effect of salicylic acid and ferulic acid on leaf area, number of leaves per plant, number of fruits per plant and plant height in
tomato

Treatments Leaf area (cm?) Number of leaves Number of fruits Plant height (cm)
Control 7955.4+466.9 b 65.2£3.69 ¢ 20.8£0.86 b 77.412.67 ns

SA 8739.6+1054.1 ab 131.6+16.02 b 35.4+3.81 a ** 79.61+2.75

FA 10209.8+850.6 ab 174.4+10.49 ab 35.0£3.20 a 88.217.20

SA + FA 11691.6+577.1a * 198.4+10.09 a ** 28.610.40 ab 77.0£1.04

CV (%) 16.11 16.71 19.89 10.75

Different letters indicate significant differences by Tukey’s test (p<0.01)

and 167.5% for the number of leaves, 70.2 and 68.3%
for the number of fruits, when compared with con-
trol plants (Table 3). The plant height treated with SA
and FA was not changed in relation to control plants.

Chlorophyll a content (Table 4) observed in toma-
to plants treated with SA, FA and the interaction with
SA + FA were significantly higher by 26, 12 and
27.6%, respectively compared to control. Chlorophyll
b and total chlorophyll decreased with the applica-
tion the elicitors (Table 4). The total soluble sugar
content in fruits, increased up to 36% in 1.0 mmol L
SA and 163% in 1.0 mmol L FA treated plants when
compared to the control.

The exogenous application of SA, FA and the inter-
action with SA + FA resulted in increasing in the accu-
mulation of total polyphenols of 20.4, 110.3 and 12%,
in relation to control plants (Table 5). Total flavonoid
content in tomato were 81, 107 and 37% higher in
SA, FA and the combined with SA + FA treatments
when compared to control plants, respectively. In
relation to carotenoid content plants treated with SA
also presented increases of 157.3% (lycopene), and
157.7% (B-carotene). The combination of SA+FA
showed increases of 65.25% (lycopene), and 65.3%
(B-carotene), respectively, in comparison to the con-
trol (Table 5).

Table 4 - Effect of salicylic acid and ferulic acid on the chlorophyll and fruit total soluble sugar contents in tomato

Treatments ChIorophXII a ChIorophXII b Total chloriphyll Fruit total soIL_JlbIe sugar

(ng mL™) (ng mL™) (ng mL™) (mgg?)

Control 9.66+0.23 ¢ 21.0240.13 a ** 30.68+0.14 a ** 22.63+0.96 ¢

SA 12.13+0.07 a 15.69+0.02 ¢ 27.88+0.04 ¢ 30.77t1.38 b

FA 10.82+0.04 b 13.03+0.08 d 23.90£0.05 d 59.474£1.92 a **

SA + FA 12.33+0.07 a ** 16.05+0.02 b 28.45+0.04 b 26.89+0.21 bc

CV (%) 1.73 0.73 0.59 7.30

Different letters indicate significant differences by Tukey’s test (p<0.01).
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Table 5 - Pair-wise genetic distance estimates based on observed phenotypes of 21 Amaranthus accessions

Polyphenols Flavonoid Lycopene B-carotene
Treatments (ug GAE mL") (ug REmL™) (ngg") (ngg)
Control 245.58+7.21c 272.33+4.81d 7.54+0.16 ¢ 10.03#0.2 c
SA 295.58+12.02 b 493.1612.40 b 19.4£0.16 a** 25.85+0.2 a**
FA 516.42+0.00 a** 564.00+4.81 a** 6.96+0.16 ¢ 9.25+0.2 ¢
SA + FA 274.75+4.81 b 372.33+¥481¢c 12.46+0.00 b 16.58+0.0 b
CV (%) 2.60 1.85 2.39 2.17

Different letters indicate significant differences by Tukey’s test (p<0.01).

4. Discussion and Conclusions

Tomato plants treated with SA and FA presented
higher total biomass (Table 2). The effect of elicitors
plays a key role in growth regulation, plant develop-
ment and these findings can be associated with the
changes in hormone functions or the improvement of
photosynthesis and carbohydrate accumulation in
plants (Hussain et al., 2017; Gorni et al., 2020). The
foliar application of SA and FA trigger a greater cellu-
lar activity that result in a larger number of leaves
and leaf area, thus presenting a larger photosynthetic
surface, improving the physiological processes (Gorni
and Pahceco, 2016; Hussain et al., 2017). Regarding
the increase of leaf area, number of leaves, number
of fruits and fruit weight, our results showed that the
application of SA and FA can alter the growing pat-
tern, in tomato plants (Table 3). The application of SA
and FA increased the growth of leaves and roots, wit-
hout changing the plant height (Khan et al., 2003; de
Carvalho et al., 2020). Biomass gains as an effect of
SA application were also observed in Achillea millefo-
lium (Gorni and Pacheco, 2016), Foeniculum vulgare
(Gorni et al., 2017) and Mentha spicata (Kundu et al.,
2018). Increase in biomass, were also observed after
FA application in plants of Arabidopsis thaliana
(Reigosa and Pazos-Malvido, 2007), Pisum sativum
(Orcaray et al., 2011) and Cucumis sativus (Li et al.,
2013).

Pigments are the essential components for
growth and development and they can determine
the health status of plants (Hussain et al., 2017;
Gorni et al., 2020). Based on our results, the applica-
tion the elicitors SA and FA alone or in combination
suggest an increase in chlorophyll a (Table 4). On the
other hand, the application of SA and FA did not
affect the chlorophyll b and total chlorophyll content,
which directly reflected in the plant height values

(Table 3). Anway, other studies conducted on diffe-
rent species reported increases in chlorophyll a, chlo-
rophyll b and total chlorophyll contents consequen-
ces of SA treatment (Kazemi, 2014; Chakraborty et
al., 2016) and in plants sprayed with FA (Zhu and
Wakisaka, 2018). Positive effects of SA and FA on the
physiological processes of tomato suggest that these
elicitors may be associated with the regulation of
several essential primary metabolic processes, inclu-
ding synthesis of chlorophylls (Zhu and Wakisaka,
2018; Gorni et al., 2020).

The positive effects of the application of SA and
FA on the physiological processes of tomato plants
were also reflected in higher soluble sugar content
(Table 4). Sugar is one of the ingredients in tomato
(Hafeznia et al., 2014), and it is an important organic
solute with low molecular weight in higher plants.
The sugars which are accumulated under stress con-
ditions or as consequence of treatments with SA or
FA, keeping osmotic regulation and turgor inside the
plant (Orcaray et al., 2011; Gorni et al., 2020). Results
show that application of SA also resulted in increa-
sing the total soluble sugar content in tomato plants
(Kazemi, 2014), and chamomile (Zarinkamar et al.,
2013); similarly to application of FA in pea (Orcaray
etal., 2011) and soybean (Ferrarese et al., 2001).

Polyphenols and flavonoids provide many physio-
logical functions for plant survival and are of funda-
mental importance for plants adaptation (Verma and
Shukla, 2015; Mehta et al., 2018). Our results suggest
that the application of SA and FA may modulate and
alter the concentration of polyphenolic compounds
(Table 5) in tomato plants. Studies report that the
application of SA and FA stimulates the phenyl-
propanoid pathway, increasing the accumulation of
polyphenols and flavonoids in plants (Salvador et al.,
2013; Gorni et al., 2021).

Tomato plants have a good free radical scaven-
ging capacity due to the high concentration of lyco-
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pene and B-carotene. This pigment, it is the most
effective antioxidant which gives color to tomato
fruit as maturity progresses (Kumar et al., 2017).
Polyphenolic compounds and carotenoid act as anti-
oxidants because they remove singlet oxygen and
other free radicals in cells (Shahidi and Ambigaipalan,
2015) due to their ability to donate hydrogen from
hydroxyl groups positioned along the aromatic ring
to prevent oxidation by radicals free from lipids and
other biomolecules (Sousa et al., 2007).

Researchers showed an increase in carotenoid
content during ripening due to the gradual degrada-
tion of chlorophyll (Adalid et al., 2010). Our results
showed that the application of SA and FA may modu-
late and alter the concentration of lycopene and B-
carotene (Table 5) and chlorophyll a contents (Table
4) in tomato plants. Thus, our study evidenced that
foliar application of SA and FA in tomato crop could
enhance its antioxidant activity due to the higher
concentration of these bioactive compounds. Our
results corroborate with those found by Kumar et al.
(2017), who also reported that foliar application of
SA significantly increased lycopene content of toma-
to fruits. Singh et al. (2010) reported that application
of L-phenylalanine and FA increased total polyphe-
nols in pea plants.

Therefore, it can be concluded that application of
bioregulators results in higher yield and higher con-
centration of secondary compounds of Solanum
lycopersicum.
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Abstract: Light-reflecting covers can help plant development in shaded environ-
ments, improving growing conditions in small residential spaces, encouraging
the practice of small cultivations of food and ornamental species. Thus, the
objective of this work was to evaluate the effect of reflective bench covers on
the growth and development of different cultivars of basil, in pot and shaded
environment. The treatments consisted of three reflective materials (aluminum
thermal reflective mesh, shiny red and white coating on laminates), arranged
on the cultivation benches, and two basil cultivars (green and purple). After 22
days under these environments, the number of leaves and nodes, stem diame-
ter, plant height, relative chlorophyll content, fresh and dry masses of the aeri-
al and roots parts were determined. The highest value of reflective photosyn-
thetically active radiation was shown when using white laminate, followed by
the red laminate and thermal reflective mesh. The green basil varieties showed
higher values for number of leaves, stem diameter, plant height, fresh shoot
weight and number of nodes, compared to the purple variety; however, in rela-
tion to the relative chlorophyll content, the purple variety was superior. The
bright white and red laminate covers positively influence environmental condi-
tions, increasing the reflectance of photosynthetically active radiation, and the
development of basil plants in conditions of greater shading.

1. Introduction

In view of the urban valorization, the well-lit spaces that could be
reserved for the cultivation of ornamental plants, fruits, vegetables, or
medicinal plants, have been extinguished in the residences of modern
society. With the reduction of the sizes of urban lots, the practice of culti-
vation continues in inadequate spaces, with little or no direct sunlight,
limited in containers, arranged in corridors, balconies, garages and even
indoors.
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In the last decades the consumer has been look-
ing for novelties in the area of ornamental plants
(Noordegraaf, 2000) and has been attracted by the
use of species with unusual aesthetic potential for
cultivation in pots. However, the lack of information
for the cultivation of some species in residential
spaces, causes the inadequate development of plants
to occur and culminate in loss of stimulus on the part
of the owners.

Basil (Ocimum basilicum L.) belong to the
Lamiacea family and it's economic value have being
increased due to its multiple uses as aromatic and
seasoning species, on pharmaceutical industry, and
essential oil production, (Pereira and Moreira, 2011).
This species is a vigorous shrub, with potential to also
be used as an ornamental, due to its characteristics
as the shape of the plant, leaves, flowers, and inflo-
rescences, added to the pleasant aroma and the pos-
sibility of direct consumption (Franca et al., 2017).

Studies with basil have been developed to identify
agronomic aspects, chemical compounds for the
pharmaceutical and cosmetics industry, among oth-
ers (Pereira and Moreira, 2011). However, research
that seeks to assess the potential of culture for the
home environment with some light restriction is
incipient.

Light is the main element for photosynthesis to
occur, enabling the conversion of light energy into
organic energy. Therefore, plant growth and develop-
ment are affected in a complex way by solar radiation
(Taiz et al., 2017). Researches have been carried out
to evaluate the responses of plants to light intensity,
using parameters such as height, diameter of the
neck, dry matter of the aerial part and roots. In a
study by Chang et al. (2008) with four levels of solar
radiation on basil, there was a reduction in height,
weight, leaf area and an intense drop in photosyn-
thesis under 75% of shading.

In the presence of light, the responses of the
plants are mediated by changes depending on the
intensity, quality, direction, and duration of the solar
incidence and are controlled by specialized photore-
ceptors (Kami et al., 2010). Photoreceptor proteins
have a small cofactor or chromophore molecule,
which capture and act at specific wavelengths of light
over a specific spectrum (Burgie et al., 2014).

The development of some plants common to
domestic cultivation, such as basil, is effectively
affected by both the spectrum and the intensity of
light that falls on the plant, which can enhance the
biometric development and the chemical composi-
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tion of plant organs (Stagnari et al., 2018). Thus, the
implementation of techniques to obtain better condi-
tions for the development of plants is necessary,
since shading interferes with the use of solar radia-
tion causing losses in the development of some
species (Conforto et al., 2011).

Aiming to obtain concise data and to stimulate
the practice of small domestic crops of food and
ornamental species cultivation, in environments with
low solar incidence, the objective of this work was to
evaluate the effect of reflective materials on the
growth and development of two basil cultivars pot-
ted in a shaded environment.

2. Materials and Methods

Location and characterization of the experimental
area

The work was carried out in an urban residential
area in the space of a corridor formed between the
wall and the house, in the municipality of Cassilandia
- MS (19° 10’ 81” S; 51° 73’ 44” W and average alti-
tude of 540 m), from October to December 2019.
According to the Képpen climate classification, the
region’s climate is humid tropical (Aw) with an aver-
age annual temperature of 29°C. During the conduc-
tion of the experiment, the climatic data were col-
lected in a meteorological station present in the
municipality (Fig. 1).

The space presented between the wall (2.20 m
high) and the house wall (6.50 m high) in the dimen-
sions (1.45 m wide and 6.20 m long) forms an open
corridor, which receives at least 3 hours of sunlight
during the morning (Fig. 2). This environment does
not include a source of artificial lighting, the color of
the walls of the house being white and the ceramic
brick wall in natural color.
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Fig. 1 - Summary of climatic conditions during the experiment.
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Fig. 2 - Location of the residential corridor used for the domestic
cultivation of basil (Ocimum basilicum L.) plants in a pot
according to the solar orientation.

Experimental design

A completely randomized design was used to
evaluate the reflective materials, with six treatments
and eight repetitions, each pot being one repetition.
The treatments were composed of three reflective
materials arranged on the cultivation bench (thermal
reflective mesh, bright red laminate sheet; bright
white laminate sheet) and two varieties of basil
Ocimum basilicum L. (sweet basil - green leaf and
purple basil - purple leaf), both from the manufactur-
er Feltrin®.

Implementation and conduction of the experiment

The experiment was installed and conducted on
benches made with reused wood pallets, in the
dimensions of 0.40 m width, 1.20 m length and 0.90
m height, spaced 0.70 m apart from each other and
covered with the three different reflective materials.
These same materials were fixed on the walls of the
house, in a vertical direction, with dimensions 0.50 m
x1.20 m.

The seedlings were produced in expanded poly-
styrene trays of 200 cells, filled with commercial sub-
strate CarolinaSoil® at the experimental area.
Following the recommendations of the manufactur-
er, the depth for sowing was 0.5 cm, both for green
and purple basil. The emergence occurred 5 days
after sowing, thus thinning the seedlings leaving only
one per cell and 26 days after sowing the transplant
was carried out to the black flexible PVC pots with a
capacity of 1 L, being manually irrigated two times a
day.

After 22 days, the relative chlorophyll content in
the leaves, the number of leaves, plant height, stem
diameter, the number of nodes, fresh and dry weight

of the aerial part and roots were evaluated.

The plant height, in centimeters, was determined
from the level of the substrate in the pots to the
inflection of the highest leaf. The stem diameter, in
millimeters, was measured from the base of the stem
using a digital caliper. The relative chlorophyll con-
tent was obtained using a portable digital chlorophyll
meter SPAD-502 (Minolta Camera Co. Ltd.), deter-
mined from the third or fourth mature leaf and com-
pletely expanded, starting from the apex of each
plant.

To obtain fresh weight, the plants were cut close
to the substrate, divided into aerial part and roots
and weighted. The determination of the dry weight
of the aerial part and root the plants were dried in an
oven with forced air circulation at 65°C for 72 hours.

Microclimatic data of the cultivation environment
were collected between 9 am and 10 am on different
sunny days, with the Apogee model MP-200 measur-
ing the reflected PAR (umol m? s?) of each material
(treatment) with the sensors facing the bench at a
height of 30 cm and the incident environmental PAR
(umol m2s1),

Statistical analysis

The data were submitted to analysis of variance
(Test F) and the averages were compared by the
Tukey test, at 5% probability. The analyzes were per-
formed using the statistical software Sisvar® version
5.6 for Windows (Ferreira, 2014).

3. Results and Discussion
It was found that the reflected radiation was high-
er when using white laminate sheet (Fig. 3), which

reflected about 12.67% of the total radiation, fol-
lowed by the thermal reflective mesh (TRM) and red

Fig. 3 - Reflected radiation of with different bench covers, from
an environmental incident radiation of 1910 pmol m2 s,
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laminate sheet, with 7.01% and 6,09%, respectively.

The interaction between the two factors studied
(cultivars x bench covers) on the growth attributes of
basil was not verified (p>0.05). However, there was a
significant effect, both for the type of bench used (p>
0.05) and for the varieties (p>0.05).

Regardless of the cultivars, basil plants grown on
thermal reflective mesh had lower number of leaves,
stem diameter, plant height, relative chlorophyll con-
tent, fresh and dry aerial weight than plants grown
using white and red laminate sheets (Fig. 4).
However, the dry root mass did not vary between dif-
ferent materials. Proportionally, these reductions
were on average 33.48%, 15.32%, 12.88%, 20.70%,
13.98% and 35.67% respectively, for the number of
leaves, stem diameter, plant height, relative chloro-
phyll content, fresh weight and dry weight of aerial
parts, compared to the combined average of white
and red laminate sheets (Fig. 4).

The gains in biometric characteristics when using
bright white laminate sheet may be related to the
quality of light, Antonopoulou et al. (2004) state that
white light is a rearrangement of colors including
blue and red. These wavelengths are those used by
plants for the process of photosynthesis, as well as
physiological process.

The number of leaves was affected by cover mate-
rial used, so that plants grown in the environment
with bright white and red laminate sheets had a high-

Fig. 4 - Number of leaves (A), stem diameter (B), plant height
(C), relative chlorophyll content (D) fresh weight of the
aerial part (E) and dry weight of roots (F) of green and
purple basil (Ocimum basilicum L .), grown in pots in a
domestic environment, with different bench covers.
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er number of leaves in relation to the thermal reflec-
tive mesh. Therefore, it can be inferred that basil
plants are responsive to the quality of light under the
conditions evaluated.

In the cultivation of Pereskia aculeata, Vieira
(2017) obtained a lower number of leaves under red
mesh in relation to the pearl mesh, which is a varia-
tion of the white color, showing different results
from that found in the present work.

Differences were verified for the stem diameter as
a function of the materials used. The thermal reflec-
tive mesh provided the lowest value, when compared
to the bright white and red laminate sheets. Larger
stem diameter is a desirable characteristic in
seedlings because it guarantees greater support for
the aerial part, when these plants are exposed to
adverse wind or intense rain conditions (Souza et al.,
2014).

The growth pattern of basil plants varied accord-
ing to the environments to which they were submit-
ted. Plants exposed to colored laminate sheets had
greater height when compared to those on thermal
reflective mesh but there was no significant differ-
ence between white and red laminate sheet.

In a study by Souza et al. (2014) evaluating the
growth of rosemary plants under colored meshes and
in full sun, found a greater height of plants when cul-
tivated in full sun, attributing to this the high lumi-
nous intensity and the characteristics of the species.
This corroborate with what was observed in the pre-
sent study, when the high radiation reflected by the
white laminate sheet was verified, increasing the
total radiation on plant tissues (Fig. 4). Although the
red laminate sheet reflected a lower percentage of
radiation, it yielded results similar to those of the
white laminate sheet, which possibly has a relation-
ship with the quality of the reflected light.

The growth in terms of stem diameter and plant
height and higher chlorophyll content in the leaves
showed greater gains in the colored laminate sheets,
compared to the thermal reflective mesh, indicating
that there was no etiolation. According to Taiz et al.
(2017), etiolated plants have long hypocotyls, a
hooked apex, and non-photosynthetic leaves.

Henrique et al. (2011), studying the development
of coffee seedlings under cover with colored meshes,
blue, white, gray, black and red, with shading of 50%,
found that the red one was more efficient in promot-
ing growth in plant height, area and leaf dry matter
mass and total dry matter mass. In the present study
with basil, it was possible to observe that, there was
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no difference between the white and red laminate
sheets, in the variable plant height.

For the relative chlorophyll the plants placed on
the bench covered with thermal reflective mesh had
a lower value, which indicates the low capacity of this
material to reflect the FRG. The SPAD index (Soil
Plant Analysis Development) is used to diagnose the
nitrogen status of crops, an element related to plant
growth and productivity (Pérto et al., 2011) and
related to the photosynthetic condition (Dinh et al.,
2019).

