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Preface to ”Berry Crop Production and Protection”

Berry crops include, but are not limited to, the genera: Fragaria (strawberry, Rosaceae),

Ribes (currant and gooseberry, Grossulariaceae), Rubus (brambles: raspberry and blackberry;

Rosaceae), Vaccinium (blueberry, cranberry, and lingonberry; Ericaceae) and Vitis (grapes, Vitaceae).

They possess economically important variously colored, soft-fleshed, small fruits that are grown all

over the world. These fruits are consumed fresh or frozen, and are also processed as functional food

supplements in industrial products. The significant role of these fruits in maintaining human health

has dramatically increased their popularity and production across the world. This Special Issue Book

covers berry crops in nine chapters, including one review paper. Various areas of production systems,

propagation, plant and soil nutrition, health benefits, marketing and economics, and other related

areas have been covered. The aim was to bring together a collection of valuable articles that would

serve as a foundation of innovative ideas for the production and protection of health-promoting berry

crops in a changing environment.

Samir C. Debnath

Special Issue Editor
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Application of Nano-Silicon Dioxide Improves Salt
Stress Tolerance in Strawberry Plants
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Abstract: Silicon application can improve productivity outcomes for salt stressed plants. Here,
we describe how strawberry plants respond to treatments including various combinations of salt
stress and nano-silicon dioxide, and assess whether nano-silicon dioxide improves strawberry plant
tolerance to salt stress. Strawberry plants were treated with salt (0, 25 or 50 mM NaCl), and the
nano-silicon dioxide treatments were applied to the strawberry plants before (0, 50 and 100 mg L−1)
or after (0 and 50 mg L−1) flowering. The salt stress treatments reduced plant biomass, chlorophyll
content, and leaf relative water content (RWC) as expected. Relative to control (no NaCl) plants
the salt treated plants had 10% lower membrane stability index (MSI), 81% greater proline content,
and 54% greater cuticular transpiration; as well as increased canopy temperature and changes in the
structure of the epicuticular wax layer. The plants treated with nano-silicon dioxide were better able
to maintain epicuticular wax structure, chlorophyll content, and carotenoid content and accumulated
less proline relative to plants treated only with salt and no nano-silicon dioxide. Analysis of scanning
electron microscopic (SEM) images revealed that the salt treatments resulted in changes in epicuticular
wax type and thickness, and that the application of nano-silicon dioxide suppressed the adverse
effects of salinity on the epicuticular wax layer. Nano-silicon dioxide treated salt stressed plants
had increased irregular (smoother) crystal wax deposits in their epicuticular layer. Together these
observations indicate that application of nano-silicon dioxide can limit the adverse anatomical and
biochemical changes related to salt stress impacts on strawberry plants and that this is, in part,
associated with epicuticular wax deposition.

Keywords: abiotic stress; epicuticular wax; nanoparticle; silicon

1. Introduction

Plants routinely experience adverse environmental conditions during their growth and
development. For example, conditions such as drought, salinity, and cold stress frequently have
adverse effects on plant growth and metabolism [1,2]. Salt or salinity stress may have a negative
effect on the growth, development, and even survival of the plant by imposing osmotic stress along
with causing ion and nutritional imbalances. The application of additional nutrients, such as calcium,
can be considered as one strategy to reduce the effects of the ionic imbalance and plant nutritional
deficiencies that occur in saline soils, and application of silicon can also improve outcomes for plants
growing in saline soils [3]. Strawberries are relatively sensitive to salinity, and salinity can cause
leaf burns, necrosis, nutritional imbalance, or specific ionic toxicity (due to sodium and chloride
accumulation); this decreases the quality and yield of fruit, and increases the probability of plant
mortality [4]. Exploring salt stress responses in strawberry is also of interest because strawberry is a
model for the study of the Rosaceae family [5].

Agronomy 2019, 9, 246; doi:10.3390/agronomy9050246 www.mdpi.com/journal/agronomy1
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Silicon is not classed as an essential nutrient, but it is involved in a number of metabolic pathways
that increase the tolerance of plants to environmental stress, such as drought and salinity stress [6–8].
Application of silicon is associated with increased resistance to water loss and improvement in plant
water status in saline conditions, relative to control plants [9,10]. Silicon deposits have been observed
in epidermal cell walls and this deposition is associated with limiting water loss from the cuticle and
excessive transpiration [11]. Previous studies have linked silicon application, in the context of salinity,
with enhanced photosynthesis, increased vegetative growth and dry matter production, reduced shoot
sodium, and chloride accumulation and increased potassium accumulation and reduced root-to-shoot
boron transport [12–14]; therefore, further research is needed towards determining the complement of
reasons why silicon application benefits plants [6].