Costa et al. (2012), evaluating the vegetative
growth of peppermint seedlings in five environ-
ments, full sun and under black, aluminized, blue and
red meshes, all with 50% irradiance, observed superi-
or gains in leaf dry weight, stem and shoot biomass
under full sun, red and black mesh respectively,
when compared to other cultivation environments.
Paulus et al. (2016) found similar results when culti-
vating basil under a photoconverting mesh, finding a
greater accumulation of fresh and dry mass of the
aerial part in full sun, in relation to the red and alu-
minized mesh. Divergent results were found in the
present study, which showed a greater accumulation
of fresh weight of the aerial part in plants grown on
white and red laminate sheet.

Basil is a heliophyte species and according to Silva
(2014) it is considered efficient at high radiation
intensities, which promotes better photosynthetic
activity. The reflected radiation when using white
laminate sheet was higher than that observed for the
red one, however, no results were obtained in the
accumulation of fresh biomass from the aerial part,
which may be also associated with the quality of the
light reflected by the materials used.

The aerial part dry weight of the basil plants was
affected by the use of the cover materials (Fig. 4F).
Plants grown with the use of bright white and red
laminate sheets showed a higher dry weight of the
aerial part, in relation to the thermal reflective mesh.
Melo and Alvarenga (2009), evaluating the effect of
radiation in full sun condition and by covering with
red, blue and black meshes, in Catharanthus roseus L.
G. Don vinca plants, found greater increases in dry
weight using the red material.

Sunlight is like a shower of photons and plays an
essential role in photosynthesis, the process of trans-
forming light energy into chemical energy. Wave
spectra have different roles in plants. Blue light (400-
500 nm) promotes root growth and intense photo-
synthesis. The red light that comprises the light range

between (600-700 nm, provides increases in the
accumulation of dry mass, lengthening of the stem
and expansion of the leaf area in addition to
improvements in photosynthetic activity. The pho-
toreceptors that promote morphogenic changes in
plants are those capable of to absorb blue and red
light, with phytochrome being responsible for the
absorption of these spectra (Taiz et al., 2017).

Despite the lower proportion of radiation reflect-
ed by the red laminate sheet, this did not prevent the
plants grown in this environment from accumulating
an equal amount of dry weight from the aerial part to
that of the plants when grown on white laminate
sheet. This demonstrates that plants have the ability
to modify their development model in response to
the luminous environment (Larcher, 2004).

Plants have a specificity regarding the wavelength
received due to the absorption spectrum determined
by the photosynthetic pigments present in the
chloroplast. The absorption spectrum determines the
amount of light energy captured or absorbed by a
molecule or substance as a function of the wave-
length received. In this sense, the reflective materials
arranged on the benches promote better use of radi-
ation by reflecting the luminosity of the environment
on the leaf’s abaxial face (Lima et al., 2018).

Studying the effect of red light emitting diode
(LED) lamps on grapes, Poudel et al. (2008) found
greater optimization of photosynthesis, directly influ-
encing the height of the aerial part, length of intern-
odes and rooting frequency, however, it is notewor-
thy the need for blue light for chlorophyll synthesis
and stomatal activity. Lima et al. (2010) evaluating
the growth of Anthurium andraeanum Apalai under
colored meshes with 70% shading found that the
black mesh provided better growth conditions in
relation to the blue, red and thermal reflective mesh.

Among basil varieties, it was observed that for the
variables of leaf number, stem diameter, plant
height, fresh shoot weight and number of nodes, the
plants of the green variety were 144.20% higher,
34.95%, 35.59%, 4.76% and 20.91%, respectively, in
relation to the purple variety. However, in relation to
the relative chlorophyll content, the purple variety
was 12.0% higher (Fig. 5).

Lin et al. (2020) investigating the response of pur-
ple and green basil when subjected to different pro-
portions of red, blue and green light, found a greater
increase in height, leaf area and stem diameter in
green basil plants compared to purple. This shows
the influence of the environmental conditions
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Fig. 5- Number of leaves (A), stem diameter (B), plant height
(C), relative chlorophyll content (D), aerial fresh weight
(E) and number of nodes (F) between green and purple
basil cultivars (Ocimum basilicum L.) grown in pots in a
domestic environment, with different bench covers.

imposed on the growth and development of the
plants. The results found by the authors are similar to
the present study, where there was interference
from the environment and the genotype in the
growth and development of plants.

The accumulation of dry weight in the aerial part
and roots was also higher in plants of the green vari-
ety, about 52.51% and 83.64%, respectively, in rela-
tion to plants of the purple variety (Fig. 6). The differ-
ences between the genotypes of basil used in the
present study were expected due to species great
genetic diversity, not only morphological, but also in
terms of the characteristic compounds of the species,

Fig. 6 - Dry weight of the aerial part and roots between green
and purple basil cultivars (Ocimum basilicum L.), cultiva-
ted in pots in a domestic environment, with different
bench covers.
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such as essential oils (Blank et al., 2010; Veloso et al.,
2014; Castro et al., 2016).

The cultivation of plants in homes is a custom
passed down from generation to generation.
However, due to the growth of urban areas and the
consequent reduction of spaces for cultivation, there
is a need for innovative techniques that provide bet-
ter conditions for the development of plants, especial-
ly in environments with less incidence of light. In this
sense, the use of colored materials on countertops in
cultivation environments is a technique that has been
studied and has shown positive results in this new
model, as demonstrated in the present study.

The use of colored benches in low solar radiation
places provides better conditions for the growth and
development of basil plants very similar and/or supe-
rior to the cultivation carried out in the absence of
shading, according to a study by Souza et al. (2011).
According to the authors, the accumulation of dry
weight of plants grown with substrate in full sun was
less than the values of the present study.

Based on the results of the present study, and in
view of the characteristics of cultivation in domestic
spaces, it is inferred preference for the use of white
coloring, due to the characteristic of providing
greater luminosity to the environment, in addition to
the aesthetic enhancement of the vegetables, with
contrast provided between the plants and the bench.
In addition, concerning the cultivation of basil, the
use of a white or red cover favors the development
of plants due to the greater reflectance of photosyn-
thetically active radiation. In this way, both colors
can be used for the cultivation of this species in shad-
ed environments.
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Abstract: This study aimed to investigate the effect of nanoparticles and non-
nanoparticles of titanium dioxide on germination indices of Echinacea under
salinity stress. Experimental treatments included nano and bulk particles of
titanium dioxide at concentrations of 0, 10, 50, 100 and 150 mg/| and salinity
stress from NaCl at levels of 0, -3, -6 and -9 bar. The results showed that
Echinacea is sensitive to high salinity stress levels (-6 and -9 bar). The use of
nano and non-nano titanium dioxide treatment improved some traits under
severe salinity stress. The germination percentage did not occur at salinity lev-
els of -6 and -9 bar, but the addition of nano titanium dioxide with a concentra-
tion of 150 mg/l and 50 mg/l non-nano increased germination by 50.6%.
Application of nano titanium dioxide increased the seedling weight in control
by 1.28 mg to 4.26 mg in the treatment of 150 mg/l nanoparticles. The applica-
tion of nano and bulk titanium dioxide could significantly reduce the negative
effect of high salinity stress levels. This can be a valuable and hopeful solution
to solve the problem of salinity stress in Echinacea.

1. Introduction

Echinacea (Echinacea purpurea) is a perennial herbaceous plant of the
chicory family (Asteraceae) and is native to the rocky areas, highlands
and Atlantic plains of North America and Canada (Raman et al., 2004).
The most important medicinal property of this plant, a selected plant of
the World Health Organization, is to strengthen the immune system (Sun
et al., 1999). This plant contains valuable active ingredients such as
flavonoid compounds, alkaloids and chicoric acid (Sandra, 2004). The
most important substances in Echinacea are essential oils of borneol and
alpha-pinene (Faravani et al., 2016). In recent years, low rainfall and
uncontrolled withdrawal of groundwater resources in the country, fol-
lowed by an increase in groundwater salinity, has become a significant
problem for agriculture, which in addition to reducing fresh water
resources, has also increased soil salinity. Therefore, using new technolo-
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gies to eliminate and reduce the effects of salinity
stress on plants is inevitable. One of the advanced
technologies that can be used in this field is the use
of nanoparticles. Undoubtedly, by taking advantage
of nanotechnology as an emerging advanced technol-
ogy in the agricultural sector, desirable results can be
achieved, including ensuring food security and the
development of sustainable and environmentally
friendly agriculture in developing countries and
regions of the world (Kamali et al., 2018).

One of the most important nanoparticles that has
been widely used in various sciences is titanium diox-
ide nanoparticles. Titanium dioxide nanoparticles
appear to stimulate plant root and shoot growth by
stimulating plant metabolism and increasing cell divi-
sion. A study by Karami and Sepehri (2018) stated
that the application of titanium dioxide nanoparticles
improved the growth and photosynthetic perfor-
mance of barley under salinity stress. This improve-
ment was reported due to increased antioxidant
activity in the presence of nanoparticles. Navarro et
al. (2008) stated that nanoparticles might create new
larger pores in the seed coat that facilitate the entry
of water and oxygen and increase seed germination.
Faraji and Sepehri (2019) showed that the application
of titanium dioxide nanoparticles increased germina-
tion and morphological traits of wheat seedlings
under drought stress. Under moderate and severe
stress conditions, the application of titanium dioxide
and nitroprusside nanoparticles alone or in combina-
tion improved the average germination time of wheat
seeds by 56%. The positive effects of titanium dioxide
nanoparticles on increasing plant growth, antioxidant
enzyme activity, soluble sugars, amino acid and pro-
line content and reduction of H,0, and melonic dihy-
drogenase in beans under salinity stress have been
reported (Abdel Latef et al., 2018). Khan (2016)
reported a decrease in salinity stress in tomatoes by
foliar application of titanium dioxide nanoparticles at
a concentration of 20 ppm by improving agronomic
traits, leaf chlorophyll content, phenolic and antioxi-
dant capacity, antioxidant enzyme activity and fruit
yield. Titanium can act as a stimulant for the plant,
activating the immune system against stress. Feizi et
al. (2020) showed that application of 300 ppm of tita-
nium dioxide nanoparticles improved the mean ger-
mination time (MGT) and seed germination rate of
lentil by 39% and 62%, respectively. Nasir Khan (2016)
reported using 20 mg/lit nano-TiO, on tomato plant
improved activities of carbonic anhydrase, nitrate
reductase, SOD and POX and accumulation of proline
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and glycine betaine in salinity stress condition.

Gohari et al. (2020) showed that the application
of titanium dioxide nanoparticles offset the adverse
effects of salinity stress on agronomic traits of
Dracocephalum moldavica. Application of 100 mg/I
titanium dioxide nanoparticles under salinity stress of
50 and 100 mM sodium chloride increased the activi-
ty of antioxidant enzymes and decreased H,0, con-
centration. The results of a study on the effect of
osmotic and salinity stress on germination and
seedling growth indices of Echinacea purpurea and
Cynara scoolymus showed that Echinacea is sensitive
to low and medium levels of salinity stress (Amiri et
al., 2010). Also, with increasing the intensity of
osmotic stress, the root length of Echinacea and
shoot length of both plants decreased until it
reached zero at the levels of -10 and -14 bar for
Echinacea and Artichoke, respectively (Amiri et al.,
2010). In a study on the effect of different osmotic
potentials of sodium chloride and calcium chloride
salts on the germination characteristics of Echinacea
seeds, it was observed that with increasing salt con-
centration, all germination traits significantly (p<5%)
are reduced, so that in the potential of -9 bar, the
percentage and rate of germination decreased by
50% and seed vigor by 83% (Ebrahimi Anjeshshi et
al., 2011). Lyu et al. (2017) stated that seeds soaked
in titanium dioxide nanoparticles showed a higher
germination rate, more root growth and improved
seedling growth. Nanoparticles can enter the seed
coat and increase the entry of water and nutrients
and improve seed growth. But their toxic effects also
occur in seeds. Younes et al. (2020) reported that the
application of 100 ppm of TiO, and ZnO nanoparticles
on three species of the Solanaceae family significant-
ly improved their germination traits and reduced
their average germination time. Kamali et al. (2018)
showed that at 75 mM salinity, foliar application of
titanium dioxide nanoparticles in 15 ppm treatment
increased the number of flowers in Petunia hybrida
plant from 5.6 to 9.3. Also, the highest shoot fresh
weight was observed in the treatment of 15, 20 and
40 ppm foliar application of titanium dioxide
nanoparticles.

According to research, it seems that the use of
nanotechnology can reduce the adverse effects of
salinity stress on seeds and plant growth. Therefore,
the present study was conducted to investigate the
effect of titanium dioxide nano and bulk particles on
seed germination and seedling growth of Echinacea
in modulating salinity stress conditions.
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2. Materials and Methods

In order to investigate the effect of nanoparticles
and non-nanoparticles of titanium dioxide on germi-
nation indices of Echinacea under experimental salin-
ity stress, an experimental study was performed in
the Laboratory of Medicinal Plants of the University
of Torbat Heydarieh, Iran. To perform the study, 100
grams of Echinacea seeds were purchased from the
Agricultural and Natural Resources Research Center
of Isfahan Province. The seeds were carefully
threshed and 2700 seeds were isolated for testing.
This experiment was conducted as a factorial layout
based on a completely randomized design with four
replicates.

Each of the experimental steps has 36 integrated
treatments, including nine levels of zero (control)
titanium dioxide concentration, 10, 50, 100 and 150
mg/| of nanoparticles and 10, 50, 100 and 150 mg/I
of bulk particles and four levels of salinity stress were
zero (control), -3, -6 and -9 bar in three replications.
In these experiments, sterile Petri dishes and filter
paper with a diameter of nine cm were used as the
culture medium (Top paper culture method or TP).

Exert treatment

The filter papers were wrapped in aluminum foil
for each stage of culture and disinfected in an auto-
clave at 120°C for 20 minutes. Seeds were disinfected
using 10-14% sodium hypochlorite for 30 seconds
and then washed thoroughly with distilled water
three times each time for three minutes until the dis-
infectant was completely removed from the seed sur-
face. The work surface and all utensils and utensils
used were disinfected using 70% ethanol.

In each Petri dish, 25 disinfected seeds were
placed at a suitable distance from the bed of filter
paper. Then 5 ml of the prepared solutions were
added and the lid of the Petri dishes was closed using
para film to prevent evaporation of the material and
the solution was not added until the end of the test
period. Petri dishes were placed in a germinator with
a temperature of 25°C and a humidity of 60% at 16/8
hours length in day/night.

Preparing saline and TiO, solution

To prepare the final solution of the treatments,
each level of titanium dioxide factor must be mixed
separately with each of the salinity stress levels in a
ratio of 1:1 to obtain a homogeneous solution and
then applied to the seeds. For this purpose, titanium
dioxide levels, as well as salinity stress, should be
prepared in double concentration to achieve the

desired concentration after mixing them; Therefore,
to prepare 100 ml of each of the concentrations of
20, 100, 200 and 300 mg/| of nanoparticles and non-
nano titanium dioxide, the amounts of 5, 25, 50 and
75 ml of stock solution, respectively. It was poured
separately and each of them was brought to a vol-
ume of 100 ml with the help of distilled water. To
prepare different concentrations of salinity, NaCl salt
made in Germany (Merck) was used based on
Richards method (Richards, 1954). Different salinity
levels were prepared with double concentration.
Then, 10 ml of titanium dioxide solution was mixed
with 10 ml of saline solution at the desired stress
level in a Beaker and homogenized.

Nanosized TiO, powder was AEROXIDE® TiO, P25,
supplied by Degussa GmbH Company. Specific sur-
face area of nanosized TiO2 was 50 m? g, average
primary particle size was 21 nm and purity was
>99.5%. The size of TiO, nanoparticles (Fig. 1) and
bulk particles (Fig. 2) were determined. In order to
gain accurately dispersed and stable TiO, suspensions
of each concentration, an ultra-sonication treatment
was applied to bulk and nanoparticles TiO, powders
dispersed in water for 15 minutes.

Fig. 1- Images of nanosized TiO, by Scanning Tunneling
Microscope (STM).

Fig.2- Image of bulk TiO, particles by Scanning Electron
Microscope (SEM).
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Measurement methods

Daily counting started from the day after planting
at a specific time and continued until the 21st day
(ISTA, 2009). Seeds with a root length of more than
two millimeters were counted as germinated seeds
(ISTA, 2009). At the end of the day, 10 seedlings were
randomly selected from each experimental unit and
the length of roots, stems and seedlings were mea-
sured and recorded using millimeter paper. The
stems and roots were separated and each was taken
in separate paper bags in an oven at 70°C for 24
hours and then weighed with a digital scale to the
accuracy 0.0001 g. To determine the germination
rate of Maguire formula (Maguire, 1982), the mean
germination time (MGT) (Matthews and Khajeh-
Hosseini, 2007) and the mean daily germination
(MDG) (Azimi et al., 2013) from the following equa-
tions used:

Germination rate (GR) = (a/1) + (b-a)/2 + (c-b)/3 +.... [n- (n-1)]/n (1)

Where GR indicates the germination rate in terms of
germinated seeds per day, a, b, c ... n indicates the
number of germinated seeds after N ... 3, 2, 1 day
after dewatering.

MGT = [3(F-X)I/(3 F) (2)

MDG = Germination% / total experiment days (3)

In Equation (2), MGT: mean germination time (days),
F: the number of new germinated seeds per day of
count X and X days of counting. Equation (4) and (5)
were used to calculate the seed vigor index (Vashith
and Nagarajan, 2010):

Vigor index | =  germination % x seedling length in cm (shoot + seminal
root) (4)

Vigor index Il = germination % x seedling dry mass in mg (shoot + semi-
nal root) (5)

Data related to excel software were sorted and

processed and then statistical analysis of the data
was performed by SAS JMP software and compar-
isons of means were performed by Tukey test at 5%
probability level.

3. Results and Discussion

The results of data analysis of variance are report-
ed in Table 1. Application of titanium dioxide treat-
ment had a significant effect on all studied traits
except seed vigor index | and shoot length. The effect
of salinity stress was significant on all traits except
shoot, root and seedling weight. The results also
showed that all traits except shoot and seedling
weight, seed vigor index | were significantly affected
by the interaction of titanium dioxide and salinity
stress.

Effect of titanium dioxide on germination indices of
Echinacea under salinity stress

As shown in Table 2, the application of titanium
dioxide treatment improved the germination per-
centage and rate and mean daily germination com-
pared to the control. Application of titanium dioxide
nanoparticle increased the seedling weight from the
control with a value of 1.28 mg to 4.26 mg in the
treatment of 150 ppm nanoparticles. The application
of titanium dioxide had no effect on the shoot weight
of Echinacea. The results of this test are the same as
the experimental results performed by Tokalloo et al.
(2013) on barley and Feizi et al. (2013) on sage. All
experimental treatments significantly positively
affected shoot length, seedling weight, and root
weight compared to the control. The lowest root
length was related to the control and the concentra-
tion of 150 mg/l of non-nanoparticles had the best
performance, so that it increased the length of root,
stem and seedling about three times compared to
the control.

Table 1 - Analysis of variation of nano and bulk titanium dioxide particles on germination and seedling traits of Echinacea

Source of S'eed S.EEd Seedling Root Shoot  Seedling Root Shoot Me'an Mgan. Germination I

L df vigor vigor X . X daily germination Germination
variation length length length weight weight weight I . rate

Il | germination time

Tio, 8 117638 ** 25137.69ns 158.72 ** 50.52 ** 5885** 6.99Nns  0.72**  5.53Ns 1.77 ** 21.47 ** 1.32%* 781.92 **
Salinity 3 4829442 ** 84607.21 ** 829.73 ** 508.05** 94.85** 574ns  0.52ns  8.74Ns 17.50 ** 20.06 ** 48.48 ** 7542.51 **
TiO2x Salinity 24 434076 ** 26985.32ns  43.58 ** 3576 ** 13.92** 563ns  0.44**  434ns 1.31 ** 11.50 ** 0.84 ** 587.40 **
Error 72 36544 24260.7 8.85 6.47 2.82 4.35 0.23 4.13 0.27 0.85 0.21 121.93
Total 107

Ns, *, and **: No significant, significant at 5 and 1% probability, respectively.
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Table 2 - Effect of titanium dioxide particles on germination traits of Echinacea under salinity stress

Tio, Vigor Vigor Seedling Root Shoot Seedling Root Shoot '\él:if; Germination Germinat-
concentration  index index length length length weight weight weight S rate ion
me/! I ! (mm)  (mm)(mm)(mg) e (mg) ST (seed/day (%)

0 601.46ab 107.05 a 7.16 ¢ 3.19¢ 3.97b 1.28b 0.16 b 1.12a 2.03b 1.75b 42.66 b
N10 826.53a 181.13a 16.79ab 6.83 ab 9.95a 2.82ab 0.84a 1.98a 3.19a 2443 67.00 a
N50 648.57ab  171.00 a 15.50 b 5.24 bc 10.25a 2.97 ab 0.89a 2.08a 2.79a 2.59a 58.33a
N100 574.85b 161.40a 14.00b 4.09 bc 9.89a 2.60 ab 0.44 ab 2.15a 293a 2.75a 61.66 a
N150 605.16 ab 282.37a  15.05b 5.29 bc 991a 4.26a 0.49 ab 3.76a 296 a 2.56a 62.00 a
B10 811.69ab 19543a 16.97ab 6.67 b 10.31a 2.95ab 0.80a 2.15a 3.19a 2.75a 64.33a
B50 762.01ab 167.62a 17.82ab  5.97bc 1193 a 2.57 ab 0.40 ab 2.17a 3.11a 2.60a 65.33a
B100 769.84ab 181.81a 14.17b 3.89 bc 10.27 a 2.56 ab 0.43 ab 2.13a 333a 2.81a 70.00 a
B150 768.81ab 168.33a  20.32a 10.04 a 10.27 a 2.54 ab 0.42 ab 212a 3.20a 2.82a 67.33a

Means, in each column, followed by same letter are not significantly different at the 5% probability level, using Tukey Test. n=nano,

b=bulk

The effect of salinity stress on germination indices of
Echinacea

The results reported in Table 3 show that
Echinacea had the highest germination percentage at
the level of zero and salinity stress -3 bar, but with
increasing salinity stress, the germination percentage
decreased significantly. At the stress level of -9 bar, it
decreased by 37.5% compared to the control. The
highest germination percentage was related to the
control treatment and decreased significantly with
increasing salinity stress levels, so that it decreased
by 2.5 times compared to the control at -9 bar.

Miri and Mirjalili (2013) stated that one of the
ways to priming seed is to use NaCl salt solution with
salinity 1 dS m, which in saline areas improves
seedling growth rate by up to 20%. They stated that
at 1 dS m? salinity the germination rate of Echinacea
is 57.7% but with increasing the amount of NaCl to 6
dS m salinity the germination rate decreases to
about 9.8%.

The highest germination rate was observed in the
control treatment and with increasing the intensity

of salinity stress, the germination rate decreased sig-
nificantly. Seeds that are exposed to salinity stress
face water shortage, resulting in a decrease in germi-
nation rate and percentage under the influence of
salinity (Kafi et al., 2005). Seed and impaired storage
protein synthesis reduce seed germination (Vigot,
2009). In addition, the toxicity of sodium and chlo-
rine ions in salinity stress play an important role in
reducing seed germination (Hanslin and Eggen,
2005). In a study on the effect of different osmotic
potentials of sodium chloride and calcium chloride
salts on the germination characteristics of Echinacea
seeds, it was observed that with increasing salt con-
centration, all germination traits significantly (p< 5%)
are reduced, so that in the potential of -9 bar, the
percentage and rate of germination decreased by
50% and seed vigor by 83% (Ebrahimi Anjeshshi et
al., 2011). The inhibitory effects of sodium chloride
on seed germination may be due to its direct effect
on embryo growth. The researchers found that fetal
axis elongation was severely inhibited by high levels
of sodium chloride in the irrigation solution. On the

Table 3 - Effect of salinity stress on germination traits of Echinacea

. Vigor Vigor Seedling Root Shoot Seedling Root Shoot Mean daily Germination -
Salinity . R L Germination
(bar) index index length length length length length length  germination rate (%)
Il | (mm) (mm) (mm) (mg) (mg) (mg) (seed) (seed/day)
0 335.32¢c  198.97 ab 21.76a 11.71a 10.05 b 2.53a 0.71a 1.81a 3.76 a 431a 78.37 a
3 1288.88a 245.66a 18.04 b 6.01b 12.06 a 342a 0.39a 3.03a 343a 2.80 b 72.14 a
6 741.65b  159.21ab 11.41c 2.68c¢c 8.73 ¢ 2.49a 0.49a 1.99a 2.70b 197 ¢ 56.74b
9 464.78 ¢ 114.43 b 10.02 ¢ 2.36¢C 7.72c 247 a 0.57a 1.90a 1.95¢ 1.17d 41.03¢

Means, in each column, followed by same letter are not significantly different at the 5 % probability level- using Tukey Test. n=nano,
b=bulk.
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other hand, sodium chloride, due to inhibition of
water uptake by seeds, slows down vital activities in
the seed and increases rooting time (Mohammadi et
al., 2011).

The mean daily germination trait had the best
performance at zero and -3 bar the salinity stress
level, but decreased significantly with increasing the
stress level and reached the lowest level at -9 bar. No
significant difference was observed between stem
levels in shoot weight, root weight and seedling
weight. However, numerically, yield in shoot weight
and seedling weight at the level of 3-bar stress
showed a slight increase compared to the control,
which decreased with increasing stress intensity. The
highest shoot length was observed at the level of -3
bar salinity stress, which was higher than the control.
The root length in control had the highest value and
decreased sharply with increasing the stress level, so
that the root length at the level of -9 bar drought
load was reduced about 10 times compared to the
control. Seedling length was highest at zero stress
level, but with increased stress level to -9 bar,
seedling length was reduced by half. The results of
research on sage showed a decrease in root and stem
length with increasing osmotic stress (Stephanie et
al., 2005). The results of studies on sage and ten
species of medicinal plants showed the negative
effect of salinity stress on plant length (Fallahi et al.,
2009).

The best seed vigor index | was seen at the stress
level of -3 bar, which was not significantly different
from the control level and -6 bar. But compared to
the -9 bar stress level, it was about 2 times higher.
Seed vigor index Il had the best performance at -3
bar stress and a significant decrease was seen at -6
bar level. Seed vigor index Il in control and -9 bar
stress had the lowest value (Table 3).

Interaction of titanium dioxide and salinity stress on
germination indices of Echinacea

As can be seen from the results reported in Table
4, the use of titanium dioxide treatment increased
the germination percentage at high salinity stress
condition. In the absence of nano titanium dioxide at
-6 and -9 bar level salinity stress, no germination
occurred at all, but with the application of titanium
dioxide, the germination percentage increased signif-
icantly in the mentioned stress intensities. So that in
the control treatment with salinity stress -9 bar ger-
mination was zero; however, in the treatments of 50
mg/| non-nanoparticles and 150 mg/l nanoparticles
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at the same stress level, germination was observed
50.66%.

Contrary to the results of the present experiment,
Zheng et al. (2005) reported that titanium dioxide
nanoparticles absorb more water in spinach seeds,
thus accelerating seed germination. Khot et al. (2012)
pointed out that the main reason for the increase in
plant growth rate in response to titanium dioxide
nanoparticles is the production of sterile radiation
oxygen, which increases seed resistance to stress and
improves water and oxygen penetration in accelerat-
ing germination.

In terms of germination rate, the application of
titanium dioxide increased the germination rate at
high levels of salinity stress compared to the control
and the treatment of 10 mg/l of non-nanoparticles
maintained the germination rate during increasing
salinity stress. However, under non-stress conditions,
the concentration of 150 mg/|l of non-nanoparticles
had a higher performance than all experimental
treatments.

The mean germination time in Echinacea seeds
decreased with increasing salinity stress level. Due to
this, a limited number of seeds germinated at high
salinity stress levels in the first days of the experiment
and during the counting days, due to severe salinity,
the germination process stopped; however, at low
stress levels, the germination process continued until
the last days of counting, which increased the mean
germination time at low salinity stress levels.

The application of titanium dioxide caused the
mean daily germination during the increasing process
of salinity stress to be higher than the control. In gen-
eral, increasing the salinity stress level from zero to -
9 bar reduced the mean daily germination; however,
among the experimental treatments, 150 mg/I
nanoparticles and 50 mg/l non-nanoparticles were
able to better inhibit the decrease in germination
mean due to increased salinity stress.

According to the results reported in Table 5, the
best treatment for stem weight was 150 mg/I|
nanoparticles at a stress level of -3 bar. No significant
difference was observed between other experimen-
tal treatments; However, treatments of 100 mg/|
nanoparticles and 150 mg/| of non-nanoparticles had
6 times higher shoot weight at the stress level.
Application of titanium dioxide treatment increased
root weight compared to control at high stress levels.
There was no significant difference in non-nano and
control treatments at different levels of salinity stress
in seedling weight.
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Table 4 - Interaction effect of titanium dioxide particles and salinity on germination traits of Echinacea

. . Mean dail Mean germination Germination rate Germination
Tio, (mg/1) Salinity (bar) germination (syeed) tirﬁe (day) (seed/day) (%)
0 0 4.06 ab 6.46 c-g 4.31 abc 85.33 ab
-3 3.87 a-d 9.04 abc 2.57 d-i 81.33 a-d
-6 0.19fg 0.42h 0.11 jk 4.00 fg
-9 g0 ho kO g0
10n 0 3.55a-e 7.28 a-g 3.04 c-g 74.66 a-e
-3 3.49 a-e 7.36 a-g 2.92 c-h 73.33 a-e
-6 3.36 a-e 8.95 a-d 2.39f-i 70.66 a-e
-9 2.34 b-e 9.48 ab 1.41 h-k 49.33 b-e
50n 0 3.87 a-d 5.39fg 4.57 ab 80 a-d
-3 2.98 a-e 7.06 b-g 2.54 e-i 62.66 a-e
-6 241 a-e 6.99 b-g 2.26 f-i 50.66 a-e
-9 1.90 ef 8.90 a-d 1.23jk 40.00 ef
100n 0 412 a 6.43 c-g 492 a 86.66 a
-3 3.49 a-e 6.42 c-g 3.19 b-f 73.33 a-e
-6 2.22 de 8.43 a-e 1.63 g-j 46.66 de
-9 1.90 ef 8.39 a-f 1.26ijk 40.00 ef
150n 0 3.36 a-e 484 ¢ 4.09 a-d 69.33 a-e
-3 3.11 a-e 7.34 a-g 2.58 d-i 65.33 a-e
-6 2.98 a-e 7.58 a-g 2.26 f-i 62.66 a-e
-9 2.41 a-e 10.18 a 1.31ijk 50.66 a-e
B10 0 3.49 a-e 5.72 efg 4.33 abc 70.66 a-e
-3 3.55a-e 6.98 b-g 3.02c-g 74.66 a-e
-6 3.17 a-e 8.63 a-e 2.32 14 66.66 a-e
-9 2.15de 9.08 abc 1.31ijk 45.33 d-e
B50 0 3.80 a-d 7.13 b-g 4.56 ab 80.00 a-d
-3 2.85 a-e 8.53 a-e 2.045 f-i 60.00 a-e
-6 3.36 a-e 8.60 a-e 2.36 f-i 70.66 a-e
-9 241 a-e 9.40 abc 1.41 h-k 50.66 a-e
100b 0 3.42 a-e 5.96 d-g 3.93 a-e 72.00 a-e
-3 4.00 abc 7.37 a-g 3.36 b-f 84.00 abc
-6 3.61 a-e 8.20 a-f 2.66 d-i 76.00 a-e
-9 2.28 cde 10.18 a 1.30ijk 48.00 cde
150b 0 412 a 6.67 b-g 5.03a 86.66 a
-3 3.55a-e 7.37 a-g 2.95cg 74.66 a-e
-6 2.98 a-e 9.10 abc 1.99 f-i 62.66 de
-9 2.15de 9.06 abc 1.32ijk 45.33 de

Means, in each column, followed by same letter are not significantly different at the 5 % probability level, using Tukey Test. n=nano,

b=bulk

Feizi et al. (2012) stated that titanium dioxide
treatment had no significant effect on shoot dry
weight, seedling, vigor index | and Il of wheat;
However, the application of titanium dioxide at all
levels caused a significant increase in root dry weight
and the highest root dry weight was observed in the
treatments of 2 and 500 mg/l non-nanoparticles and
100 mg/I nanoparticles.

There was a significant difference between con-
trol treatment and different concentrations of titani-
um dioxide in shoot length, especially at high salinity
stress levels. In general, in all treatments, -3 bar level

salinity stress increased stem length.

Studies on seedling length also showed that the
application of titanium dioxide had a significant posi-
tive effect on non-use at high stress levels and in
most experimental treatments at the level of -3 bar
the salinity stress compared to the non-stress state,
seedling length increased shows. Treatment of 150
mg/| non-nanoparticles in the process of increasing
salinity stress from zero to -9 bar was able to main-
tain the root length to a higher value. The results of
Paravar and Omidi (2014) and Motevasel et al. (2014)
showed that with increasing salinity stress, seedling
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Table 5 - Interaction effect of titanium dioxide particles and salinity on seedling traits of Echinacea

. Salinity Vigor Vigor Shoot Root Seedling See(l:lling Rgot ShF)ot
Tio, (mg/l) . . length length length weight weight weight
(bar) index Il index |
(mm) (mm) (mm) (mg) (mg) (mg)
0 0 1622.13 ab 215.28 ab 19.03 b-g 10.03 b-e 9.00 b-g 2.52b 0.45 ab 2.07b
-3 783.73 d-i 212.92 ab 9.63 ghi 2.73d-g 6.90 fg 2.61b 0.20 ab 2.41 ab
-6 kO b0 i0 g0 ho b0 0.00b b0
-9 kO b0 i0 g0 ho b0 0.00 b b0
10n 0 149.85 jk 174.94 ab 19.70 b-f 11.70b 8.00 c-g 2.30b 0.81ab 1.49b
-3 1663.06 a 188.41 ab 22.70 bed 9.30 b-f 13.40 abc 2.56b ab0.41 2.15b
-6 923.46 c-h 166.25 b 13.13 d-h 4.16 b-g 8.96 b-g 2.34b ab0.38 1.95b
-9 569.73 f-k 194.92 ab 11.64 fgh 2.18 efg 9.45 b-g 3.08 ab 0.75ab 2.33b
50n 0 135.36 jk 197.22 ab 16.93 b-h 7.23 b-g 9.70 a-g 2.46 b 0.85 ab 1.61b
-3 1414.00 abc 183.61 ab 22.76 bed 7.80 b-g 14.96 a 2.91ab 0.38 ab 2.53 ab
-6 597.13 f-k 157.61b 11.75 fgh 2.90d-g 8.85 b-g 3.06 ab 0.88 ab 2.18b
-9 447.80 g-k 145.54 b 10.55 fgh 3.03c-g 7.51 efg 2.45 ab 0.45 ab 2.00b
100n 0 169.84 ijk 219.93 ab 19.60 b-f 7.03 b-g 12.56 a-e 2.54b 0.65 ab 1.88b
-3 1243.73 a-e 195.29 ab 17.00 b-h 4.23 b-g 12.76 a-e 2.67b 0.30ab 2.36 ab
-6 437.20 g-k 133.38b 8.10 hi 1.33fg 6.73 g 2.77b 0.33 ab 2.44 ab
-9 448.64 g-k 97.02b 11.31 fgh 3.78 b-g 7.52 efg 2.42b 0.50 ab 1.92b
150n 0 160.93 ijk 173.66 ab 23.16 bc 11.23 bc 11.93 a-g 2.48b 0.71ab 1.77b
-3 944.00 c-h 681.26 a 14.43 c-h 4.86 b-g 9.56 a-g 9.71a 0.70 ab 9.01a
-6 840.40 c-h 154.45b 13.36 d-h 2.86 d-g 10.50 a-g 2.44b 0.25ab 2.19b
-9 475.33 g-k 120.09 b 9.26 hi 2.20 efg 7.66 d-g 2.40b 0.32ab 2.08 b
B10 0 139.44 jk 188.77 ab 19.63 b-f 10.86 bcd 8.77 b-g 2.67b 0.83 ab 1.84b
-3 1632.40 a 202.61 ab 21.86 b-e 9.13 b-f 12.73 a-e 2.70b 0.48 ab 2.22b
-6 896.00 c-h 282.26 ab 13.60 c-h 4.60 b-g 9.04 b-g 3.04 ab 0.78ab 2.25b
-9 579.04 f-k 108.09 b 12.81 e-h 2.10 efg 10.70 a-g 2.41b 0.12b 2.28b
B50 0 200.85 ijk 213.36 ab 24.83 b 10.80 bcd 14.03 ab 2.66b 0.66 ab 1.99b
-3 1166.80 a-f 155.04 b 19.33 e-g 6.83 b-g 12.83 a-e 2.68b 0.37 ab 2.31b
-6 1044.00 a-g 173.58 ab 14.93 c-h 2.80d-g 12.13 a-g 2.49b 0.21ab 2.27b
-9 636.40 e-j 128.49b 12.20 e-h 3.46 b-g 8.73 b-g 2.46 b 0.35ab 2.11b
100b 0 114.96 jk 198.16 ab 15.93 b-h 7.80 b-g 8.13 c-g 2.74b 0.78 ab 1.96b
-3 1451.60 abc 215.37 ab 17.30 b-h 4.20 b-g 13.10 ad 2.56b 0.34 ab 2.22b
-6 1003.06 b-g 199.90 ab 12.96 e-h 2.13 efg 10.83 a-g 2.61b 0.30ab 2.31b
-9 509.74 g-k 113.80b 10.50 fgh 1.43fg 9.03 b-g 2.34b 0.29 ab 2.04b
150b 0 324.68 h-k 209.42 ab 37.06 a 28.70 a 8.36c-g 2.41b 0.70 ab 1.71b
-3 1300.66 a-d 176.44 ab 17.33 b-h 5.03 b-g 12.30 a-f 2.38b 0.30ab 2.07b
-6 933.60 c-h 165.46 ab 14.90 c-h 3.33c¢c-g 11.56 a-g 2.66b 0.29 ab 2.37 ab
-9 516.30 g-k 122.01b 11.98 fgh 3.10cg 8.87 b-g 2.71b 0.38 ab 2.32b

Means, in each column, followed by same letter are not significantly different at the 5 % probability level- using Tukey Test. n=nano,

b=bulk

length, root length and seedling dry weight
decreased.

In Seed Vigor Index Il, all treatments containing
titanium dioxide, salinity stress -3 bar made a signifi-
cant positive difference compared to the control, but
in the conditions without stress, the control had bet-
ter performance. At high salinity stress levels, the
application of titanium dioxide significantly increased
the seed vigor index Il compared to the time of non-
use.
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4. Conclusions

Investigation of the main effect of titanium diox-
ide treatment in testing the effect of nano and non-
nano titanium dioxide on germination of Echinacea
under salinity stress showed that the use of this
treatment in all concentrations, measured indices
(except increased seed vigor indices) increased com-
pared to the control treatment. Echinacea tolerated
salinity stress up to -3 bar in germination percentage,
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mean germination time, shoot length, seed germina-
tion index | and Il, and sometimes even at -3 bar
stress observed better yield than the control. But ger-
mination rate, root and seedling length were strongly
affected by salinity stress. The interaction of titanium
dioxide and salinity stress treatments showed that
although in the increasing trend of salinity stress
intensity all studied traits were significantly reduced
compared to non-stress conditions, but the applica-
tion of titanium dioxide treatment in nano and non-
nano state in -6 and -9 bar salinity improved signifi-
cant yield of Echinacea seeds and seedlings in all
traits compared to the control. Therefore, the posi-
tive effects of using titanium dioxide in mitigating the
negative effects of salinity stress on the seeds and
seedlings of Echinacea can be a useful and promising
solution to solve this problem. Further research is
needed to determine the physiological and molecular
effects of this substance on the metabolism of plant
resistance to salinity stress.
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Abstract: The effectiveness of a double phase (solid/liquid) culture system
(DPS) in comparison to a conventional (solid) system (CS) as well as, the role of
various concentrations of activated charcoal in both systems on the enhance-
ment of micropropagation of Malus sylvestris (L.) Mill. were investigated. In
this study, lateral shoots were used as primary explants and a comparison for
shoots regeneration and rooting abilities was assessed between DPS and CS
micropropagation systems. Also, the effect of activated charcoal concentration
(0, 250, 500, 1000 mg I) during rooting stage was evaluated for both micro-
propagation systems. All assessed biometric parameters were higher in the DPS
propagation system. The addition of activated charcoal induced effectively rhi-
zogenesis in both systems, whereas the highest value of roots length (13.16 cm)
was in the DPS system supplemented with activated charcoal at 500 mg I'X. The
DPS culture system represents a promising low-cost and time-saving technique
which may improve micropropagation efficiency in producing a large quantity
of homogenous wild apple plants.