One way in which silicon may be applied to plants is in the form of nanoparticles. Application of
silicon nanoparticles is reported to be an effective alternative to adding silicon as part of conventional
mineral fertilizers [15]. For example, Prasad et al. [16] reported that zinc nanoparticles improved seed
germination, plant growth, flowering, chlorophyll content and yield of peanut (Arachis hypogaea L.)
compared to zinc sulfate treatments. In addition, it has been suggested that silica oxide nanoparticles
can increase cell wall thickness, which can inhibit the penetration of fungi, bacteria and nematodes,
and increase resistance to disease [16]. Silicon accumulation in plants is also linked to epicuticular
wax accumulation. For example, in cucumber (Cucumis sativus L., cv. Corona) changes in the fruit
trichome morphology occurred in response to silicon application and the silica accumulation was
restricted to the trichomes, primarily in the epicuticular wax [17]. Epicuticular wax accumulation is
linked to plant water use efficiency and the regulation of the amount of moisture evaporation through
the leaf [18,19]. Therefore, increasing the amount of epicuticular wax may be a type of adaptation
to environmental stresses [20]. As wax deposition plays a protective role against water loss through
the cuticle, increasing wax content is classified as a dehydration avoidance mechanism [19]. The aim
of this study was to investigate whether application of nano-silicon dioxide suppressed the adverse
effects of salt stress on strawberry (Fragaria × anansa Duch.) plant growth and development, and to
study how nano-silicon dioxide application might influence changes in anatomy and biochemistry
previously linked with salt stress and silicon treatments.

2. Materials and Methods

2.1. Growth Conditions and Treatments

The experiment was conducted under greenhouse conditions at University of Guilan, Rasht, Iran.
Strawberry (Fragaria × anansa) plants ‘cv; Camarosa’ with 11 mm crown diameters were obtained from a
commercial nursery in Kurdistan province, Iran. Nano-particles of silicon dioxide were obtained from
Sigma-Aldrich (Lot 637238). Nano-silicon dioxide characteristics were: 99.5% purity and 10–20 nm
particle size, and particles were applied as a suspension phase (suspended in nutrient solution) relative
to control (no nSiO2) treatments of only nutrient solution. The strawberry plants (Fragaria × anansa,
‘cv; Camarosa’) were grown in the following conditions: 12 h photoperiod, 25 ± 10 ◦C temperature,
70 ± 10% relative humidity. Plants with 11 mm crown diameters (approximately 40 days old) which
had received two weeks chilling requirement were transferred to a greenhouse and planted into
4 L containers filled with coco-peat and perlite (2/1, v/v). The plants were fertilized with modified
Hoagland’s solution with or without nano-silicon dioxide. Two different nutrient solutions were
used in this experiment to meet plant nutritional needs during vegetative growth and at flowering.
Before the start of flowering; the nutrient solution contained elemental concentrations as follows:
150 mg L−1 N, 54 mg L−1 P, 262 mg L−1 K, 110 mg L−1 Ca, 34 mg L−1 Mg, 50 mg L−1 S, 5 mg L−1

Fe, 0.5 mg L−1 Mn, 0.5 mg L−1 Zn, 0.50 mg L−1 B, 0.05 mg L−1 Cu and 0.05 mg L−1 Mo. During
flowering, the nutrient solution contained 142 mg L−1 N, 59 mg L−1 P, 227 mg L−1 K, 110 mg L−1 Ca,
39 mg L−1 Mg, 56 mg L−1 S, 5 mg L−1 Fe, 0.5 mg L−1 Mn, 0. 5 mg L−1 Zn, 0.50 mg L−1 B, 0.05 mg L−1
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Cu and 0.05 mg L−1 Mo. The pH of nutrient solution was adjusted to 6. The nano-silicon dioxide (0, 50,
100 mg L−1) was incorporated into the Hoagland’s solution nutrients.

Salt stress treatments were imposed by dissolving NaCl (to achieve 0, 25 and 50 mM concentrations)
into the nutrient solution which was used to water the plants (see Table 1). The plants were exposed
to salt stress two weeks after planting. In order to prevent salt stress shock, salt concentrations were
increased gradually during the first two weeks of the salt stress and after this period saline solution
was applied every four days. In addition, the containers were irrigated with 600 mL water for leaching
salt every two weeks during salinity treatment.

Table 1. Combinations of nano-silicon dioxide and salinity stress treatments tested.