1. Introduction

Malus sylvestris (L.) Mill. represents an autochthonous species of
Albania. This distinct species is of great importance not only as a primary
wild relative and potential gene donor for the domesticated apple
(Stephan et al., 2003), but also for its medicinal values (Stojiljkovi¢ et al.,
2016). For years in Albania, no accurate inventory has been conducted for
the vulnerable populations of this species which is classified in the cate-
gory of threatened species, and maybe soon, it will be at possible risk of
extinction (FAO, 2015; Gixhari and Ramadani, 2016). In Europe also, there
is a lack of information regarding its geographical distribution and for this
reason, in The IUCN Red List of Threatened Species (IUCN, 2019), it is
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included in the category of ‘data deficient’ species.
Beside this, it is also reported as endangered in some
European countries (Larsen et al., 2006; Wagner et
al., 2014). The specific need for agricultural yield is
one of the key reasons for the development of tissue
culture technology worldwide. Indeed, plant micro-
propagation is an efficient method of propagating
disease-free, genetically uniform and massive
amounts of plants under in vitro conditions (Gupta et
al., 2020). Over the years, the number of plant
species which have been clonally propagated through
tissue culture was increased and the most commer-
cially important species have been studied. In vitro
propagation techniques have found wide use
because of their effectiveness in terms of the high-
quality product obtained and of reduced cost (Jain
and Ishii, 2003; Debnath et al., 2006; Damiano et al.,
2008; Lambardi et al., 2013). Clonal propagation cre-
ates the possibility of obtaining a large quantity of
homogeneous plant material, which can be con-
served for short/mid-term periods through minimal
growth methods, or long-term period, through cryop-
reservation (Kameswara, 2004; Day and Stacey, 2007;
Benelli et al., 2012). For all these advantages, and
also because of the current situation on the geo-
graphical distribution and importance of M.
sylvestris, it is of strategic importance to develop an
effective micropropagation protocol, to obtain signifi-
cant numbers of clonal plantlets which can be used
for ex situ conservation strategies or other purposes.

In all micropropagation methods, the main goal is
to optimize a successful protocol that ensures a rapid
clonal propagation and results also as a time-saving
technique (Lambardi et al., 2013). In most reports,
the protocols implemented for Malus sp. microprop-
agation are based on conventional micropropagation
systems in semisolid culture media which typically
include explants inoculation/proliferation, subcul-
ture, and rooting steps. Several authors mentioned
the effective stabilization of wild apple micropropa-
gation using conventional micropropagation system
consisting in a monophasic/agarized medium (Modgil
et al., 1999; Boudabous et al., 2010; Dobranszki et
al., 2011; Keresa et al., 2012; Zhang et al., 2020). But
Teixeira da Silva et al. (2019), in a review regarding
tissue culture of Malus sp., mentioned that most
reports aimed to find alternative gelling agents other
than agar, in order to reduce costs.

Although agarized media are successfully used for
plant micropropagation, nowadays it has become
absolutely important to improve the productivity and
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uniformity of valuable vegetal materials with eco-
nomic values by reducing the cost of production,
space, time or, optimizing other issues related to
micropropagation coefficient, rooting index, etc. In
addition to solid media, several techniques have
been successfully practiced for the micropropagation
of economically important plants such as 1) the use
of liquid cultures for the micropropagation of two
apple rootstocks (Mehta et al., 2014), pineapple (Dal
Vesco et al., 2001) and Dioscorea sp. (Jova et al.,
2011); 2) the use of continuous immersion bioreac-
tors for apple rootstock (Chakrabarty et al., 2003),
eucalyptus (Mendonga et al., 2016), chestnut (Vidal
et al., 2017), hybrid chestnut (Cuenca et al., 2017); 3)
the use of temporary immersion bioreactors for wild
apple (Sota et al., 2021), apple rootstocks
(Chakrabarty et al., 2003; Zhu et al., 2005), and oak
(Gatti et al., 2017).

An alternative for improving in vitro micropropa-
gation protocols is the use of double-phase nutrient
media (DPS). In this method, the explants are fixed in
a solid medium, while the liquid medium is periodi-
cally added during the culture, therefore eliminating
the need for subcultures. In this way, the propaga-
tion costs and the chances of contamination are
reduced (Senapati, 2015). There are very few reports
on the use of double-phase media for in vitro propa-
gation of plants (Scherwinski-Pereira et al., 2012;
Lopez and Suarez, 2018). In most reports, the same
culture medium was used in solid and liquid phases
(except agar presence) to increase the plantlets’
mass production during the cultures. But it would
also be useful and interesting to test various media
for propagation and rooting in the same culture con-
tainer. In this case, the solid phase would have a hor-
monal content effective for rooting induction, while
the liquid one would have a hormonal content to
induce lateral shoots development. Furthermore, the
addition of activated charcoal (AC) in the culture
media enhances in vitro rooting induction/develop-
ment in some fruit-trees species (Wang and Huang,
1976; Thomas, 2008), and also acts as an adsorbent
of phenolic compounds to avoid oxidation phenome-
na (Boudabous et al., 2010; Shinde et al., 2010).

This study aimed to evaluate the efficiency of DPS
(solid/liquid culture system) in comparison with the
conventional CS (solid) propagation system for
improving in vitro shoots regeneration of Malus
sylvestris (L) Mill. In addition, the effect of various
concentrations of AC in both systems on rooting abili-
ties was evaluated.
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2. Materials and Methods

Plant material and micropropagation systems

Axillary buds of wild apple [M. sylvestris (L.) Mill.]
were excised from scions of the population of
Maminas at Durrés County in western Albania and
were used as initial explants. The explants were disin-
fected with 70% ethanol for 3 min, followed by the
treatments with 0.2% of 50% carbendazim (Bavistine)
for 7 min and 0.01% HgCl, for 10 min., and multiple
rinses with sterile distilled water were performed.

In this research, two micropropagation systems
for in vitro regeneration of M. sylvestris plantlets
were compared:

- Conventional micropropagation system (CS), con-
sisting in the explants culture on solid medium
(monophase system);

- Double phase system (DPS), consisting in the
explants culture on solid medium plus a liquid phase
at the same time.

For DPS micropropagation systems, the liquid
medium was added every week in the culture ves-
sels, specifically 1 ml in the test tubes (proliferation
stage) and 3 ml in Erlenmeyer flasks (rooting stage).
All procedures were performed under aseptic condi-
tions.

Media composition and culture conditions

In vitro shoots proliferation. MS medium
(Murashige and Skoog, 1962) was used, supplement-
ed with 1 mg I'* 6-benzylaminopurine (BAP) and 0.1
mg It a-naphtalenacetic acid (NAA) for both liquid
and solid phase.

Rhizogenesis induction. The liquid phase was the
same as in the proliferation stage, while for both sys-
tems under study the solid medium was supplement-
ed with 1 mg It NAA and different concentrations (0,
250, 500, 1000 mg I'') of activated charcoal (AC).

In all cases, in the medium was added sucrose at
3%, while, for solid medium preparation, 7 g I'? of
agar (Sigma-Aldrich) was also supplemented. The pH
was adjusted to 5.7 before medium autoclaving at
120°C for 20 min.

The cultures were maintained in the growth
chamber at 25+2°C in a 16 h/8 h light/dark regime
with cool, white fluorescent light of intensity 43.4
pmol m2 s,

Data elaboration

Leaves number, shoots number, shoots length,
roots number and roots length, were evaluated after
42 days of culture for each micropropagation stage.

Experimental data were elaborated by Tukey-Kramer
test, and the analysis of variance (ANOVA) with JMP
7.0 statistical software.

3. Results and Discussion

In vitro regeneration wild apple shoots in the DPS and
CS systems

After 42 days of in vitro culture, the growth
dynamic of wild apple explants in the CS and DPS
micropropagation systems was evaluated. During
proliferation, for both systems, the PGRs ratio was
such that induced lateral shoots regeneration. The
comparative growth dynamic between the two prop-
agation systems for leaves number, shoots number
and shoots length, is presented in the variability
charts (Fig. 1), and it clearly shows that the micro-
propagation system highly affected growth parame-
ters (Fig. 2 a-e). The contact of the explants with the
liguid medium (Fig. 2 c), facilitated and increased the
amount of nutrients absorbed by the explants while
in the solid medium (Fig. 2 a; b), the solid consistency
itself slowed down the rate of absorption.

In our findings, the number of leaves for shoot in
both systems, was high, specifically 18.75 during the
culture in the CS system, and 19.25 in the DPS system
(Fig. 1 a).

Fig. 1 - Variability chart: leaves number (a); shoots number (b);
shoots length (cm) (c), in the DPS and CS micropropaga-
tion systems.
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Fig. 2 - In vitro regeneration of wild apple shoots in CS micropro-
pagation system (a, b) and in DPS micropropagation
system (c, d, e).

DPS showed a higher efficiency for shoots number
and shoot length, 2.85 and 3.39 cm, respectively,
compared to CS, with 2.10 shoots number and 2.77
cm shoots length (Fig. 1 b; c). Overall, the explants
grown in the CS propagation system, showed a lower
regeneration potential for the monitored biometric
parameters, which can be related to the absorption
of substances from the nutrient medium. The greater
thickness of the shoots cultivated in the DPS system
was evident during the proliferation phase (Fig. 2 d;
e).

The efficiency of the DPS system due to the pres-
ence of the liquid phase that enhanced the contact
area of the explant with the nutrient medium, lead-
ing to an increase in the rate of diffusion, absorption
and, continuous replacement of nutrients consumed
over the days of culture is reported by various
authors stressing the efficiency of the double phase
micropropagation system (Moraes et al., 2004;
Pullman and Skryabina, 2007; Scherwinski-Pereira et
al., 2012; Dori¢ et al., 2014; Senapati, 2015). In this
regard, Rodriguez et al. (1991) found that the micro-
propagation rate of Pyrus communis L., especially in
terms of axillary shoots formation, was higher when
a liquid medium was added onto the jellified one.
The superiority of DPS compared with CS system is
also reported by Oliveira et al. (2013) on in vitro
propagation of vanilla. In this species, axillary shoot
multiplication was greatest in DPS, with an increase
over 2.5-fold in comparison to the solid medium sys-
tem, after 90 days of cultivation. Similarly, Couselo et
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al. (2006) noted that the micropropagation rates of
Albarifio plants were significantly higher when cultur-
ing in a DPS system with the same concentration of
BA (8.88 uM) in both phases, in comparison to a
monophasic one. The same trend on the efficiency of
DPS cultivation system was reported for the micro-
propagation of arrow cane (Lopez and Suarez, 2018)
ananas (Scherwinski-Pereira et al., 2012), Pyrus sp.
(Moraes et al., 2004), and Rauwolifa serpentine
(Senapati, 2015). On the contrary, Barcelo-Mufioz et
al. (1999) during micropropagation of avocado,
reported that continuous culturing under DPS condi-
tions induced succulence in shoot bases and hyperhy-
dric of the cultures.

Together with the effectiveness for the growth
dynamic, DPS has another advantage due to the peri-
odic addition of the liquid medium. In this condition,
the period from one subculture to the other can be
longer than in a monophasic liquid or solid medium,
where this period is up to 3-4 weeks, as reported also
by Mahmad et al. (2014).

The CS system needs to change the medium in
culture vessels after some time to avoid nutrient
deficiencies. All this requires a series of laborious
operations in terms of costs, both of hand labor and
chemicals. Moreover, there is more working time in
the cabinet laminar flow which creates possibilities
for increasing the percentage of culture contamina-
tion. So, it can be said that in DPS propagation sys-
tem, the cost of plant production is reduced. This
finding is also accurately reported by Lopez and
Suarez (2018) who calculated the costs of production
per plant and found that, for arrow cane, the cultiva-
tion in the DPS system reduced the micropropagation
costs by 20%. A similar estimation in terms of
production cost was also realized by Senapati (2015)
who found that DPS system was much more effective
due to the costs reduction specifically with 33.36%
on the nutrients used, 39.28% on the energy used
and 33.33% on the labor costs. Optimization of such
technique that, in addition to being low cost, also
provides rapid in vitro plantlets regeneration, is of
great interest for commercial use.

Biomass production during the rooting stage

After the proliferation stage, the shoots were
transferred in DPS system and CS system for rooting.
The first system had in the liquid phase the same
type and concentration of PGRs of the proliferation
stage, to promote the shoots development and at
the same time, the solid phase was prepared to give



Sota et al. - Micropropagation of wild apple in a double-phase system

a rhizogenic induction. The medium of CS system was
supplemented with rooting induction hormone (IAA).
The biometric parameters were greatly affected, dur-
ing this stage, not only by the propagation system
but also by the concentration of activated charcoal in
the media (Table 1).

not show significant differences between DPS and CS.
This indicated that AC, with concentrations > than 250
mg I, was the determining factor to improve rooting
response. In this propagation stage, also DPS system
resulted most advantaged in comparison to CS one.

Table 1 - The effect of the micropropagation system and activated charcoal concentration on roots and shoots development during the

rooting phase of M. sylvestris

Propagation system Activated c.harcoal Roots
(mg 1) length (cm) number length (cm) number

DPS 0 2.46+0.16 e 2.66+0.21e 3.40+0.15¢ 3.53+0.38e
250 5.23+0.27d 4.86+0.31d 4.61+0.62b 5.61+0.36b
500 13.16 +0.67 a 8.73+0.51b 5.58+0.17 a 7.46+0.48a
1000 11.03+0.30 b 9.80+0.29 a 476 +0.17b 5.40 £ 0.32 bc

CS 0 2.22+0.11e 246+0.24 e 2.74+0.11d 2.40+0.19f
250 4.81+0.22d 4.33+0.28d 3.18+0.14c 3.93+0.31de
500 9.93+0.33¢c 7.33+0.39¢ 3.37+0.12¢c 4.60+0.25cd
1000 10.40 + 0.39 bc 7.53+0.29¢ 3.02+0.12 cd 4.26 £0.30de

Data represents mean * standard error. Within each column, data followed by different letters are significantly different at P<0.05 by

Tukey-Kramer test.

Rhizogenesis induction

From a comparison between the two propagation
systems for the same concentration of AC, in general,
the best result was achieved in the DPS propagation
system. Overall, rooting induction was highly affected
by the concentration of AC in the culture media, and
it was observed a positive correlation between the
concentration of AC in the media and the rhizogene-
sis rate (Table 1; Fig. 3 a, b).

For roots length parameter, during the DPS
culture, the best result (13.16 cm) was obtained at
500 mg I'* of AC concentration; while the higher roots
number (9.80) was showed at 1000 mg | of AC
concentration. In the CS, for both parameters, the
best results were achieved at 1000 mg I! of AC,
respectively with 10.40 cm for roots length and 7.53
for roots number. There were no significant
differences for the roots number parameter in CS
propagation system between culture media
supplemented with 1000 or 500 mg I of AC.

From an overall evaluation and comparison for
the rooting response depending on both propagation
system and AC concentration, the optimal condition
for in vitro rooting of wild apple shoots was on DPS
propagation system supplemented with 1000 mg I*
or 500 mg I'* of AC.

On culture medium supplemented with 250 mg I*
of AC or AC-free medium, the rooting response did

Fig. 3- One-Way ANOVA analysis of roots number (a) and roots
length (cm) (b) depending on the activated charcoal (AC)
concentration and micropropagation system.

New shoots regeneration during the rooting stage
Since the liquid phase in the DPS had a hormonal
ratio improving the development of lateral buds, at
this stage also the response of plants in terms of
mass formation of new shoots was evaluated. The
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solid phase in both CS and DPS was optimized only
for the induction of rhizogenesis.

As it can be seen from data presented (Table 1;
Fig. 4 a, b and Fig. 5) the differences regarding shoots
length and number between DPS and CS cultivation
systems are highly significant.

The comparison between the DPS and CS propa-
gation systems showed the considerable DPS efficien-
cy for shoots length and shoots number. In particular,
in AC-free media, the differences were highly signifi-
cant, 3.40 cm (shoots length) and 3.53 (shoots num-
ber) for DPS in comparison with 2.74 cm and 2.40
shoots, respectively, in the CS. Obviously, DPS was
more effective due to the supplementation of liquid
phase with hormones responsible for shoots prolifer-
ation. Also, this proved further that the double phase
system was effective for the growth of plantlets and
at the same time for their rooting. During the rooting
stage, the DPS allowed the simultaneous formation
of roots and new shoots at a higher rate, thus leading
to the possibility to reduce the micropropagation
cost by combining in a single one the last stage of
subculture and rooting.

The presence of AC supported also the develop-
ment of additional shoots, in both propagation sys-
tems, but in DPS this effect was more pronounced
and significant in comparison to CS. Moreover, the
AC influence increased until 500 mg I* concentration,
and, indeed at this AC concentration, the DPS

Fig. 4 - One-Way ANOVA analysis of shoots number (a) shoots
length (cm) (b) depending on the activated charcoal (AC)
concentration and micropropagation system.
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Fig. 5- Rhizogenesis induction and mass plantlets production
during the rooting stage: culture in AC-free media (a);
Wild apple cultures grown in various concentrations of
AC (b); roots measurements (c); mass production of roo-
ted plantlets (d).

showed the higher rate of shoots number (7.46) and
shoots length (5.58 cm). The same tendency was
observed even in CS where the concentration of AC
at 500 mg I'* gave higher efficiency, with 3.37 cm of
the shoots length and 4.60 for the shoots number.

The results indicated that AC concentration in the
media was an important factor that highly affected
micropropagation rate. Roots and new shoots forma-
tion responses were positively correlated and were
dependent on the AC concentration in the nutrient
media. In AC-free media, the roots formation was not
at a high rate in comparison to the other AC concen-
trations.

Addition of activated charcoal in culture medium
may affect in vitro plants growth, in terms of multipli-
cation ratio, shoot elongation, rooting and embryo-
genesis (Pan and Van Staden, 2001; Thomas, 2008;
Abdulwahed, 2013). Most publications have focused
on the effects of activated charcoal on tissue
response during in vitro propagation, and it was
shown that its use may either promote or inhibit
growth under in vitro conditions, depending on dif-
ferent factors. Boudabous et al. (2010) reported that
the use of MS-half medium supplemented with 200
mg It of AC and 3.0 mg I of IBA, was highly effective
on in vitro rhizogenesis of apple. On the other hand,
Magyar-Tabori et al. (2002), in their study didn’t find
any favourable effect of activated charcoal on rooting
characteristics of apple, but the plants originated
from media that contained activated charcoal grew
more vigorously during rooting and acclimatization.

In cotton (Gossypium hirsutum), the addition of
AC in the medium enhanced shoots and roots induc-
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tion as well as shoots length from split embryo axes
as compared to MS basal medium (Hazra et al.,
2002). Also, Dev et al. (2015) mentioned that the use
of 200 mg It of AC, significantly improved in vitro
multiplication of some grape genotypes, meanwhile
Hassan et al. (2011) found that the presence of AC in
the medium enhanced microtuberization and in vitro
regeneration of potato plantlets. Moreover, it is
widely accepted that some of the beneficial effects of
activated charcoal can be attributed to the removal
of inhibitory substances from the nutrient medium.
This phenomenon is mostly considerable for M.
sylvestris in vitro propagation, because shoot
explants of this plant species even after establish-
ment and several subcultures shows browning at the
shoot base (Sota et al., 2021).

Roots grow according to negative phototropism
and, in many cases, light is considered as a stress fac-
tor for roots induction (Silva-Navas et al., 2015) and it
is reported that the combination of darkness and
exogenous auxins enhance rooting response
(Monteuuis and Bon, 2000; Lopez-Pérez and
Martinez, 2015). In our research, the presence of AC
in the nutrient medium created a state of darkness,
thus enabling the formation of a well-developed
roots system. This ensured a higher absorption of the
nutrients, which can lead also to new shoots forma-
tion and development. Furthermore, the presence of
a higher concentration of cytokinins vs. auxins in the
liguid phase also was responsible for lateral shoots
development. In this context, in our study, both the
propagation system types and the presence of AC in
the media, highly affected the micropropagation rate
and the quality of regenerated plantlets.

Moreover, another advantage of DPS in compari-
son to CS system that can explain enhanced growth is
the weekly addition of the liquid media into the ves-
sel during the culture period, since the plantlets did
not suffer mineral deficiencies.

4. Conclusions

Malus sylvestris, wild apple, is a very important
plant species and is properly considered a threatened
one; in such situation, the constant optimization of
the micropropagation protocols is a necessity. The
specific type of propagation system plays a key role
in enhancing growth parameters. In the present
study, our findings sufficiently indicated that the use
of the DPS propagation system in comparison to CS

one was highly effective during in vitro shoots’ regen-
eration and rooting stage. Moreover, the addition of
activated charcoal for rooting induction obviously
improved not only roots formation but also the
growth of wild apple shoots. Among various concen-
trations of AC examined, the addition of 500 mg I'*AC
in culture medium was found to be the best concen-
tration for this process. The obtained results demon-
strated a direct correlation between the propagation
system used and the concentration of AC in the cul-
ture media. The application of DPS propagation sys-
tem for in vitro propagation of wild apple, therefore
represents more time-saving and a low-cost tech-
nique in comparison to the CS. These findings could
provide a platform for progressively improving the
clonal propagation of wild apple plantlets grown
under in vitro conditions, leading so to the possibility
for the effective use of these plantlets for its ex situ
conservation or other scientific or practical purposes.
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Abstract: Starch granules in potato tubers exist with varying sizes and size dis-
tribution in nature. In this study, both the tubers of seed potato (‘Lady
Rosetta’) and true potato seed (TPS) (‘BARI TPS-1’) varieties were stored at 5°C
for 0 to 4 months, and the changes in the starch break down were analyzed
physiologically and histologically to investigate how cold storage affects the
starch break down. Although the starch content of both varieties reduced dur-
ing cold storage, the reduction of starch content in ‘BARI TPS-1’ was higher
than that of ‘Lady Rosetta’. However, both volume and ovality (length:width) of
starch granule did not change significantly throughout the storage period irre-
spective of variety, suggesting a non-uniform breakdown of starch granules.
Scanning Electron Microscope (SEM) images of starch granule showed non-uni-
formed deformation and enlarged cavity or hole along the storage period,
which indicated that starch breakdown occurred at a specific part of starch
granule rather than peripherally and penetration would be deeper in ‘BARI TPS-
1’ than that of ‘Lady Rosetta’. However, there was no significant change in
granule size distribution in spite of rapid degradation of amylopectin percent-
age in ‘BARI TPS-1’ than that of ‘Lady Rosetta’, suggesting more susceptibility of
‘BARI TPS-1’ to starch degrading enzyme and higher enzymatic action would
cause deeper penetration in ‘BARI TPS-1’ than that of ‘Lady Rosetta’.