Salinity
(mM)

nSiO2 mg L−1

before BBCH: 61
nSiO2 mg L−1

after BBCH: 61
Treatments

0 mM
(Control—no NaCl)

0
0 (Control—

no NaCl, no SiO2) S1 0 mM NaCl + 0 mg L−1 nSiO2

50 S2 0 mM NaCl + 0.50 mg L−1 SiO2

50
0 S3 0 mM NaCl + 50. 0 mg L−1 SiO2

50 S4 0 mM NaCl + 50.50 mg L−1 SiO2

100
0 S5 0 mM NaCl + 100.0 mg L−1 SiO2
50 S6 0 mM NaCl + 100.50 mg L−1 SiO2

25 mM

0
0 (Control—

no SiO2) S1 25 mM NaCl + 0 mg L−1 nSio2

50 S2 25 mM NaCl + 0.50 mg L−1 SiO2

50
0 S3 25 mM NaCl + 50.0 mg L−1 SiO2

50 S4 25 mM NaCl + 50.50 mg L−1 SiO2

100
0 S5 25 mM NaCl + 100.0 mg L−1 SiO2
50 S6 25 mM NaCl + 100.50 mg L−1 SiO2

50 mM

0
0 (Control—

no SiO2) S1 50 mM NaCl + 0 mg L−1 nSio2

50 S2 50 mM NaCl + 0.50 mg L−1 SiO2

50
0 S3 50 mM NaCl + 50.0 mg L−1 SiO2

50 S4 50 mM NaCl + 50.50 mg L−1 SiO2

100
0 S5 50 mM NaCl+ 100.0 mg L−1 SiO2
50 S6 50 mM NaCl+ 100.50 mg L−1 SiO2

BBCH: Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie. S1 = control (no nSiO2 application
before or after BBCH: 61). S2 = 50 mg L−1 nSiO2 just after BBCH: 61. S3 = 50 mg L−1 nSiO2 before BBCH: 61. S4 = 50
mg L−1 nSiO2 throughout all growth and development stages. S5 = 100 mg L−1 nSiO2 before BBCH: 61. S6 = 100 mg
L−1 nSiO2 before BBCH: 61 and 50 mg L−1 after BBCH: 61.

The plants were treated with the following concentrations of nano-silicon dioxide: 0, 50, 100 mg L−1

after planting until the beginning of flowering: when about 10% of flowers had started to open (BBCH
(Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie): 61) or were at vegetative
stages (phenological growth stages and BBCH-identification keys of strawberry (Fragaria × ananassa
Duch.). Thereafter, the plants were treated continuously during the reproductive stage (BBCH: 61–92)
with treatments of 0, or 50 mg L−1 nano-silicon dioxide concentrations; the nSiO2 treatments were
divided into six groups (Table 1):

2.2. Phenotypic Measurements

The fresh weight of shoots and root were measured at the end of the experiment, and harvested
samples were immediately dried in an oven at 70 ºC for 48 h, and subsequently, the dry weight
was determined.
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Relative water contents (RWC) of leaves were determined according to Abdi et al. [21] and
calculated using the following Equation:

RWC = (FW − DW)/(TW − DW) × 100 (1)

where FW (fresh weight) of the leaves was measured immediately after picking and DW (dry weight)
was measured after drying the leaves in an oven at 70 ◦C for 24 h or until constant weight was achieved;
the leaf weight at full turgor was TW, measured after floating the leaves for 4 h in distilled water at
room temperature in the dark [21]; three biological replicates per treatment were included.

Relative water protection (RWP): three comparable leaves were randomly selected from three
biological plant replicates were weighed to determine fresh weight (FW) and thereafter allowed to wilt
at 25 ◦C for 8 h then weighed (Withering weight, WW). The samples were oven-dried at 70 ◦C for 72 h
and reweighed (Dry weight, DW). Finally, RWP was calculated following [22]:

RWP = ((WW − DW)/(FW − DW)) (2)

Relative water loss (RWL): three comparable leaves were removed from each plant (three biological
replications per treatment) and immediately weighed (W1). The leaves were allowed to wilt at 25 ◦C
and weighed over 2, 5 and 8 h (W2, W3, and W4). The samples were oven-dried at 70 ◦C for 72 h and
reweighed (Wd). RWL was calculated by the following formula [23].

RWL = ((W1 −W2) + (W2 −W4))/((3 ×WD (T1 − T2)). (3)

Membrane stability index (MSI) was measured following Sairam [24]. The leaf sections, 5 cm2

were put in 10 mL of double-distilled water. One set was kept for 30 min at 40 ◦C and its electrical
conductivity recorded using a conductivity meter (C1), while the second set was kept for 10 min in a
boiling water bath (100 ◦C) and subsequently measurements of conductivity were taken (C2). The
electrolyte leakage or membrane stability index were calculated following [24]:

MSI = (1 − (C1/C2)) × 100 (4)

Cuticle transpiration (CT): The cuticle transpiration was calculated using the following equation
in terms of weight per gram of dry matter. W5h is the leaf weight of leaves after 5 h in darkness and 20
◦C, W24h is the weight of the leaves isolated after 24 h in darkness and 20 ◦C and DW is the dry leaf
weight (48 ◦C at 70 ◦C). The cuticle transpiration was calculated using the equation [25]:

CT = (W5h −W24h)/DW (5)

Canopy temperature depression (CTD) was determined by measurements with a hand-held
infrared thermometer (Raytek Raynger ST20 Infrared Thermometer, Santa Cruz, CA, USA). A few days
after irrigation, canopy temperatures (CT) were measured between 12:00 and 1:30 pm on cloudy and
sunny days. For this experiment four measurement points for plant canopy temperature were chosen
in each pot at approximately 15–30 cm above the leaves of the strawberry plants, approximately 30–60◦
from the horizontal position. Ambient temperatures (AT) were measured with a thermometer held at
plant height. CTD was worked calculated following [26]:

CTD = AT − CT (6)

Epicuticular wax layer (EWL): for determining EWL, the method of Ebercon et al. [19] was used.
This measure is based on the color change that occurs when acidic potassium dichromate (K2Cr2O7)
reacts with epicuticular wax. Two fully expanded leaves were harvested from each plant in each pot
(six leaf disks in each replication including three biological replicates). Leaf disks (5.699 cm2) were

4
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isolated by hole-punch, and used for wax extraction. These disks were put in a tube and 15 mL of
chloroform was added and the tube shaken at room temperature for 15 s. The extract was evaporated
to dry in a water bath maintained at 90 ◦C. Then, five ml of the K2Cr2O7 solution was added to the tube
and the reaction mixture left in a boiling water bath for 30 min. When the samples were cooled 10 mL
of distilled water was added to tubes, tubes were mixed and finally, the absorbance was measured
at 590 nm using a Spectrophotometer (Ltd T80 + UV/VIS; PG Instruments, Leicestershire, UK). The
standard curve calibration was produced by using known concentrations of polyethylene glycol-6000
for EWL determination at 590 nm wavelength [19].

Scanning electron microscope (SEM) images were captured and used to examine differences in
wax morphology. Preparation of leaf samples followed the method reported by Åström et al. [27].
The youngest fully developed leaf after the end of fruit production was harvested. The leaf pieces
were cut from the central part of the middle leaflet, near the widest point of each leaf. The samples
were fixed individually in FAA (formalin acetic acid-alcohol) solution (36% paraformaldehyde, 100%
acetic acid, 85% ethanol; 10:5:85 by volume) for a minimum of 3 weeks. After fixation, the samples
were dehydrated through an ethanol series (25%, 50%, 75%, and 100%) [27]. 5-8 mm completely dried
pieces of prepared leaf samples, were attached with double adhesive tape to the aluminum stubs and
sputter-coated with gold particles. Coated surfaces were observed using a Philips Xl 30 scanning
electron microscope (Philips XL30 SEM, Amsterdam, The Netherlands) at an accelerating voltage of
10 kV [28]. SEM images of epicuticular wax of strawberry leaves at two levels of magnification (Bars;
100 μm and 25 μm) were taken at the University of Guilan.

The leaf free proline content for the strawberry plants was extracted and determined by following
the method described by Bates et al. [29]. 500 mg of the leaf samples were homogenized in 5 mL
sulfosalicylic acid (3%) and the homogenate centrifuged at 3500× g for 10 min. The supernatant was
mixed with 2 mL acid ninhydrin [1.25 g of ninhydrin in glacial acetic acid (30 mL) and 6 M phosphoric
acid (20 mL), with agitation, which was warmed until dissolved for Acid ninhydrin preparation] and
2 mL of glacial acetic acid in a test tube at 100 ◦C for 60 min, and the reaction terminated in an ice bath.
The reaction mixture was extracted with 4 mL toluene, mixed vigorously with a test tube stirrer for
15–20 s. Free proline content was quantified spectrophotometrically at 520 nm using L-proline as a
standard. The absorbance was measured at 520 nm. The content of proline was determined using a
standard curve and expressed as μmol g−1 fresh weight following [29].