1. Introduction

Potato (Solanum tuberosum L.) crop is usually cultivated by plant-
ing seed tubers which are genetically identical clones. On the other
hand, True Potato Seed (TPS) is the actual botanical potato seed pro-
duced by the potato plant. Potato production from seed tuber derived
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from TPS (seedling tuber) is emerging as a promising
alternative of using seed tuber due to the advantages
of less disease transmission, physiological maturity
until planting season, cheap storage cost, and many
choices of varieties (Pangaribuan, 1994). As potato
tuber comes to maturity, starch-rich perimedullary
region forms the major portion of the tuber (Gupta
and Kaur, 2000), and potato granules are synthesized
and stored as roughly spherical shapes in amyloplasts
(Naeem et al., 1997; Fajardo et al., 2013) As the
tuber matures, new starch granules are also synthe-
sized in newly produced amyloplasts. There is usually
a large granule size distribution within individual
tubers in terms of percentages of small, medium, and
large granules (Singh et al., 2016). The size of small
and large granules ranged from 0.6 to 6 um and from
10 to 100 um in potato starch, respectively (Wang et
al., 2018), consisting of smooth-surfaced, oval and
irregular shape (Singh et al., 2003). Singh et al. (2008)
reported small starch granules of 1 to 10 um, medi-
um granules of 11 to 30 um and larger granules of
>30 um in diameter in four different New Zealand
potato cultivars.

Cold storage of potato tuber results in disintegra-
tion and disappearance of the amyloplast mem-
branes around the starch granules, which bring in
contact with the degradative enzymes such as q-and
B- amylases and their substrates (Badenhuizen, 1965;
O’donoghue et al., 1995). Thus, prolonged storage of
potato tuber at low temperatures can result in starch
degradation and conversion of starch into reducing
sugar (Zhang et al., 2014). When potato tubers
(Solanum tuberosum) are stored at temperatures
below 9-10°C, the accumulation of sucrose and
reducing sugars glucose and fructose occurred
because of ‘low-temperature sweetening’ (LTS)
(Pinhero et al., 2007). The rate of starch degradation
and sugar accumulation depends largely on cultivar
and storage temperatures (Kazami et al., 2000).
Starch content was found to be decreased about 2
times after storage at 0-2°C for 8 weeks in both seed
potato and TPS potato tuber by (Karim et al., 2008).
A decrease of starch content was also reported after
60-105 days of storage at 4°C in several Indian potato
varieties (Yamdeu et al., 2015). On the other hand,
Biemelt et al. (2000) reported that the starch content
did not alter throughout the storage period. The
starch degradative enzyme not only affects the starch
content in cold storage also starch granule. The enzy-
matic susceptibility of starch granules has been stud-
ied by various authors (Franco et al., 1988;

372

Srichuwong et al., 2005; Adejumo et al., 2013).
Differences in the enzymatic attack or susceptibilities
of starches depend on many factors such as starch
source, granule size, extension of association
between starch components, rate of amylose and
amylopectin, crystalline structure, particle size, sur-
face porosity, type of enzyme (Hoover and Zhou,
2003; Kong et al., 2003; Li et al., 2004; Tester et al.,
2006). A shift to lower granule size distribution has
been reported in raw starches of different potato
varieties after in-vitro enzymatic hydrolysis (Kimura
and Robyt, 1995). Cold Induced Sweetening (CIS) sus-
ceptible cultivars can cause smaller starch granules
when stored for 4 or 12 weeks at 4°C rather than CIS
resistant cultivars, which does not change until 24
weeks (Barichello et al., 1990). Based on the previous
observations, it was hypothesized that when potato
tubers are stored at low temperature conditions,
starch granule content and size change in relation to
starch degradation. Starch granules may change ran-
domly or according to size because several studies
showed that the starch granule size is an important
factor for influencing the digestibility of raw starch by
amylase (Noda et al., 2008). Ezekiel et al. (2010)
observed that the number of small granules
decreased, and the number of large granules
increased in potato after cold storage. Granule size
and surface area affect the hydrolysis rate of starch
by amylase, large granules with higher diameter have
smaller surface area than small granules with lower
diameter and therefore larger granules digested
more slowly (Tester et al., 2006; Kasemwong et al.,
2008; Noda et al., 2008). Because of the susceptibility
to hydrolytic enzyme attack, deformation like exter-
nal corrosion, pits or endo-erosion occurred on the
starch granule (Planchot et al., 1995).

Even though starch granules change in relation to
starch degradation, it is unclear whether and how
these happen in case of ‘seed tuber’ and TPS tuber at
the same storage condition. So, the aim of this exper-
iment was to study whether the starch degradation
occurs similarly or differently in seed potato and TPS
tuber; and how the starch degradation affects the
starch granule deformation morphologically in both
tubers.

2. Materials and Methods

Plant material
In October 2015, each of 50 potato tubers of
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‘BARI TPS-1’ (TPS) and ‘Lady Rosetta’ (seed potato)
were obtained from Bangladesh. Volume, size, and
weight of all the tubers were measured and were
stored at 5°C for 0 to 4 months in a refrigerator at
the laboratory of the Department of Agronomy,
Faculty of Agriculture, Sher-e-Bangla Agricultural
University, Bangladesh. The ‘Lady Rosetta’ variety is
one of the widely cultivated commercial seed potato
in Bangladesh, which is also used as processed pota-
to. On the other hand, ‘BARI TPS-1’ is one of the well-
cultivated ‘True Potato Seed’ variety, which is culti-
vated from true seed in first year and from the tuber-
lets from second year. Both of the tuber was collect-
ed and cultivated in the experimental plot of Sher-e-
Bangla Agricultural University with integrated crop
management. Ten tubers per each variety were
taken out monthly from the refrigerator, the skin was
peeled off and the tubers were grated using a grater
of about 45 mm diameter. Half of the grated sample
was then blended and washed with desalted water,
and filtered through filter paper. This step was
repeated 3 times and then filtrated and dried in sun-
light under shaded condition for few days when the
environmental temperature was around 34°C. This
unheated samples were prepared for starch granule
observation using SEM (Scanning Electron
Microscope). The other half of the grated sample was
added to 80% MeOH (100 mL) and heated at 80°C for
30 minutes. The supernatant was decanted, and the
residue was extracted by 80% MeOH (100 mL). This
step was repeated for 3 times in total and then
washed by pure acetone. Then, it was heated and
dried on a hot plate at 50 to 70°C only in the daytime
and stored at the ambient temperature at night. It
took 3 days to dry completely and was weighed
repetitively up to constant dry weight. The
completely dry sample was cooled to the ambient
temperature, stored in a freezer at -20°C. This 80%
MeOH (100 mL) extracted samples were used for
sugar and starch analysis. The chemical analysis was
done at the laboratory of the Department of
Bioproduction, Faculty of Agriculture, Yamagata
University, Japan.

Soluble sugar content

A 0.2 g of dry powder from each cultivar was
taken into a test tube, then 9 mL of 80% MeOH was
added, and it was heated at 80°C for 30 min. The
extract was centrifuged at 3000 rpm using a cen-
trifuge (KS-500, KUBOTA, and Tokyo) for 10 min, and
the supernatant was decanted. This extraction proce-
dure was repeated for 3 times, and the combined

supernatant was made up to 50 mL volume with 80%
MeOH. Reducing sugar content in 0.5 mL of the solu-
tion was measured by Somogyi Nelson method
(Nelson, 1944), and the 0.5 mL of the solution was
added by 2 units of invertase (pH 4.5, Kanto, Kagaku,
Tokyo) and hydrolyzed at 50°C for 30 min. Sucrose
content in the solution was also measured using the
same technique as reducing sugar. Copper reagent
and nelson reagent were used to prepare a standard
solution of glucose. Absorbance was measured at
660 nm, and a standard curve was prepared to calcu-
late reducing sugar. Non-reducing sugar was mea-
sured from hydrolytic degradation of sucrose, and
absorbance was measured at 660 nm.

Abs obtained from the analysis of reducing sugar
was denoted by ABS 1 ... (1)

Abs obtained from the analysis of non-reducing
sugar was denoted by ABS 2 ... (2)

Concentration of non-reducing sugar was calculat-
ed from = {Abs (2) - Abs (1)} x 0.95 ... (3)

Concentration of total soluble sugar was calculat-
ed from = (1) + (3)

These steps were repeated for 5 times for each
cultivars and for each storage sample.

Starch content

The insoluble solid from the 80% MeOH extract
was added with 1.5 mL of distilled water and heated
at 100°C for 1 hr. Starch in the pellet was hydrolyzed
using amyloglucosidase (Yakult) at 55°C for 3 hrs then
neutralized by 0.1% NaOH solution. Starch content
was also measured in 0.5 ml of the solution using the
same technique of sugar analysis and Glucose
Oxidase method. Glucose standard curve was pre-
pared to measure starch content. Absorbance was
measured at 660 nm for Somogyi Nelson Method and
at 500 nm for Glucose Oxidase method and was
repeated for 5 times for each cultivars and for each
storage sample.

Abs obtained from the analysis of starch was
denoted by Abs ... (4)

Starch content was calculated from = Abs 4 x 0.9.

Histological analysis of starch granule

Starch powders were scattered on an adhesive
carbon tape and were fixed with 2% osmium tetrox-
ide (0sO,) and successively washed with 50 mM
cacodylate buffer and ultrapure water. The dried
samples were coated by Pt using each sample slides
by Pt ion coater (JFC-1200, JEOL, Tokyo), and then
observed under SEM Scanning Electron Microscope
(SEM, TM3000, Hitachi, Tokyo). The length and width
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of the starch granules were measured by using Motic
Image Plus 2.0 software from SEM images. The
length and width ratio of starch granule was mea-
sured as the ratio of length:width.

Starch granule was regarded as an ellipsoid, and
the volume of starch granule was measured of each
axis of the ellipse. For histogram analysis (volume
and length/width ratio) 10 SEM image of x 500 mag-
nification and 200 um across from each treatment
were chosen and 5 granules from each image were
measured randomly (total 500 starch granules).

Amylose percentage determination

Amylose content was measured using an assay kit
(Megazyme, Amylose/Amylopectin Assay Kit, Ireland)
according to the procedure outlined by the manufac-
turer. Percentage of amylose was directly calculated
following the specific Megazyme equation based on
the measured absorbance values, no additional stan-
dard curve or equation was generated for this study.
Amylopectin content was calculated by 100% differ-
ence of the amylose content (Aristizabal et al., 2007).
This step was repeated for 5 times for each cultivar
and for each consecutive storage sample.

Statistical analysis

Data were subjected to analysis of variance and
the difference between cultivars was compared with
t-test using SPSS software.

3. Results

Soluble sugar content

In ‘BARI TPS-1’ tubers, reducing sugar content
reached the highest value (57.80 mg/g DW) after 1
month of storage then decreased rapidly thereafter.
Reducing sugar of ‘Lady Rosetta’ showed the same
tendency but the highest value after 1 month of stor-
age (25.86 mg/g dry weight) was less than half of
that of ‘BARI TPS-1’ and decreased gradually there-
after (Fig. 1). Therefore, reducing sugar content of
‘BARI TPS-1’ was significantly higher than that of
‘Lady Rosetta’ during 1 to 3 months of storage.
Although, sucrose content also showed the highest
value after 1 month of storage, the value decreased
rapidly thereafter. The decline of ‘BARI TPS-1’ was
slower than that of ‘Lady Rosetta’, resulting in a sig-
nificant difference between the two varieties during
2 to 3 months of storage (Fig. 1). Changes in total
sugar content were similar to that of sucrose content
and significantly higher content was observed also in
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Fig. 1- Changes in soluble sugar and starch contents of two
potato cultivars as affected by different storage period (n
=5 + SE). * shows significant difference and n.s. shows
non-significant different at P<0.05 by student’s t-test.

‘BARI TPS-1’ during 2 to 3 months of storage (Fig. 1).

Starch content

Although starch content of both potato varieties
decreased continuously throughout the storage peri-
od, starch content of ‘BARI TPS-1" decreased more
rapidly than that of ‘Lady Rosetta’ variety, resulting in
a significant difference from 2 to 4 months of storage
(Fig. 1). It is noticeable from figure 1 that decreasing
level of starch content was on par with the increasing
reducing sugar content, where ‘BARI TPS-1’ showed
rapid starch degradation with higher reducing sugar
content after 2 to 4 months of storage than that of
‘Lady Rosetta’. Similarly increase in sucrose level of
‘BARI TPS-1’ after 1 month of storage paralleled with
the decreased level of starch content, resulting signif-
icant differences between two varieties.

Starch granule sizes

Starch granule length, width, length:width ratio
and volume did not change apparently throughout
the storage period. Though ‘Lady Rosetta’ had a ten-
dency to have slightly higher values in length, width
and volume, there was no significant difference
between the both ‘BARI TPS-1’ and ‘Lady Rosetta’
(Fig. 2).

Histogram was shown for starch granule volume
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Fig. 2 - Changes in the sizes of starch granule derived from two
potato cultivars as affected by different storage period
for (n =10+£SE). *shows significant difference and n.s.
shows non-significant difference at P<0.05 by student’s t-
test.

and ovality (length:width) within the range of (0.5 to
81.5) x 10° um3and (1.05 to 2.22) respectively (Fig. 3
and 4). The highest frequency was observed at (7.6 -
13.5) x 103 um?® and (1.19 and 1.31) for volume and
ovality, respectively and there was no considerable
differences between the two cultivars. Moreover, no
apparent change also occurred during storage period.

Starch granule morphology

Both ‘BARI TPS 1’ and ‘Lady Rosetta’ tubers
showed normal and smooth starch granule surface at
0-month storage (Fig. 5). Starch granules of both
tubers changed after storage condition. Pit and hole
like structures were observed after 1 month storage
in both varieties. After 2", 37 and 4 month storages
prominent depression or cavity was observed in both
potato cultivars. However, both potato tubers
showed a similar pattern of deformation.

Amylopectin percentage

Although the percentage of amylopectin in both
potato varieties decreased continuously throughout
the storage period, Amylopectin of ‘BARI TPS-1’
decreased more rapidly than that of ‘Lady Rosetta’
variety, resulting in a significant difference from 2
and 4 months of storage (Fig. 6). Although ‘Lady
Rosetta’ variety had slightly higher percentage than
TPS after 3 months of storage, there was no signifi-
cant difference between them.
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Fig. 3- Change in histogram for frequency percentage of potato
starch granule volume derived from ‘BARI-TPS-1’ and
‘Lady Rosetta’ potato varieties as influenced by storage
period.
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TPS-1’ and ‘Lady Rosetta’ potato varieties as influenced
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Fig. 5- Scanning electron micrographs showing the surface morphology of starch granules of ‘BARI TPS-1’" and ‘Lady Rosetta’ and potato

tuber stored at 5°C at 0 to 4 months of storage.
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Fig. 6 - Changes in the percentage of amylopectin in ‘BARI-TPS-1
and ‘Lady Rosetta’ potato tubers as influenced by stora-
ge period.

4. Discussion and Conclusions

In potato tuber, starch is converted to sugar dur-
ing cold storage (Malone et al., 2006). The starch
content of potato tuber decreased markedly during
prolonged storage at 4-8°C through the process of
conversion of starch into sugars (Nourian et al., 2003;
Smith et al., 2005). Ohad et al. (1971) also reported
reduction of starch content by 26% after 17 days of
storage. Mature dormant potato tuber produced sug-
ars by degradation of a small fraction of starch
(Isherwood, 1973). Thus starch content decreased
because of the hydrolysis of starch by starch degrad-
ing enzymes (Nielsen et al., 1997), suggesting why
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reducing sugar content increased as starch content
decreased during cold storage (Fig. 1). Storage at O-
5°C increases sugar accumulation in potato tuber
(Wismer et al., 1995; Blenkinsop et al., 2003), which
coincides with these experiments where both vari-
eties showed higher reducing sugar content after
storage with a significant difference between ‘BARI
TPS-1’ and Lady Rosetta (Fig. 1). This increased level
of reducing sugar and decreased level of starch con-
tent is related with the increased activity of
hydrolysing enzyme (Sowokinos, 2001), which might
explain the higher starch degradation in ‘BARI TPS-1’
(Fig. 1).

During low-temperature storage, the enhance-
ment of sucrose and hexoses (glucose and fructose)
levels is known as “cold sweetening’ or ‘low tempera-
ture sweetening’, which is an important metabolic
process in the roots of many species as well as potato
tuber (Wismer et al., 1995; Espen et al., 1999;
Galindo et al., 2004; Galindo et al., 2007). The soluble
sugar content of potato tuber increases at low tem-
perature such as 4°C, when stored for 6 to 12 weeks
because of starch decomposition and then inclines to
decrease (Cochrane et al., 1991; Chen et al., 2012).
Total sugar and sucrose content both showed a simi-
lar changing pattern after storage with significantly
higher content in ‘BARI TPS-1" during 2 and 3 months
(Fig. 1). Cold storage condition triggers the tuber
starch to breakdown into sucrose through various
hydrolytic enzymes which further hydrolyzed into
reducing sugars (glucose and fructose) (Sowokinos,
2001). The amount of soluble sugar accumulated in
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tuber also depends on different cultivars (Zommick et
al., 2014).), which could explain the higher reducing
sugar in ‘BARI TPS-1’ after storage than Lady Rosetta
(Santos et al., 2020).

However, there was a sudden increase in starch
content between 3™ to 4" months of storage in ‘Lady
Rosetta’ variety (Fig. 1), suggesting recondition of
starch or increase of respiration losses during stor-
age. The difference in respiration rates depend on
cultivar, growing conditions, experimental condi-
tions, and physiological status of the tubers (Fennir et
al., 2003). Comparatively lower starch degradation
after 3 to 4 months of storage might have con-
tributed to lower presence of reducing sugar in ‘Lady
Rosetta’ (Fig. 1). This can also be explained that likely
the rise of starch content between 3 and 4 months of
storage, amylopectin percentage also showed similar
kind of tendency in ‘Lady Rosetta’ variety (Fig. 6). An
increase in amylopectin percentage from 3 to 4
months of storage suggested lower enzymatic degra-
dation (Fig. 6) (Hofvander et al., 2004). It seemed
amaylase enzyme activity reduced during 3 to 4
months of storage because of sprouting of seed pota-
to varieties or it can be explained that the amaylase
enzyme activity was not enough to degrade the
starch in seed potato (Lewis et al., 1994). As the
experimental condition was same for both of the
tubers, hence these may explain faster physiological
aging in seed potato variety than TPS variety. This
may also suggest that experimental storage tempera-
ture might have affected the respiration losses; and
the sugar had been used for tuber germination in
case of seed tuber (Olsen et al., 2003).

The TPS variety showed higher starch degradation
rate than the seed potato (Fig. 1), and sharp decrease
in amylopectin percentage after storage (Fig. 6),
moreover there was higher percentage of amy-
lopectin degradation in ‘BARI TPS-1" than ‘Lady
Rosetta’ starting after 1 month of storage and contin-
ued as the storage progressed (Fig. 6), but there was
no apparent changes in starch granule volume and
ovality (legth:width ratio) (Fig. 2). This result suggest-
ed a non-uniform degradation pattern of starch gran-
ules in “BARI TPS-1'and ‘Lady Rosetta’ varieties.

Histograms were also carried out to investigate, if
the starch granule deformation primarily started in
smaller sized granules, or larger sized granules (Figs.
3 and 4). Singh et al. (2008) reported a shift of gran-
ule size range to smaller granule sizes in isolated
starches of New Zealand Taewa (Maori potato) when
they were stored for three and six months at 4°C

temperature. This experiment also reported erosion
and pitting on the surface of stored potato starch. In
case of banana, surface erosion by enzymatic degra-
dation resulted in smaller granules with elongated
shape and exo-corrosion process caused pits on the
surface of the starch granule with high frequency
(Peroni-Okita et al., 2013). This shift of granule size
distribution has been related to rapid digestion of
starch granule and composition variation between
small and large granules (Salunkhe et al., 1989).
However, there were no considerable changes of
starch granule sizes in both potato cultivars in our
study. This suggested that, in spite of having signifi-
cant change in starch degradation along storage in
both variety, it had hardly influenced the size of
starch granule (Fig. 2, 3 and 4).