Pigment parameters of the leaves including chlorophyll and carotenoid content were measured
following a method described by Abdi et al. (2016). Initially 500 mg of leaf tissues were placed in
each tube with 50 mL 80% acetone solution, these samples were homogenized and then the extract
sap was centrifuged for 10 min at 3000× g and absorbance of the supernatant measured at 663 nm
(for chlorophyll a), 645 nm (for chlorophyll b), and 470 nm (for total carotenoids). Finally, the pigment
content was calculated according to the following formulas [21]:

Chl a = 11.75 × A662 − 2.35 × A645 (7)

Chl b = 18.61 × A645 − 3.96 × A662 (8)

Car = 1.000 × A470 − 2.27 × Chl a − 81.4 × Chl b/227 (9)

2.3. Statistical Analysis

The plants were arranged in a Completely Randomized Design in a factorial layout with three
factors: Salt (0, 25 and 50 mM), nano-silicon dioxide concentrations (0, 50 and 100 mg L−1) before
flowering and two levels of nano-silicon dioxide (0 and 50 mg L−1) after flowering, with three
replications and 12 pots (plants) per replication. All data were analyzed by a one-way analysis of
variance and mean comparisons were made by least significant differences (LSD) with software (SAS,
v. 9.4, Cary, NC, USA).

5
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3. Results

Salinity and nano-silicon dioxide treatments resulted in changes in strawberry plant growth
characteristics; for example the 100 mM salt treatments resulted in decreases in root and shoot fresh
weight (by 35 and 65%, respectively) and in root and shoot dry weight (by 50% in the shoot to root
ratio and 26% in root volume; Table 2). As expected, the 50 mM NaCl treatments reduced these growth
characteristics more than the 25 mM NaCl treatment (Table 1).

Table 2. Effect of nSiO2 and salt stress on biomass parameters, root and shoot dry weight and fresh
weight of strawberry cv “Camarosa”, including analysis of variance.

Root Fresh
Weight (g)

Root Dry
Weight (g)

Shoot Fresh
Weight (g)

Shoot Dry
Weight (g)

Shoot/Root
Root Volume

(cm3 per plant)

Salinity (mM)

0 52.1 a 10.99 a 51.94 a 16.16 a 0.996 a 51.00 a
25 43.2 b 8.44 b 36.76 b 12.23 b 0.850 a 41.88 b
50 36.7 c 7.11 c 18.14 c 5.58 c 0.494 b 37.50 b

Nano-silicon Dioxide
(mg L−1)

S1 36.72 c 6.95 c 28.54 c 9.22 c 0.777 a 35.88 b
S2 44.86 abc 9.04 ab 33.97 b 10.7 bc 0.757 a 41.77 ab
S3 50.92 a 10.35 a 38.33 b 11.50 ab 0.752 a 49.77 a
S4 41.41 bc 8.01 bc 35.92 b 11.25 abc 0.867 a 41.11 ab
S5 46.34 abc 9.13 ab 35.74 c 12.24 ab 0.771 a 43.77 ab
S6 47.53 ab 9.92 a 41.18 a 13.04 a 0.866 a 48.44 a

Analysis of Variance

Salinity ** ** ** ** ** **
nSiO2 ** * * ** ns ns

Salinity × nSiO2 ns ns ns ns ns ns

Means of the main effects followed by different letters in each column indicate significant difference at p ≤ 0.05 by
the least significant difference (LSD). ns, * or ** indicate non-significance (p > 0.05) or significance at p ≤ 0.05 or
p ≤ 0.01, by the F-test, respectively.

Incorporation of nano-silicon dioxide (nSiO2) into the nutrient solution changed some of the
growth parameters measured for the strawberry plants. For example, the plants treated with nSiO2

had higher root fresh and dry weight as compared to 0 mg L−1 nSiO2 under salt stress conditions
(Table 2). The highest root dry weight (10.4 g) and fresh weight (50.9 g) was observed when plants
were treated with 50 mgL−1 nSiO2 before full flowering (Si3).