Moreover, it was found that even after 4 months
of storage periods, there was no significant change in
starch granule sizes in both cultivars, in spite of ‘Lady
Rosetta’ having slightly higher tendency in the value
of length, width and volume (Fig. 2). Fajardo et al.
(2013) also reported unchanged granule size after
storage, which was attributed to the nearly unde-
tectable change in volume of starch granule. Russet
Burbank potato tubers also showed similar granular
size distribution after storage at 3.9°C (Johnston et
al., 1968).

SEM observation showed that starch granules
from both harvested tubers presented smooth gran-
ular surface under SEM without any storage treat-
ment or at 0-month storage (Fig. 5). Although there is
argument about the appearance of natural potato
starch granular surface, several studies showed
smooth granular surface of natural potato starch
under microscopic observation. Cottrell et al. (1993)
reported smooth granular surface of potato starch of
Record and Brodick potato cultivar at harvest.
(Sarikaya et al., 2000) also reported smooth granular
surface of potato starch before any enzymatic or
freezing treatment. As the SEM observation in this
experiment showed hole or pit formation on granular
surface of both varieties after storage (Fig. 5)
(Sarikaya et al., 2000; Noda et al., 2005), it is suggest-
ed that the long term storage at low temperature of
this experiment lowered the starch content which led
to susceptibility to hydrolytic enzyme attack that
changes the properties and composition of starch
granule (Barichello et al. 1990). The cold storage
temperature might have given damage to amyloplast
membrane by starch hydrolysis (Ohad et al., 1971),
which enhanced membrane permeability through
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starch hydrolysis enzymes, and resulted the forma-
tion of cracked region or surface hole on the granule
(Sujka and Jamroz, 2010).

However, no apparent change was observed in
the ratio of granules and histogram analysis of both
potato starch granule, but the SEM observation clear-
ly showed deformation of starch granule forming
hole or pit like structures gradually started from 1
month of storage and continued to 4 months of stor-
age (Fig. 5). On the other hand, gradual starch degra-
dation and decreased amylopectin percentage indi-
cated activation of enzymatic degradation in both
cultivars after storage (Fig. 1 and 6). Therefore, it is
suggested that starch granule erosion may occur at
specific surface region of the granule causing no
change in the granular size. Starch hydrolyging
enzyme like a-amylase might have attacked at partic-
ular points on the granule surface, forming tunnels
into the granule, thus hydrolyzed the granule from
the inside (Lindeboom et. al., 2004). Similar finding
was reported by Peroni-Okita et al. (2013) where
starch granules of green banana maintained the
rounded shape after low temperature but presented
pits on the granule surface which was enlarged by
the corrosion process, suggesting partial degradation
of starch granules.

Thus enzyme molecules can affect the starch
granule in different patterns either by forming pin
holes, medium sized hole, sponge like erosion or
selected point at the surface leading to a single hole
(Sujka and Jamroz, 2010). Enzyme can gain access to
innermost region of the starch granule by faster
digestion than at the periphery region of the granule,
which can form shallow hole like structure (Duffus,
1984). This may explain how the both starch granules
showed no changes in their sizes despite of granular
deformation.

However, ‘BARI TPS-1’ showed a higher starch
degradation percentage throughout the storage peri-
od than the seed tuber potato. This suggested higher
susceptibility of starch degrading enzyme in TPS
tuber than that of seed potato tuber. Variation in
starch granule morphology and their crystalline orga-
nization may explain the susceptibility to enzymatic
degradation (Gallant et al., 1992). Amylase plays the
major role in in-vivo breakdown of starch (Manners,
1985). Amylose and amylopectin ratio may explain
the degradation pattern of starch granules in both
TPS and seed potato varieties. Both the potato tuber
showed decreased percentage of amylopectin along
the storage period, whereas ‘BARI TPS-1’ resulted
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lower amylopectin percentage than the seed potato
(Fig. 6). Bach et al. (2013) described that as amy-
lopectin degrades more rapidly than amylose, it caus-
es activation of more starch degrading enzymes.
Therefore, ‘BARI TPS-1’ might have allowed deeper
penetration of starch degrading enzymes than the
seed tuber in spite of no apparent changes in granule
size (Fig. 5). As the extent of pit or cavity of starch
granules were not determined in this experiment, it
can be suggested that probably a different inner mol-
ecular organization of TPS starch granule may be
allowed differentiated enzyme attack, which could be
responsible for slightly smaller starch granule than
‘Lady Rosetta’ during Storage (Fig. 6) with no signifi-
cant difference. This also suggests that starches vary
in their resistance to enzymatic susceptibility
(Srichuwong et al., 2005).

There are different opinions about the presence
of pores or holes on the surface of potato starch
granules. Although several observations concluded
that some factors could cause an increase in the
number and size of pores on starch granules surface
(Fannon et al., 1992). Moreover, the expansion of
granule degradation increased with the increased
enzyme concentration (Mu et al., 2015). During enzy-
matic hydrolysis, some regions of granules are more
susceptible to enzyme attack because of less orga-
nized amorphous rings, whereas the crystalline
lamella provides higher resistance to enzymatic ero-
sion (Oates, 1997). This kind of enzymatic hydrolysis
was characterized by forming a hole by creating
channel through the less resistant granule core (Jung
et al., 2017), which may explain deeper enzyme pen-
etration in TPS tuber. Action pattern of both endo-
and exo-amylase at a lower temperature may explain
overall amylolytic activity in TPS and seed potato
tubers (Shin et al., 2002; Nabubuya et al., 2012).

4. Conclusions

In this experiment, the starch content of TPS
tuber degraded more rapidly and produced higher
reducing sugar content than the seed potato variety
after storage. This result indicated that, TPS tuber
may not be acceptable for low temperature storage
compare to seed potato variety. There were no sig-
nificant changes in granule size and volume, indicat-
ed that granule did not change as a ratio in both
tubers. However, both potato granules deformed by
forming holes or cavities at innermost surface region
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after storage, suggesting the starch granule degraded
partially rather than concentrically. As both the
tubers showed a similar kind of degradation pattern
of starch granule in spite of higher starch degrada-
tion rate in TPS tuber, similarly the rapid degradation
rate of amylopectin in TPS tuber explained higher
amylase activities in TPS than the seed tuber. This
result suggested possibilities of deeper penetration
in TPS starch granule than the seed tuber starch
granules. Further studies on the susceptibility of
starch degrading enzyme on TPS and seed potato can
be done to foresee the starch degradation pattern in
TPS and seed potato tuber.
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Abstract: Salt stress often can enhance the fruit quality of tomatoes. Seawater
is one of the substrates used by growers. However, utilization of seawater on
tomato production is difficult in the hinterland as it is far away from the sea-
side. Some “onsen” water also show a high salt concentration (2%). Therefore,
it could also be used as a substrate of salt stress treatment. In this study, salt
stress was provided by Yupoka “onsen” water, and the effects of different
nutrient ECs on plant growth and fruit quality of tomatoes were investigated.
Tomato plants ‘Reika’ were grown in pot soil, and nutrients with EC 2, 4, 8 and
12 mS/cm were applied at the time of irrigation. The fruits were harvested at
turning stage until the 3" truss. Soil salinity attained EC 3.6, 6.7, 12.8, and 15.6
mS/cm. SSC, organic acid, dry matter and NO, increased by 50, 79, 50 and 27%,
respectively at EC12 mS/cm while, weight, size, and water content decreased
up to 40, 20, and 4%, respectively. However, fruit cracking did not occur appar-
ently. Most of the plant growth parameters were reduced.

1. Introduction

Tomato (Solanum lycopersicum) is one of the most widely cultivated
horticultural crops in the world (FAO, 2016). Tomato fruits are rich in min-
erals, vitamins, essential amino acids, sugars and dietary fibres and thus
contribute to a healthy, well-balanced diet. The majority of tomato fruits
produced are consumed in processed form such as peeled tomato (whole
or diced), juices, sauce and ketchup, whose manufacture often requires
peel removal (Shankara et al., 2005; Rock et al., 2012). Improvement of
fruit quality is an urgent issue for tomato growers and consumers (Ho,
1999; Lu et al., 2019). Sugars and organic acids are the most important
factors for determining the fruit quality (Lu et al., 2019). Soluble Solids
Content (SSC) of ripe tomato fruit is usually 3 to 5% and can reach values
over 10% (Balibrea et al., 2006; Gautier et al., 2010). In Japan, “Shio” or
salt tomatoes, are cultivated in the area of Uto and Yatsushiro in
Kumamoto Prefecture. They are grown on drained land, rich in
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salt and other minerals. The wholesale price of “Shio”
tomato (have SSC of 10% or higher) is often
ten times higher than common tomatoes
(http://higoayuminokai.co.jp/sawamura.html).

High electrical conductivity (EC) treatment is a
well-known technique to increase SSC of tomato fruit
because the decreased osmotic potential of nutrient
solution restricts transport of water to fruit (Adams
et al., 1991; Cuartero and Fernandez-Munaoz, 1999;
Shabala et al., 2012). However, plant exposed to salt
stress for long time suffer from phyto-toxicity due to
NaCl accumulation. This leads to nutrition imbalance
and the uptake of some ions is inhibited (Zhang et al.,
2017). Amjad et al. (2014) showed a linear decline of
the absorption of macro and micro ions by fruit as EC
and truss position become higher. The plant growth
and fruit yield began to decline when the nutrient
solution exceeded EC 2.5-4.0 mS/cm (Bustomi et al.,
2014). In previous studies, EC 5.5 m/.cm treatment
reduced the tomato yield by 22.4~31.1%, 12.6~28.0%
and 11.7~27.3% in 2012, 2013 and 2014, respectively
(zhai et al., 2015), but SSC increased (Oztekin and
Tuzel, 2011; Zhang et al., 2017). Other studies report-
ed in soil-less tomato culture that SSC increased
while fruit weight decreased at high salinity (Magan
et al., 2008; Kamrani et al., 2013). Although tomato
growers commonly use NaCl or seawater to increase
EC, it is well known that some “onsen” like Haguro
has about 2% of NaCl. Therefore, it may be used as
an alternative source of salt stress. This research was
conducted to assess if high quality tomato fruit can
be grown under salt stress by “onsen” water.

2. Materials and Methods

Four different salt stress treatment (EC 2, 4, 8, and
12 mS/cm) were evaluated on tomato plant ‘Reika’
during spring to summer in 2016. “Onsen” water
obtained from Yupoka in Haguro town,
Yamagata/Japan was used as it has a high salty level
(EC 40 mS/cm of EC, 2% of NaCl and pH 7.2). Initially,
the seeds were sown on moist papers in petri dishes
on 5 April, 2016 and maintained in a controlled
growth chamber (24°C; 14/10 h light/dark photoperi-
od; RH 45-50%) to induce germination. On 08 April,
the germinated seeds were transferred in cell tray
(100 ml) in a glass-house and twenty days after (on
28" April), the seedlings were transplanted into 500
ml pots filled with a planting medium (Baido 300 g
containing 0.22 g/l of nitrogen). The seedlings were
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maintained in the same glass-house (18.7°C; RH
76.8%). On 17 May, twenty tomato seedlings with 5-
7 expanded leaves were further transplanted into
plastic pots (25 |) containing Baido 300 g and 300 g of
organic fertilizer with 3% of nitrogen (Pro-Bokash-
KantoNosan, Tochigi) and maintained in a green-
house. One month (On 16% June) after transplanting
(flowering stage), the plants were treated with differ-
ent concentration of “onsen” water (EC 2, 4, 8, and
12 mS/cm) replicated five times. The experiment was
laid out in Randomized Complete Block Design
(RCBD). The EC 2 was 100 g of Hyponex NPK . .
diluted in 100 | of water. For other treatments (EC 4,
8 and 12), “onsen” water was added into EC 2. The
EC meter (LAQUAtwin EC, Horiba,Tokyo) was used to
adjust the solution EC. The applied solution was EC
2+0.1, EC 4+0.1, EC 8%0.1, and EC 12+0.1. The nutri-
ent solutions were prepared every week.

Watering was done daily using tap water during
the first month (1.8 I/pot). For control of soil/root
insects, G F Orthoran (Bifenthrin) insecticide was
applied once during the season at rate of 5 g/pot.
While for the control of above ground insects,
Frutrifol+Tebuconazole, best guard (1 g/l) mixed with
a sticker as adjuvant (0.5 ml/l) was also applied every
two weeks. Plants were kept as single stem with five
trusses and five fruits per truss. Fruits were harvest-
ed from three trusses by taking two fruits on each at
green maturity until the end of harvest (4 Aug. 2016).
The daily average temperature was 24.1°C and RH
was 74.2% in the green-house during the growing
season.

Plant height, stem size, leaf size, thickness, and
SPAD were measured once a week during the plant
cultivation from first “onsen” water application until
first harvesting. After “onsen” water application,
approximately 2 | of tap water were applied once a
week into soil pots, and the exudate was collected.
EC, pH, NaCl and NO,iion concentrations in the exu-
date were measured using EC meter (LAQUAtwin EC,
Horiba,Tokyo), pH meter (LAQUAtwin pH, Horiba,
Tokyo), nitrate ion meter (LAQUAtwin NO,, Horiba,
Tokyo) and, NaCl meter (CM-14 P, TOA, Tokyo). For
the chemical analysis (SSC, organic acid and NO,’ion),
harvested fruits with same skin color selected using
Color Reader (CR-10, Konica Minolta, Tokyo) were
cut into half longitudinally. Thereafter, samples were
taken transversally using cork borer, grinded in the
mortar and filtrated by tissues filter. The extracts
were centrifuged at 6000 rpm for one minute. SSC,
organic acid and NO,'were measured by Digital



refract-meter (PR-101, Atago, Tokyo), organic acid
meter (PAL-BXIACID F5, Atago, Tokyo) and nitrate ion
meter (LAQUAtwin NO_" B-341, Horiba, Tokyo)
respectively.

Before measurement, the respective meters were
opened and the glass electrodes calibrated with dis-
tilled water/or standard solution followed by rinsing
with distilled water and wiping using paper towels.
Extracted juice per sample was filled slowly on the
glass electrode without bubbling, and the measure-
ments were recorded. Prior to measuring, the juice
for organic acid was diluted indeionized water using a
ratio of 1:50 (0.1 ml of juice into 4.9 ml of desalted
water). SSC was expressed in % Brix, organic acid in
%, and NO,in ppm.

Half of the harvested fruit samples were frozen at
-20°C for ten days. The samples were dried using
Eyela Freeze Dryer FDU-540. The wet and dry sam-
ples were weighed in order to determine fruit water
and dry matter content. The dried ones had been
powdered in mortar using liquid nitrogen. One gram
of the powdered sample was put in a crucible, and
incinerated at 200°C for 2 hours, 550°C for 10 hours,
and 200°C for 2 hours, respectively. Fruit ash content
was calculated by weighing the sample.

Data analysis were performed using the Statistical
Analysis Software package, GenStat 19% edition at 5%
level of significance. Least significant difference test
(Lsb) was used to separate treatment means.

3. Results

The average temperature was 24°C and RH 74% in
the green house during tomato cultivation. The dif-
ference in plant height among salt stress treatment
was observed after about three weeks “onsen” water
application. Fruit SSC, organic acid and NO
increased by about 50, 79 and 26.5%, respectively in
EC12 mS/cm while SSC: OA ratio was not affected by
high EC12 mS/cm (Fig. 1 and 2). Tomato plants treat-
ed with EC2 mS/cm and EC4 mS/cm produced bigger
fruit than EC8 mS/cm and EC12 mS/cm (Fig. 1 and 2).
The fruit weight, size decline up to 50% whilst dry
matter almost doubled in EC12 mS/cm (Fig. 2). The
EC, salt and NO, concentration in culture medium
increased by 53.9, 70.3, and 52% at higher EC
because of high amount of “onsen” water applied.
The high pH of “onsen” water (pH 7.2) did not affect
the culture medium pH in high EC. The difference in
plant height among salt stress treatment was
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Fig. 1- Effect of different concentration of “onsen” water on
fruit SSC Brix%, dry matter and organic acid of tomato
plants variety ‘Reika’ in the greenhouse.
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Fig. 2 - Effect of different concentration of “onsen” water on
fruit size, weight and NO® of tomato plants variety
‘Reika’ in the greenhouse.

observed after about three weeks “onsen” water
application. The curve indicates that tomato plants
treated with EC2 and EC4 mS/cm had thicker stems
and wider leaves than other treatments (Fig. 3).
Plants treated with EC2 mS/cm and EC4 mS/cm were
the tallest compared to other treatments (Fig. 4). The
reduction of plant height, leaf size, and thickness was
12%, 26.8%, and 21.3% respectively in EC12 com-
pared to EC2.

4, Discussion and Conclusions

Salt stressed by “onsen” water showed a signifi-
cant difference (P<0.0001) on fruit soluble solids,
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Fig. 4 - Effect of different concentration of “onsen” water on
height of tomato plants variety ‘Reika’ in the greenhou-
se.

organic acid, NO,concentration, and average fruit
weight. Massaretto et al. (2018) demonstrated that
soluble solids content is an important fruit quality
parameter which increases depending on the salinity
levels. In their study soluble solids contents were sig-
nificantly higher in both Negro Yeste (60%) and
Verdal (78%) landraces compared with Moneymaker
(34%) tomato variety under salt stress. In general,
there is a negative relationship between SSC and
weight in tomato (Higashide and Heuvelink, 2009).
Many studies (Adams and Ho, 1992; Cuartero and
Fernandez-Munaoz, 2001; Cuartero et al., 2006)
demonstrated that one of the well-known effects of
salinity is the increasing of SSC and antioxidants but
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with a reduction in the fruit size and weight. In pre-
sent study, high EC increased the tomato fruit SSC
and organic acid while weight and size declined (Fig.
1 and 2). Fruit weight and size reduction under salini-
ty stress was triggered by inhibition of water uptake
by the root resulting in insufficient amount of water
required for the fruit and increased concentrations of
reducing sugars and acids as compared to non-saline
conditions. Thus increased concentration of soluble
solids was observed in the present study (Fig. 1).

Fruit juice acidity increased with high EC and this
could be due to the higher Na content in the fruit
juice, since this was the main ion found in “onsen”
water. Amjad et al. (2014) stated that the accumula-
tion of reducing sugars and organic acids is responsi-
ble for increased titratable acidity and decreased pH
of the fruit juice. The reduction in fruit water content
have caused an increase in fruit dry matter content
(Fig. 3). This could be as a result of drought leading to
excess amounts of salt in the root zone, which leads
to reduced photosynthetic capacity, or toxicity of salt
in plant tissues (Amjad et al., 2014).

At the first truss, fruit weight was not significantly
influenced by salinity. The reductions started at the
second truss and this can be explained by long expo-
sure on salinity.

Considering a reduction in fruit fresh weight (40%)
compared with the increase in dry weight (50%), and
SSC (50%), the lower water content in the fruits can
be pointed as the main reason for the reduction in
fruit weight. The accumulation of Na in the soil pot
showed by the salt concentration in drained soil solu-
tion (from 0.68% to 0.9%) was due to high amount of
“onsen” water applied. This contributed to the
increased nutrient solution EC (from EC12 to EC16)
which probably created an osmotic pressure around
the roots. Thus, a reduction of water uptake by
plants had resulted by NO,concentration in culture
medium which increased 1000 ppm to 1600 ppm.

Most of the growth parameters were affected by
high salinity treatment. The plant height, stem diam-
eter, leaf size were significantly decreased (Fig. 3 and
4). Bustomi Rosadi et al. (2014) mentioned that the
plant height was significantly affected by high salinity
due to water stress. Ashraf et al. (2021) also reported
that tomato plants grown under salinity stress in the
presence of 200 mg N kg! in different NH4*:NO3
ratios showed a variable decline in growth in terms of
plant height, plant girth, and stem diameter com-
pared to no salinity treatment (respective controls).
The reduction in plant growth parameters of our



results can be explained by low water potential of
the soil solution due to the high EC and salt concen-
tration as it was evident in drained solution. Our
results also showed an increase of fruit NO," in high
EC whereas fruit size and weight were reduced (Fig.
2), this can be attributed to transport of water from
the roots to the fruits.The salt stress by “onsen”
water in the nutrient solution reduces the ability of
the plant to take up water, and this leads to reduc-
tions in the growth rate. Results of our experiment
indicate that the salt stress by “onsen” water is also
effective for increasing the sweetness of tomato
fruit. In conclusion, the EC8 and EC12 treatments
have the most effective to increase the sweetness of
tomato fruit with a reduction in fruit weight.
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Legrand, “ubajay”, a native fruit species
from South America
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Abstract: Hexachlamys edulis (Berg) Kausel & Legrand, “ubajay” is a native fruit
species from South America belonging to the Myrtaceae family. Undoubtedly, it
is a prominent species that provides potentially nutraceutical fruits, leaves with
secondary metabolites of interest, and other organs with great benefits for
human health and new alternatives for production systems. The aim of this
work is to carry out a bibliographic review of all the scientific material publis-
hed on this species to date. Research of this species could reveal and register
its ethnobotanical potential.