Shoot fresh and dry weight were significantly affected individually by salinity and nSiO2

treatments, but no significant difference was found for any interaction effect of salinity and nSiO2

(Table 2). Strawberry plants which received 100 mg L−1 nSiO2 before the flowering stage and 50 mg L−1

thereafter (Si6) showed the highest fresh shoot weight (41.2 g), while the highest shoot dry weight (13 g)
was recorded for plants which received 100 mg L−1 nSiO2 before flowering and 50 mg L−1 thereafter
(Si6) or plants that received 50 mgL−1 nSiO2 before flowering stage (Si3) (Table 2); and differences
between nSiO2 treated and control (no nSiO2) plants for shoot to root ratio and root volume were also
recorded (Table 2). A t-test was conducted to explore any differences between the addition (S6) and
absence (S1) of silicon in the nutrient solution under salinity stress conditions. This revealed that there
were differences in the epicuticular wax layer and proline (Table 3).
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Table 3. Student’s t-test of nano-silicon dioxide effects on morphological and physiological parameters
of strawberry plants exposed to 50 mM NaCl salinity stress; ns (no significant difference); Pr > [t]
(p-value for the effect of the variable on the response and t statistic) * (significant difference).

S1 S6 T
Value

Pr > F
Pr > [t]

Mean
Std
Dev

Std
Err

Mean
Std
Dev

Std
Err

Pooled
(Equal)

Satterthwaite
(Unequal)

Fresh weight 12.98 0.849 0.49 21.32 3.89 2.24 −3.63 0.0909 0.0222 * 0.059 ns

Dry weight 4.28 1.017 0587 6.55 0.606 0.35 −3.31 0.524 0.0297 * 0.0402 *
Root fresh weight 30.42 4.79 2.76 34.55 7.72 4.45 −0.79 0.475 0.475 ns 0.483 ns

Root dry weight 4.92 0.70 0.407 8.29 2.314 1.33 −2.41 0.17 0.0733 ns 0.117 ns

Root volume 28.33 7.63 4.40 40.00 5.00 2.88 −2.21 0.60 0.091 ns 0.102 ns

Shoot/root 0.431 0.0449 0.0259 0.637 0.183 0.106 −1.89 0.112 0.131 ns 0.185 ns

Membrane stability
index (MSI) 64.22 10.31 5.95 80.00 2.68 1.55 −2.57 0.127 0.062ns 0.109 ns

Proline 13.42 0.549 0.316 8.19 0.641 0.370 10.72 0.844 0.0004 ** 0.0005 **
Epicuticular wax

layer (EWL) 17.06 5.65 3.266 34.03 8.29 4.78 −2.93 0.635 0.043 * 0.050 *

A significant difference was found for the individual effects of salinity and nSiO2 treatments on
strawberry fruit yield but there was no significant difference for any interaction effects on fruit yield
(Table 4). The lowest fruit yield was observed when plants were treated with 50 mM NaCl as compared
to controls (no NaCl), as the salt treatment decreased fruit yield by 61%. Furthermore, application of
nSiO2 led to an overall improvement in fruit yield. The highest fruit production per plants (161 g) was
obtained when plants received 100 mgL−1 nSiO2 before flowering and 50 mg L−1 after flowering stage
(Si6) (Table 4).

Table 4. Effect of nSiO2 and salt stress on fruit yield, Relative Water Content (RWC); Relative Water
Protection (RWP); Relative Water Loss (RWL); Membrane Stability Index (MSI), Cuticle Transpiration
(CT) and canopy temperature for strawberry cv ‘Camarosa’.

Fruit Yield (g) RWC
(%)

RWP
(%)

RWL
(%)

MSI (%)
CT

(g H2O/g
Dry Weight)

Canopy Temperature (◦C)

Cloudy
Day

Sunny Day

Salinity (mM)

0 198.06 a 85.1 a 0.91 a 0.156 a 83.9 a 0.587 a 3.91 a 2.72 a
25 149.40 b 81.79 a 0.87 ab 0.154 a 79.3 a 0.832 a 3.57 a 2.04 a
50 77.39 c 67.37 b 0.86 b 0.168 a 75.5 b 0.908 a 2.18 b 0.10 b

Nano-silicon dioxide (mg L−1)
S1 124.05 c 76.71 a 0.861 a 0.107 c 74.2 bc 1.111 a 2.33 c 0.713 c
S2 142.33 abc 75.99 a 0.901 a 0.161 ab 79.1 abc 0.593 a 3.15 b 0.861 c
S3 151.92 ab 75.26 a 0.877 a 0.161 ab 79.6 abc 0.788 a 3.20 b 1.14 c
S4 140.79 bc 78.33 a 0.883 a 0.202 a 84.64 a 0.753 a 3.15 b 1.46 bc
S5 129.34 c 80.91 a 0.875 a 0.158 b 71.9 c 0.843 a 3.48 ab 3.06 a
S6 161.26 a 81.32 a 0.911 a 0.168 ab 82.2 ab 0.564 a 4.02 a 2.48 ab

Analysis of Variance

Salinity ** ** ns ns ** ns ** **
Nano-silicon dioxide ** ns ns ** * ns ** **

Salinity ×
Naon-silicon dioxide ns ns ns ns ns ns ns ns

Means of the main effects followed by different letters in each column indicate significant difference at p ≤ 0.05 least
significant range (LSD). ns, * or ** indicate non-significance (p > 0.05) or significance at p ≤ 0.05 or p ≤ 0.01, by the
F-test, respectively.

Physiological parameters such as RWC, RWP, and MSI significantly decreased, when strawberry
plants were exposed to salinity [reduced by 21%, 5.5% and 10% relative to measures in control (no
NaCl) plants, respectively], but RWL was not affected by salt stress. The lowest values were recorded
for plants were exposed to 50 mM NaCl (Table 4).
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There was no significant difference between nSiO2 treatments and control (no nSiO2) for RWC
and RWP, but RWL and MSI of nSiO2 treated plants was significantly higher than control (no nSiO2)
plants. The highest RWL and MSI was measured in plants that continuously received 50 mg L−1 nSiO2

(Si4) over the growth and development stages (Table 4).
The canopy temperature of strawberry plants was significantly reduced by salt stress, especially

when the plants had been exposed to 50 mM NaCl during growth and development. Nano-silicon
dioxide application raised canopy temperature of strawberry plants both in cloudy and sunny days
(Table 4). No significant difference was observed for cuticle transpiration (CT) in nSiO2 treated and
control (no nSiO2) plants.

Proline content of salt treated strawberry plant leaves increased by 15 and 81% under 50 mM
and 100 mM salinity treatments but incorporation of nSiO2 to the nutrient solution limited proline
accumulation. The highest proline content was found in 0 mg L−1 nSiO2 (S1) treated plants under salt
stress conditions (Table 5; Figure 1). NSiO2 treatment caused a significant decrease in proline content in
salt stress plants compared to the strawberry plants treated with salt treatments without nano-silicon
dioxide treatment. The results revealed a negative correlation (−0.63058 **; p < 0.01) between proline
content and EWL.

There were differences in the epicuticular wax layer and proline content of salt and nSiO2 treated
plants (Figures 1 and 2). The epicuticular wax layer (EWL) was significantly reduced in strawberry
plants when exposed to salt stress relative to controls (no NaCl). EWL was low when plants were
exposed to 25 and 50 mM NaCl compared to controls (no NaCl) (Table 4). NSiO2 treated plants had
higher EWL than controls (no nSiO2). The highest EWL observed was in plants that received 100
mgL−1 nSiO2 before flowering and 50 mg L−1 thereafter (Si6).

Table 5. Effect of nSiO2 and salt stress on Epicuticular Wax Layer (EWL), proline, chlorophyll (Chl a and
Chl b and total) and carotenoids content of strawberry cv Camarosa under various conditions tested.

EWL
(μg cm2)

Proline
(μmol g−1)

Chl a
(mg g−1 Fresh

Weight)

Chl b
(mg g−1 Fresh

Weight)

Total Chl (mg
g−1 Fresh
Weight)

Carotenoids
(mg g−1 Fresh

Weight)

Salinity (mM)

0 63.43 a 5.83 c 7.78 a 2.75 a 10.53 a 2.86 b
25 36.52 b 6.68 b 7.41 b 2.88 a 10.30 a 3.24 a
50 28.54 b 10.53 a 5.96 c 2.38 b 8.35 b 2.63 c

Nano-Silicon Dioxide (mg L−1)
S1 35.53 b 8.36 a 6.48 c 2.38 c 8.86 c 2.66 c
S2 43.74 ab 7.06 bcd 6.87 bc 2.46 c 9.34 bc 2.69 c
S3 45.89 ab 7.69 abc 6.68 c 2.39 c 9.08 c 2.82 bc
S4 43.22 ab 7.91 ab 7.57 a 3.11 a 10.68 a 3.02 ab
S5 42.57 ab 6.03 d 7.53 a 2.96 a 10.50 a 3.23 a
S6 47.12 a 6.61 cd 7.18 ab 2.71 b 9.89 b 3.03 ab