1. Introduction

South America occupies a prominent place with 263 underutilized fruit
species, among which several of them play an important role in food and
human nutrition. They have compounds that make them functional foods,
have resilience to inclement weather, resist biotic stress and finally have
important genes for their breeding (Brauch, 2016).

Furthermore, these species are underutilized for various reasons such
as: the ignorance of their nutritional value and commercial potential,
botanical misinformation, lack of promotion and popularization and the
rapid disappearance of the ecosystem due to habitat destruction.

Non-traditional fruits are considered to play an important role in miti-
gating the problems of world food in a context with growing population
and malnutrition (Nandal and Bhardwaj, 2014; Dandin and Krishna
Kumar, 2016; S Ajay Vino and Sinija, 2016).

In addition, Denardin et al. (2015) support that there is substantial evi-
dence of the beneficial effects of diets rich in fruits and vegetables.

There is a preference to choose the consumption of fruits with superi-
or qualities; thus, their health benefits and perception as exotic have led
to a growing demand from consumers disposed to pay higher prices than
the most traditional fruits (Gonzalez Vega, 2013). However, little is known
about these species, and it is essential to research for being part of our
economic, social and cultural heritage (Alonso and Desmarchelier, 2014).
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Hexachlamys edulis (O. Berg) Kausel & D. Legrand,
“ubajay” (H. edulis) is certainly a prominent species,
distributed naturally in an important area of South
America, which provides potentially nutraceutical
fruits, leaves with secondary metabolites of interest,
and other usable organs that provide great benefits
for human health and new alternatives for produc-
tion systems.

The aim of this study was to conduct a review of
all scientific literature on H. edulis to date.

2. Materials and Methods

In order to get comprehensive information on this
species, we have extensively explored available data-
bases like Science Direct, Google Scholar, Mendeley
and PubMed.

In total, we selected 55 articles through database
searching with the names “Eugenia myrcianthes”,
“Hexachlamys edulis” and “Myrcianthes edulis”.

Finally, the articles were used for data extraction
and analysis, which were related to endemic
area, systematic and phylogeny, morphological char-
acterization, chemistry composition and ethnob-
otany.

3. Results

Endemic area

There are no references about H. edulis distribu-
tion on another continent, therefore it can be con-
firmed that this is an endemic species of South
America. Area of collection and conservation of this
species by different researchers is showed in figure 1.

Hexachlamys edulis has been studied or cited in
the Argentina provinces of Entre Rios, Corrientes,
Misiones, Santa Fe, Formosa and Chaco. In Uruguay it
grows spontaneously in Soriano, Rio Negro, Paysandu
and Artigas departments, while in Paraguay it was
found in Central and Cordillera departments. Finally,
in Brazil its distribution was more widespread to Rio
Grande do Sul, Paranda, Santa Catarina, Mato Grosso
do Sul, Minas Gerais, Sao Paulo and Goias states.

Hexachlamys edulis has been observed in areas
near water courses, where Parand, Uruguay and
Paraguay rivers are the most important. Also, it has
been referred in gallery forest, delta, islands and the
Paranaense jungle.

According to these studies and mentions, H. edulis
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Fig. 1- Map showing the collection sites of Hexachlamys edulis
samples cited in this study. The circles represent samples
collected from wild populations and the squares show
material from herbaria or non-wild populations. Data
was compiled using Microsoft Excel and R programming
language (R Core Team, 2018).

References Latitude S Longitude W

A Molina, 2016 34°36'34.96" 58°40'31.31"

B Lorcaetal., 1995 27°21'53.28" 55°53'36.84"
C Franceschini, 2000 27°18'34.35" 58°33'44.03"
D Grela, 2004 34°51'32.03" 56°11'58.76"
E Gonzalez, 2003 31°22'36.55" 57°58'34.22"
F Vignale and Bisio, 2005 31°23'5.84"  57°53'3.79"
G Kinupp and De Barros, 2008 30°4'11.54" 51°8'23.17"
H Branco et al., 2016 22°39'16.36" 50°26'13.43"
| Schmeda-Hirschmann, 1995 25°21'14.12" 57°31'9.01"
J Rozycki et al., 1997 31°40'8.99" 60°43'44.47"
1 Cecotto et al., 2007 27°25'52.04" 57°19'25.70"
2 Cardoso Marchiori and Santos, 2010 30°12'26.71" 57°33'35.91"
3 Santos et al., 2014 30°12'26.68" 57°33'33.27"
4 Romagnolo and Souza, 2004 22°45'2.92" 53°13'20.05"
5 Da Cruz, 2012 30°20'43.71" 51°1'26.89"
6 Da Cruz, 2012 30°3'7.35" 51°10'32.41"
7 Da Cruz, 2012 30°15'52.20" 50°29'59.84"
8 Takaoetal., 2015 21°58'29.68" 47°52'28.53"
9 Theoduloz et al., 1988 25°21'36.36" 57°19'48.44"
10 Rodriguez et al., 1992 25°18'19.62" 57°23'13.40"
11 Schmeda-Hirschmann et al., 1996 25°16'0.56" 57°17'3.71"
12 Apel et al., 2005 30°0'21.60" 51°14'13.28"
13 Bertucci et al., 2008 31°43'30.03" 58°0'1.48"

14 Fagundez, 2011 32°06’196” 60°38 255"
15 Fagundez, 2011 32°13'212"  60°27'51.4"

1

[e)]

Dujak, 2015 26°36'36.09" 55°46'26.88"




is distributed at least in one million Km?2.

Systematics and phylogeny

Myrtaceae family has 131 genera and more than
4620 species (Stevens, 2017) and up to 5800 species
according to Stefanello et al. (2011). The family is
divided into two large tribes according to the fruit
consistence: Leptospermeac if the fruit is dry or
Myrteae if it is fleshy.

The Myrteae tribe or subfamily, contains three
subtribes: Myrcinae Berg, Orthotestimoninae Berg,
and Eugeniinae Berg. The latter tribe includes the
genus Hexachlamys (Legrand, 1962) that presents
approximately 10 species distributed in South
America (Cruz et al., 2011), among which is H. edulis.

Authors cited the species H. edulis with several
names and also including it in different genera (Table
1). Psidium amygdalinum (Hooker and Arnott, 1833)
is the oldest available name for this species.
Sometime later the species was named Myrcianthes
edulis by O. Berg, and then Bentham and Hooker
rename this taxon to Eugenia. This species became
known as Eugenia edulis until Niedenzu showed that
the name already existed and introduced Eugenia
myrcianthes Nied. Finally, Kausel and Legrand pub-
lished the new nomenclature as Hexachlamys
(Proenca, 2006).

The name H. edulis was first published in 1950
and since 1968 the genus Hexachlamys was indepen-
dent (McVaugh, 1968). Hexachlamys was differenti-
ated from Eugenia by Berg based on the number of
chalice pieces and the embryo morphology. Flowers
of Eugenia gender have tetrameric chalice while
those of Hexachlamys have pentameric or hexameric
calix, and the embryo of Hexachlamys have hypocotyl
visible and exserted and cryptic in Eugenia (Da Cruz
et al., 2013); however, some authors considered this
argument inconsistent to separate the genus
(Ciarlante, 2003; Da Cruz, 2012).

Other names used for the species were Luma

Povilonis et al. - Hexachlamys edulis. A review

grisebachii, Luma myrcianthes, Myrtus excelsa,
Calomyrtus excelsa, Myrcia gemmiflora (eds),
Campomanesia cagaiteira, Myrcia sparsifolia,
Hexachlamys excelsa, Eugenia montevidensis,
Eugenia edulis ex Grisebac, Myrciaria edulis Skeels,
Myrciaria plicatocostata O. Berg, Eugenia plicato-
costata Glaz, Marlierea edulis Nied, Plinia anonyma
Sobral, Plinia edulis Vell, Plinia plicatocostata O. Berg
Amshoff (Rotman, 1982; Borges et al., 2014).

Since the publication of Mattos (1995) and
Landrum and Kawasaki (1997) it was discussed
whether Hexachlamys should be considered as a dif-
ferent genus or as a synonym of Eugenia.

In addition, new phylogenetic molecular analysis
have revealed that Hexachlamys species do not form
a monophyletic clade, so the Hexachlamys proposal
as a synonym for Eugenia was corroborated (Cruz et
al., 2011; Da Cruz, 2012; Da Cruz et al., 2013; Mazine
et al., 2014, 2016, 2018).

Mazine et al. (2018) suggested more consistent
and stable classification: Hexachlamys as a subgenus
of Eugenia. This last denomination, H. edulis, is the
most currently used as is observed in figure 2
(Proenca, 2006; GBIF, 2019).

Different authors (Niedenzu, 1893; Mattos, 1995;
Landrum and Kawasaki, 1997; Sobral, 2003; Proenga,
2006; Da Cruz, 2012; Mazine et al., 2014, 2016;

Fig. 2 - Different names used to classify Hexachlamys edulis.
Figure taken from GBIF (2019).

Table 1 - Different names assigned to the species by botanists over the years

Botanists

Year

Hooker & Arnott 0. Berg Bentham & Hooker Niedenzu Kausel & Legrand
1833 Psidium amygdalinum
1857 Myrcianthes edulis
1865 Eugenia edulis
1893 Eugenia myrcianthes
1950 Hexachlamys edulis
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WCSP, 2020) argue that it is correct to accept the
synonymy between H. edulis (Berg) Kausel & Legrand
and Eugenia myrcianthes Nied.

Morphological characterization

Hexachlamys edulis is a fruit tree with globular
treetop (Fig. 3A), with an altitude up to 10 meters
according to Rotman (1982), 12 meters according to
Legrand and Klein (1977), Cardoso Marchiori and
Santos (2010) and 15 meters by Dematté (1997).

Persistence of the foliage is contradictory
(Carrere, 2008). Rotman (1982) consider this species
as evergreen but in Uruguay it shows leaf fall from
late May to late August and blooming at the begin-

ning of the spring without leaves. Foliage unfolds
later, when the anthesis declines and vegetative
growth stops in early December (Gonzalez, 2003). A
more exhaustive observation allowed determining
that this species is phanerophytes - by the aerial loca-
tion of its buds (Raunkiaer, 1934) - and deciduous
with concomitant foliar renewal and that apparently
low temperatures accelerate defoliation (Gonzalez,
2003).

Leaves are described as petiolated, with a coria-
ceous leaf blade, pubescent, oval or elliptic-oblong,
briefly acuminate, obtuse base, (3-) 5-9 cm of length
by (1-) 2.5-3.4 cm, reticulate venation, with the medi-
an nerve prominent on the abaxial face; pubescent

Fig. 3- Hexachlamys edulis grown in Argentina. (A) tree grown in Parque Nacional El Palmar, Entre Rios; (B) cluster of flowers; (C-D)
inmature fruit; (C) globose; (D) piriform; (E-F) mature fruit; (F) disected fruit with seeds (s). Bars =1 cm.
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petioles, (3-) 7-10 mm of length (Rotman, 1982).
Lorca et al. (1995) described polygonal to sinuous
cells of various sizes and sparse trichomes stand out
in the adaxial epidermis; the cuticle is thick and stri-
ated. In their abaxial epidermis they describe abun-
dant single celled trichomes and clustered and raised
stomata. Stomata are paracytic, that is, they have 2
adjoining cells arranged parallel to the occlusive cells.
Also, the presence of hypodermis towards the adaxi-
al face, palisade parenchyma 1-stratified and spongy
parenchyma 5-6-stratified, with large intercellular
spaces stand out. The central rib has flabeliform
xylem and phloem in bundles located on the abaxial
and adaxial sides of the xylem. Sclerenchymal sheath
interrupted on the sides. Collenchyma present on the
abaxial side and 3-4 hypodermis stratified on the
adaxial side.

Flowers are typical of Myrtaceae; appear in the
leaf axils in apical position, are white, solitary and
hermaphroditic (Fig. 3B). Rotman (1982) describes
clusters with 2-4 flowers with pubescent pedicels
from 1 to 22 mm in length, puberulous, linear lanceo-
late, up to 5 mm in length; pubescent hypanthus;
sepals (4-) 5, puberulous, deltoid, acute, persistent,
3-5 mm in length; petals (4-) 5, obtuse, ciliolate,
pubescent on the outer, face spacedly hairy on the
inner face, 5-9 mm length; stamens 5-9 mm in
length, pubescent staminal disc; 2-3 locular ovary
with axillary placentation. Although there are no
morphological references of nectariferous glands,
Fagundez (2011) cites H. edulis as a native pollen-
nectariferous species of interest.

Flowering season is variable according to diferent
the researchers. Flowering, occurs from August to
January in northeastern Argentina, in the department
of Artigas, Uruguay, and in Asuncidn, Paraguay by
Rotman (1982). Instead, for Dematté (1997) it hap-
pens between August and November, that is, it
reduces the range, without specifying the location,
while Vignale and Bisio (2005) reports a shorter flow-
ering period, during September, in Salto, Uruguay. In
the same locality, Gonzalez (2003) observes that in
early October flowering declines and ends entirely in
the middle of the month. For plants grown in the
locality of Lajeado, Brazil, Guizzo and Jasper (2005)
recorded flowering from August to September.
Finally, Fagundez (2011) found that H. edulis reaches
full bloom during the month of October in Diamante,
Argentina.

Fruit is a globose drupe (Lughadha and Proenca,
1996) with a yellow color, about 5 cm in maximum

Povilonis et al. - Hexachlamys edulis. A review

equatorial diameter (Lorenzi et al., 2000) and up to
50 g of fresh weight in the mature state. Fruit set and
ripening occur in a few weeks, staggered from mid
October to the end of November when the harvest
can be done (Vignale and Bisio, 2005). Rotman (1982)
describes an edible fruit, globose or piriform (Fig. 3C-
D), up to 9 cm long. Fruits are yellow, up to 4 cm in
diameter according to Gonzalez (2003). It is a barely
fluffy fruit, with an orange flesh, very juicy, with a
slightly sour taste and a pungent odor when fully ripe
(www.descubriendocorrientes2012.com) (Fig. 3E-F).
Also, it has been described as sweet sour, pleasant,
and a quickly maturing (Gonzélez, 2003) and as a very
acidic fruit (Chebez and Masariche, 2010). However,
other authors have characterized the ripe fruit by a
disgusting smell, although it would seem that there is
great diversity in the fruits between genotypes
(Vignale and Bisio, 2005), to which Carrere (2008)
attributes that more or less fruits could be found
pleasant to smell depending on the subjectivity of
those who perceive it.

Regarding to associated pathologies, Gonzdlez
(2003) found that most of the fruits had insect bites,
but without specifications; only Rossini et al. (2015)
cites H. edulis as host of Anastrepha fraterculus
(Wiedemann).

The seed is exalbuminated, globose and during
germination it remains enclosed by a woody struc-
ture that some authors interpreted as endocarp
(Rotman, 1982) (Fig. 3F); but it has not been anatomi-
cally corroborated (Franceschini, 2000). It has a single
embryo (Lughadha and Proenca, 1996) solid, globose
and glabrous (Franceschini, 2000) with fully welded
cotyledons. Germination is hypogeal and cryptocoti-
lar.

The seedling is completely covered with simple
hairs, undeveloped hypocotyl, light green and cylin-
drical epicotyl. Alternate membranous cataphylls
have acute apex, obtuse base and entire margin.
Simple, alternate or opposite nomophiles; petiole
ribbed on adaxial face; elliptical blade, chartaceous,
light green, sharp apex and base and entire margin
(Franceschini, 2000).

Chemistry composition

Researchers promote the consumption of diets
rich in fruits and vegetables due to its health benefi-
cial effects, such as lowering the risk of cardiovascu-
lar disease, cancer and conditions associated with
aging and oxidative stress (Gomez da Silva et al.,
2019). Studies show that these foods can prevent dis-
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eases and disorders due to the presence of bioactive
compounds with antioxidant properties. These com-
pounds interfere with biological mechanisms such as
the protection against free radicals, cellular signaling
mediated for free radicals, inflammation, allergies,
platelet aggregation, ulcers, viruses, tumors and
hepatotoxicity (Denardin et al., 2015).

Several studies have shown that the fruits of
Myrtaceae have antioxidant activity (Borges et al.,
2014) due to the presence of anthocyanins,
flavonoids, carotenoids or other secondary metabo-
lites.

In particular, H. edulis fruit would have great
potential as a functional food due to its compositional
profile, outstanding nutritional value (Vignale and
Bisio, 2005), very favorable for health, and considering
that its vitamin content has been highlighted (Cecotto
et al., 2007). In addition, fruit has vitamin C quantified
in 75.1 mg/100 g of fresh matter (Rozycki et al., 1997).
Also, different phenolic compounds (2181.42 mg
GAE/100 g of dry matter), carotenoids (242.53 pg/g of
dry matter) and antioxidant activity (153.09 umol
Trolox Equivalent/g of dry matter) have been quanti-
fied (Branco et al., 2016). It also stands out for its pro-
tein content of 8.05% in dry matter, and good relative
amounts of Zinc and Boron minerals (Kinupp and De
Barros, 2008).

Hexachlamys edulis was noted for its high content
of total pectin (403.5 mg/100 g) in fresh fruits tissue
(Rozycki et al., 1997). This high content explains the
excellent quality of the fruit jelly of this species cited
by Kinupp and De Barros (2008).

All these data show the potential of this fruit tree,
especially for the fruit pulp, juice and jelly agroindus-
try. However, this species is not considered yet by
Brazilian fruit producers and researchers (Kinupp and
De Barros, 2008), unlike the manifest interest
observed in other countries of South America.

On the other hand, the leaf of the species belong-
ing to the Myrtaceae is the most used plant organ in
South America for medicinal purposes (Camelo
Munevar, 2016), and perhaps for this reason, the
chemical composition of the leaves has been the
most studied. H. edulis leaves contain steroid triter-
penes, low molecular weight terpenes, tannins,
polyphenols, saponins, alkaloids, flavonoids, and gly-
cosides (Bertucci et al., 2008). Flavonoid glycosides:
myricetin 3-O-rhamnoside; myrcetin 3-O-pentoside;
quercetin 3-O-pentoside; quercetin 3-O-rhamnoside
and myricetin deoxyhexoside-gallate (Schmeda-
Hirschmann, 1995; Schmeda-Hirschmann et al., 1996;
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Celli et al., 2010; Takao et al., 2015). Essential oils
have a predominance of sesquiterpenes, of which B-
selinen (16.1%), B-caryophyllene (8.3%) and 6-
cadinene (8.3%) are the most abundant (Apel et al.,
2005). Also, Borges et al. (2014) found B-caryophyl-
lene, its oxide and caryophyllene oxide (39.3%).

Ethnobotany

According to Legrand and Klein (1977), H. edulis is
a species frequently cultivated in Rio Grande do Sul
(Brazil), for its tasty and fragrant fruits. Fruits are
consumed fresh, in jams, juices, jellies (Da Cruz,
2012) and ice creams have been made with great
acceptance. Kozel (1991) describes that consumption
of H. edulis fruits favor fights bladder stones and
nephritic stones. Also, two Mbya Guarani communi-
ties of the San Rafael Park Reserve harvest the fruit
for food (Dujak et al., 2015). The fruit is considered
by some people to be slightly laxative (Lorenzi et al.,
2000).

Leaves are widely used as infusions in Brazil for
the treatment of bronchitis, cough, whooping cough
(Camelo Munevar, 2016) and diabetes (Rodriguez et
al., 1992). H. edulis leaf extract causes a significant
response in blood glucose levels due to its rich con-
tent of flavonoids and tannins. In addition, Lorca et
al. (1995), highlight its use for the treatment of dia-
betes in the form of herbal teas or with mate.
Consumption was reaffirmed by Pirondo et al. (2011),
due to the supply of the product in the markets of
Corrientes, Argentina. Other authors highlighted the
benefits of the leaves and their medical use to
reduce uric acid due to the inhibition of the enzyme
xanthine oxidase, producer of uricate, whose excess
is considered to cause hyperuricemia in gout (a form
of inflammatory arthritis) (Lio et al., 1985). Theoduluz
et al. (1988) analyzed H. edulis leaves and it was
proved to be the most active among the 15 species in
a comparative study.

Other possible secondary uses are the production
of vinegar from the fruit (Carrere, 2008) or produc-
tion of essential oils from its flowers (Cecotto et al.,
2007). Also, its wood is useful (Molina, 2016) due to
it is moderately heavy, hard, compact and resistant,
suitable for common carpentry, tool handles, turning
(Cardoso Marchiori and Santos, 2010) and its bark
can be used in the chemical industry for the prepara-
tion of white ink and tannins (Carrere, 2008). It is
used as alternative forage in Paraguari, Paraguay
(Benitez and Bertoni, 2015) or can also be used for
reestablishing native woodland or forest gardens



(Lorenzi, 2002). Chebez and Masariche (2010)
includes H. edulis in their list of healing trees.

H. edulis is known by many vernacular names such
as “ubajay” and due to its similarity to the peach
(Prunus persica L. Batsch.), it is called “duraznero de
monte” (in Argentina and Uruguay) (Hanelt et al.,
2001). Also, H. edulis was named “iba hay”, “ibajai”,
“igu jhay mi”, “uva jy” (Legrand, 1941; Rotman, 1982)
and “Clagye locoic” in Mocovic lenguage (Rosso and
Scarpa, 2012). In Brazil it is known as “cereja do rio
grande”, “ocorocil lo”, “cerejeira”, “ivai”,
“pessegueiro bravo”, “péssego do mato”, “ubajai”
and “ibajai” (Romagnolo and Souza, 2004; Proenca,
2006). In Paraguay it is known as “yvahai” (Dujak et
al., 2015).

4. Conclusions

Despite the ecological and economic importance,
little is known about this species of the genus
Hexachlamys, so it is important to revalue its use. H.
edulis (0. Berg) Kausel & D. Legrand, “ubajay”
research could reveal and record its ethnobotanical
potential based on the chemical composition of its
fruits and other organs. At the same time, we refer to
a species with the possibility of cultivation that offers
the opportunity to diversify production, in this case,
for farmers on the Argentine coast, southern Brazil,
Paraguay, western Uruguay, and why not in a future,
in other regions.
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Strigolactone analogue GR24 reduces
axillary bud out break and growth in
tea tree, Melaleuca alternifolia
(Maiden & Betche) Cheel
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Abstract: Strigolactone acts with other plant hormones to influence shoot
architecture by suppressing axillary bud outgrowth. The exogenous application
of synthetic analogues of strigolactone, such as GR24, have been investigated
as a way to manage plant architecture in a number of crops. In this study we
test whether GR24 can be used to supress bud outgrowth in clonal propagules
of tea tree (Melaleuca alternifolia) in order to retain a “single stem” form desir-
able for machine planting. GR24 was applied to decapitated rooted cuttings of
tea tree at two rates (0.5 mg L*and 1.5 mg L), with and without auxin. By 21
days post -treatment, GR24 at both rates had significantly (p<0.05), reduced
the mean number of axillary buds (5.7+0.4 and 5.510.3 buds respectively) com-
pared to decapitated untreated control plants (8.910.6 buds). Suppression of
buds was significantly higher again when auxin was applied in conjunction with
GR24. Nonetheless, no exogenous hormone treatment was as effective at sup-
pressing bud outgrowth as the apical dominance that occurred in intact control
plants (1.1+0.4 buds).

1. Introduction

Tea tree, Melaleuca alternifolia (Maiden & Betche) Cheel, is a small
tree, native to the subtropics of eastern Australia (ANPSA, 2012), which is
cultivated in plantations for the production of a medicinally valuable
essential oil (Carson et al., 2006). The Australian industry has developed
around improved cultivars released as seed lines, but there is recognition
that clonal deployment should offer advantages in plantation uniformity
and productivity (Doran et al., 1997). Although tea tree has been regard-
ed as relatively easy to propagate by cloning (Shepherd et al., 2013), the
production of high quality propagules with the desired form compatible
with automated machine planters remains a challenge.

Tea tree tip cuttings with single stem architecture suitable for mechan-
ical planting can be produced if the apical bud remains intact (Lowe et al.,
2019). Nodal cuttings (apical tips removed) are preferred to tip cuttings by
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some propagators for their robustness in the nursery
but these tend to have a multi-stem habit which is
unsuitable for machine planting as the “bushy”
shoots get stuck in the delivery tubes of planters.
Form-pruning of propagules prior to planting may be
one way to overcome this compatibility issue, but
this is labour intensive and costly on a large scale.

Shoot architecture is a consequence of complex
interplay of interacting plant hormonal signals involv-
ing auxin, cytokinin (CK) and strigolactone (SL) that
regulate bud release and/or subsequent growth
(Ferguson and Beveridge, 2009; Leyser, 2009). Auxin
is produced in the shoot apex and is actively trans-
ported down the stem, restricting bud release. Auxin
does not enter the axillary buds but indirectly
impacts on bud release by inhibiting auxin export
from axillary buds and by regulating stem CK and SL
to either promote or suppress branching, respective-
ly (Gomez-Roldan et al., 2008; Muller and Leyser,
2011; Dun et al., 2012).

The influence of SL upon plant architecture was
unravelled with the aid of studies on mutants with
increased branching, including the ramosus (rms)
mutant in pea (Pisum sativum L.), and the more axil-
lary growth (max) mutant in Arabidopsis (Arabidopsis
thaliana L.) (Brewer et al., 2009; Dun et al., 2013).
Mutants have exaggerated branching habits relative
to wild type plants because they are deficient in SL
due to genetic changes in transcription or hormonal
pathways (Umehara et al., 2008; Yaish et al., 2010).
Potential horticultural applications of SL include,
management of plant architecture and control of
fruit ripening, although high cost of SL production
and regulatory approvals remain a limitation to large
scale commercial use (Vurro et al., 2016; Ferrero et
al., 2018).

In this study we investigated the use of exogenous
hormones to manage shoot form of tea tree cuttings
during propagation. The aim was to test whether
application of an exogenous synthetic SL, GR24, or a
combination of GR24 and auxin, can suppress axillary
bud release in tea tree. Suppression by SL was stud-
ied in decapitated plants where axillary bud out-
growth was triggered by removal of the apical bud.

2. Materials and Methods
Plant growth environment and reagents

Experiments were conducted at Southern Cross
University, Lismore Campus, NSW, Australia during
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2020, inside controlled environment growth cabi-
nets, under 16/8 hour photoperiod, and with tem-
perature set at 26°C. Stock hormone solutions were
prepared by following Brewer et al. (2009) for indole
-3 acetic acid (IAA), and Manandhar (2016) for GR24.
Working solutions of 1.75 mg L (10 uM) for IAA, and
0.5 mg L? (1.68 uM), and 1.5 mg L* (5 uM) for GR24,
were prepared by dilution with distilled water and
stored at 4°C.

Method and reagent validation using pea plants

Initial tests were carried out using the P. sativum
type rms1 mutant (provided by Professor C.
Beveridge, University of Queensland, Australia) to
confirm competency of reagents and methods in our
laboratory. Testing of mutant pea followed methods
of Manandhar, (2016). Application of 0.3 mg L*and 1
mg L GR24 to the rms1 mutant of pea significantly
reduced side branching compared to the untreated
rms1 control, thus validating the method in our labo-
ratory.

Testing GR24 applications on tea tree

The experiment used a Randomised Complete
Block Design, with four blocks (replicates) of five
plants in line plots, subject to one of six treatments
(four hormone or two control treatments, giving a
total of 120 plants). Plants subject to hormone treat-
ments either had a low or high treatment of GR24
(0.5 mg L or 1.5 mg L) with or without supplemen-
tal IAA (1.75 mg L?). Control treatments consisted of
decapitated plants, and plants with an intact apex in
distilled water.

Scion from a clonal line was set in January 2020
using the mini cutting technique with intact apical
buds (Lowe et al., 2019). The GR24 experiments were
conducted 5 months post-setting when cuttings had
rooted and possessed a single main stem with no visi-
ble axillary buds detectable with a 10x magnification
hand lens (Fig. 1 left). Roots were washed free of
media and trimmed to 5 cm in length. Except for con-
trol plants, the shoot apex was removed (approxi-
mately 2 cm) above node 35 (counted basipetaly
from the lowest detectable node) to provoke release
from apical dominance (Thimann and Skoog, 1934).
All plants were then positioned upright in clear 50 mL
Falcon tubes containing 5 mL of treatment solution,
or distilled water, so that only the roots were in con-
tact with treatment solutions (Fig. 1 middle).

The experiment was conducted over 21 days in
June 2020. Treatment solutions were applied on day
1 and replaced every 7 days. For plants subjected to a



Fig. 1- Preparing rooted cuttings of tea tree M. alternifolia for
the GR24 experiment (left); A rooted cutting five months
after setting and prior to decapitation (middle); Rooted
cutting (control intact) in 50 mL clear plastic tube at the
beginning of the experiment, and (right) a droplet of IAA
applied on top of decapitated stem stump in GR24 and
1AA.

hormone combination treatment (GR24 and IAA), a
0.5mL droplet of IAA was placed on top of the decap-
itated stem to simulate the presence of the shoot
apex and natural auxin production (Cline, 1996) (Fig.
1 right). All plants were given 1 mL of Yoshida nutri-
ent solution (Yoshida et al., 1976) 2 days before
treatment solutions, in order to promote growth.

Data collection and analysis

The number of visible axillary buds and axillary
shoot length for the 10 uppermost nodes (nodes 1 to
10, with 1 being furthest from the roots) on each
plant was recorded at the same time on day 2, 5, 7,
9, 12, 14, 16, 19, and 21. Shoot length was deter-
mined to the nearest mm with digital callipers. One-
way analysis of variance (ANOVA) was used to test
for treatment effects on the number of axillary buds
and shoot growth. Where treatment effects were sig-
nificant (p<0.05), a Duncan’s multiple range test was
performed on treatment means. All statistical analy-
ses were performed using Genstat, Release 19.1 (VSN
International, 2018).

3. Results

Effects of GR24 on axillary bud growth in tea tree
Rates of bud release over a 21 day time course exper-
iment

Treatment effect was significant at each of the 9
days counts were undertaken (p<0.05) (Fig. 2). No
buds were detected on control intact plants until Day
9, and only 40% of control intact plants had one or
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more detectable buds by 21 days post-treatment
(Fig. 2). The rate of bud release on control intact
plants was due to normal hormonal regulation in
rooted cuttings of tea tree, and it established a base-
line for the slowest and least degree of axillary bud
development in this study (Fig. 2). In contrast, control
decapitated plants had the highest rate of bud devel-
opment of any of the six treatments as bud release
was not mitigated by normal endogenous regulation
or due to the presence of exogenous hormonal treat-
ment (Fig. 2). The axillary buds on control decapitat-
ed plants began to initiate 2 days after decapitation
and continued to develop for the duration of the
experiment, with significantly more buds detected at
each recording date than any other treatment (Fig.
2). Where exogenous hormones were applied (either

Control intact

e Contol decapitated 0.5mg L

15mglt  eseees 0.5mg L +IAA - =15mgl’

Mean number of axillary buds

0 2 5 7 9 12 14 16
Time after treatment imposition (days)

Fig. 2 - Mean number of detectable axillary buds over a 21-day
time course for tea tree M. alternifolia propagules
subjected to GR24 or GR24 plus IAA compared to control
intact and decapitated plants. Error bars represent SE of

means.

GR24, or GR24 + |AA) the bud numbers were inter-
mediate to the control intact and control decapitated
extremes (Fig. 2). All four hormone treatments tend-
ed to track together until Day 9, but thereafter, the
additional action of auxin apparently moderated the
detectable number of buds further (Fig. 2). There was
no difference in the number of detectable buds
between the low and high GR24 treatment, regard-
less of IAA presence (Fig. 2).

At the end of the 21-day time course experiment,
the control intact plants had significantly less buds
(mean + SE 1.1 £ 0.4), and control decapitated plants
had a significantly more buds (mean + SE 8.9 £ 0.6 ),
than all other treatments (Fig. 2). While the rate of
GR24 (high versus low) had no effect, the addition of

401



Adv. Hort. Sci., 2021 35(4): 399-405

auxin with GR24 resulted in significantly fewer buds
relative to GR24 at either rate alone (Fig. 2).

Size and patterns of bud development along the stem

When considering all assessed axillary buds
(pooled data from all 10 nodes), as measured on Day
21, hormone treatments of GR24, or GR24 + IAA, sig-
nificantly reduced the bud size compared to control
decapitated plants (p<0.05) (Table 1). The average
bud length for hormone treatments ranged between
2.5+ 0.5 mm and 3.3 £ 0.9 mm and was significantly
less than the average for control decapitated plants
(4.2 £ 0.6 mm), and significantly higher than for con-
trol intact plants (0.03 + 0.08 mm) (Table 1).

Assessment of bud development node by node
revealed further differences in developmental pat-
terns. On control intact plants, buds on the upper-
most nodes (nodes 1 to 3), if present, were not of a
measurable size. In control decapitated plants, buds
were longest in the upper most few nodes, and grad-
ually reduced in size to the lowest measured node
(node 10) (Table 1). In hormone treated plants, the
longest buds occurred at the uppermost nodes (node
2 was generally longer than node 1), and again there
was a progressive decline in size moving down the
stem (Table 1). Bud length was not typically shorter
in hormone treated plants relative to control decapi-
tated plants at the uppermost nodes, but below node
5, hormone treated plants tended to have significant-
ly shorter buds (Table 1). A representative example
of the budding response showing bud position and
length is presented in figure 3.

4. Discussion and Conclusions

Strigolactone suppressed axillary bud growth in tea
tree

Relative to control decapitated plants without
GR24 application, application of a synthetic strigolac-
tone analogue, GR24, at rates of 0.5 mg L'* or 1.5 mg
LY, suppressed axillary bud number and expansion in
decapitated rooted cuttings of tea tree. This response
was consistent with its effects on other species such
as calla lily (Zantedeschia L. sp.) (Manandhar, 2016)
where synthetic SL GR24 was typically applied at con-
centrations between 0.3 mg L (1 uM) and 3 mg L?
(10 uM) (Umehara et al., 2008; Manandhar, 2016).
Where larger plants at later stages of ontogenetic
development (i.e. reproductive maturity) were stud-
ied, such as the study of Chrysanthemum morifolium
Ramat, rates as high as 15 mg L! (50 uM) were
required to inhibit bud growth (Dierck et al., 2016). A
moderate response was evident in our tea tree plants
at dosages towards the lower end of those used pre-
viously with herbaceous species. Both tested rates
gave a similar response and, a synergistic effect
between SL and auxin was evident, so that bud out-
growth was significantly reduced relative to the
application of SL alone. A further factor that may
have contributed to the efficacy of the treatments in
our study, may have been the retention of the root
system. SL is synthesised both in the roots and the
shoots and is transported acropetally to suppress
bud outgrowth (Domagalska and Leyser, 2011). In
most other studies, stem sections with roots

Table 1- Mean length of the axillary buds from node 1 to node 10 measured at day 21. Treatment effect was tested on an individual

node basis
Control intact Low GR24 High GR24 Low GR24+IAA High GR24+1AA Control

(0.5 mgL?) (1.5 mgL?) (0.5 mgL?) (1.5 mgL?) decapitated
Average growth (mm) 0.03+0.08a 2.5+05b 33+09b 27+06b 2.7+06b 42+06¢c
Node 1 (uppermost) Oa 71+11b 9.8+1.2bc 9.2+1.5bc 9.4+1.1bc 12+13c
Node 2 Oa 87+x11b 10.5%+1.1bc 9.4+1.3bc 10.1+£0.9 bc 12+0.8c
Node 3 Oa 5.4+0.9 bc 74+10c 42+09b 45+1.1b 7.2+0.8¢c
Node 4 0.03+0.03a 2.1+09b 3.2+0.7 bc 2.7+£0.9 bc 1.6+0.5ab 46+09c
Node 5 0.1+0.1a 0.8+0.3a 1.3+04a 0.8+0.3a 1.2+04a 2.8+0.7b
Node 6 0.1+0.1a 0.2+0.05a 0.7+03a 0.1+x0.1a 04+0.2a 1.4+05b
Node 7 0.1+0.1ab 0.4+03bc 0.1+01ab 0.1+0.04 ab O0a 0.7+0.2¢c
Node 8 0.03+0.03a 0.6+04b 0.1+0.3a 0.03+0.03a O0a 0.5+0.1b
Node 9 Oa 0.1+0.1a Oa 0.03+0.03a Oa 0.2+0.1b
Node 10 (lower most) 0.1+0.1a 0.03+0.03a Oa Oa Oa 0.2+0.1b

Treatment means followed by the same letter within the same row are not significantly different at the 95% confidence level (- denotes

no bud present).
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Fig. 3- A representative M. alternifolia propagule from each treatment showing the pattern and size of axillary buds 21 days after treat-
ment. Figure 33, is a control intact propagule, buds were not visible without magnification at the upper nodes. Buds were visible
from node 4 or lower but did not develop (arrow). Figure 3b, is a control decapitated propagule, with axillary buds at upper
nodes developed into side shoots (arrow). Figures 3c to 3f show a propagule from each of the GR24 and GR24 plus IAA treat-
ments, buds and developing side shoots visible only on the upper most nodes with generally less shoot growth compared to the

control decapitated propagule in figure 3b.

removed were used for experimentation, and SL was
supplied to the basal stem stump. Therefore endoge-
nous SL may have reinforced any effect due to exoge-
nous GR24 in our case, potentially inducing a
stronger (bud outgrowth inhibition) response in the
lower range of concentrations of GR24 compared to
studies on other plants.

Axillary bud outgrowth further inhibited with the
addition of an auxin supply

When GR24 was applied in conjunction with
auxin, suppression of axillary bud outgrowth was
enhanced relative to exogenous GR24 alone, as
reported in other species (Crawford et al., 2010;
Liang et al., 2010; Ward et al., 2013). Liang et al.
(2010) reported total inhibition of bud outgrowth
when 1.5 mg L? (5 uM) of GR24 and NAA were
applied to chrysanthemum (Dendranthema grandi-
florum) stems. Although both GR24 and GR24 plus
IAA (at the low and high rate) treatments inhibited
bud outbreak in tea tree plants for 5 days, when the
buds began to grow and elongate, the growth rate of
the buds was comparable to the control decapitated

plants, at least for the upper four nodes for most
plants (Table 2). These observations provide further
support for the influence of auxin in the vascular
stream of the main stem on bud release and the
influence of auxin transport on SL inhibition of axil-
lary buds. Ultimately, our findings are consistent with
both the canalisation (Brewer et al., 2009; Ljung et
al., 2001) and second messenger (Domagalska and
Leyser, 2011) models developed to explain the physi-
ological regulation of shoot architecture involving the
interaction plant hormones including auxin, CK and
SL (Gomez-Roldan et al., 2008; Domagalska and
Leyser, 2011).

Competition between buds

The role of the GR24 in reducing bud release and
growth needs to be considered along with the
inhibitory effect active buds have on buds above or
below it and those opposite to it (Thimann and
Skoog, 1934). Lateral buds do not produce auxin
while they remain dormant but produce considerable
guantities when actively growing (Balla et al., 2011).
Auxin synthesised in an active bud is transported into
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the main stem, and this auxin saturation prevents
auxin movement out of axillary buds further down
the stem, inhibiting bud growth (Leyser, 2005; Balla
et al., 2011). Tea tree plants treated with GR24 or
GR24 + |AA, buds tended to form on the upper nodes
(node 1 to node 10), whereas buds formed down to
node 14 on control decapitated plants (Table 1; data
>node 10 not shown). The rapidly growing buds on
the upper nodes of control decapitated plants did
not appear to inhibit bud release on the nodes below
them, but they did affect subsequent bud elongation,
consistent with a requirement for SL for bud inhibi-
tion (Beveridge, 2000). The mean length of the buds
on the control decapitated plants decreased signifi-
cantly for the majority of nodes, basipetally (p < 0.05)
(Table 1). For plants given the higher rates of GR24
(with and without IAA), active buds may have con-
tributed to the suppression of bud outbreak on the
lower nodes, as no bud outbreak occurred past node
6 and 8, for GR24 and GR24 +IAA respectively (Table
1).

Implications for use of SL analogues as agents for
manipulating tea tree nursery stock

This study demonstrated the potential of synthet-
ic SL GR24 at relatively low concentrations of 0.5 mg
L! and 1.5 mg L! to suppress bud outgrowth in tea
tree. This was encouraging for a potential application
of SL in an early intervention response to mitigate
undesirable side branching of plants where shoot tips
are inadvertently lost due to pest, heat or desiccation
damage, or where tips are removed during propaga-
tion (i.e. use of nodal cuttings). None of the artificial
treatments tested were as effective as the control
intact treatment where apical dominance suppresses
bud outgrowth, but a moderate response at relative-
ly low dosages, suggests there is room to explore
whether higher dosages can elicit stronger suppres-
sion of side branching. For example, Liang et al.,
(2010) found higher concentrations of exogenous SL
or SL with auxin suppressed bud outgrowth to the
same degree as endogenous regulation induced by
an intact apical buds in chrysanthemum.

The response at lower dosages in this first investi-
gation was also encouraging because woody perenni-
al species do not appear to be recalcitrant to the
influence of hormones, at least for our relatively
small (less than 2 grams fwt of biomass) test plants,
with root systems, and with low tissue specialisation
(i.e. stems had low degrees of lignification and had
not formed papery bark). Further work will be
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required, however, to establish the efficacy of higher
dosages to elicit stronger suppression responses in
nursery propagules, the longevity of the effect of
exogenous SL on the form of the propagule (i.e. does
it persist to suppress side shoots on larger plants
ready for release from the nursery?), and whether
there is any unfavourable longer term impact of plant
growth in the field.
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