Analysis of Variance

Salinity ** ** ** ** ** **
Nano-silicon dioxide ns ** ** ** ** **

Salininty ×
Nano-silicon dioxide * * ** ** ** **

Means of the main effects followed by different letters in each column indicate significant difference at p ≤ 0.05 by
least significant range (LSD). ns, * or ** indicate non-significance (p > 0.05) or significance at p ≤ 0.05 or p ≤ 0.01,
by the F-test, respectively.
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Figure 1. Proline concentrations of strawberry leaves from plants grown in three levels of salinity 0 mM
(black bars), 25 mM (grey bars) and 50 mM (white bars) and treated with different levels of nano-silicon
dioxide. Mean values with the same letters are not significantly different by least significant differences
(LSD) test at p ≤ 0.01. The content of photosynthetic pigments such as chlorophylls and carotenoids
was significantly reduced in salt stressed plants relative to controls (no NaCl), especially for the 50 mM
NaCl treatment where there was a 21% decrease in the total chlorophyll. Photosynthetic pigment
content, including chlorophyll a, decreased in response to the salinity stress treatments and in contrast,
the chlorophyll b and carotenoid content increased in response to the mild salinity level, but under the
more severe 50 mM NaCl stress these pigments were reduced in comparison to controls (no NaCl).
The treatments with nSiO2 increased chlorophyll a, b and total chlorophyll and carotenoid content
compared to controls (no nSiO2) under stress and non-stress condition (Table 5).

Figure 2. EWL concentrations of strawberry in three levels of salinity 0 mM (black bars), 25 mM (grey
bars) and 50 mM (white bars) treated with different levels nano-silicon dioxide. Mean values with the
same letter are not significantly different by least significant differences (LSD) test at p ≤ 0.01.

To further investigate the quantitative differences in EWL (Table 4; Figure 2) imaging techniques
were used to check for qualitative differences EWL (Figures 3 and 4). The interaction effect of nSiO2

and salinity on EWL had revealed that salinity treatments (25 and 50 mM) significantly reduced EWL
both in control (no nSiO2) and nSiO2 treated strawberry plants except for the plants pre-treated with
100 mg L−1 nSiO2 before BBCH: 61 and 50 mg L−1 after BBCH: 61. This treatment increased EWL under
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salinity stressed conditions especially when plants were exposed to moderate stress (Figures 2–4). The
scanning electron microscopic (SEM) images revealed that there were two forms of wax crystals on
the strawberry leaf surface; regular (rougher) like a spider web structure and irregular (smoother)
crystals. In the non-stressed conditions, leaf surfaces were covered with irregular-shaped wax crystals
and formed a dense network. The size of the wax crystal was thicker and a less dense network was
observed in plants treated with NaCl in comparison to controls (no NaCl). The crystal was deposited
in the epicuticle layer when plants were treated with nSiO2, and this appeared to result in an increase
in thickness in the wax crystal under stress conditions. Additionally, a crystal structure with sparser
arrangements of plate-shaped wax under salt stress conditions was observed, suggesting a decrease in
the total number of crystalloids present per unit area compared to control (no NaCl). Notable changes
in wax morphology occurred in plants treated with 50 mM NaCl. Overall, the results clearly showed
that as salinity increased epicuticular wax crystals, displayed morphology changes at the strawberry
leaf surface (Figures 3 and 4).

Figure 3. The effects of salt stress and nSiO2 on the epidermal cell walls of strawberry leaves. (a) Cont;
0 mM NaCl + 0 mg L−1 nSio2, (b) 0 mM NaCl + 100.50 mg L−1 SiO2 (c) 25 mM NaCl + 0 mg L−1 SiO2 (d)
25 mM NaCl + 100,50 mg L−1 SiO2, (e) 50 mM NaCl + 0 mg L−1 SiO2, (f) 50 mM NaCl + 100.50 mg L−1

SiO2. Scanning electron microscope (SEM) image of the strawberry leaves. White scale bars = 100 μm.
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Figure 4. The effects of salt stress and nSiO2 on the epidermal cell walls of strawberry leaves. (a) Cont;
0 mM NaCl + 0 mg L−1 nSio2, (b) 0 mM NaCl + 100,50 mg L−1 SiO2 (c) 25 mM NaCl + 0 mg L−1 SiO2
(d) 25 mM NaCl + 100,50 mg L−1 SiO2, (e) 50 mM NaCl + 0 mg L−1 SiO2, (f) 50 mM NaCl + 100,50
mg L−1 SiO2. Scanning electronmicroscope (SEM) image of the strawberry leaves. White scale bars =
20 μm.

4. Discussion

Differences in morphological, physiological and biochemical characteristics, such as shoot and root
fresh weight and dry weight, RWC, EWL, RWL, cuticle transpiration, and MSI, and proline content and
canopy temperature were observed in strawberry plants treated with different combinations of salinity
and nano-silicon dioxide treatments. Application of nSiO2 reduced the negative effects of salinity and
improved vegetative growth of strawberry plants (Tables 2–5). These findings are consistent with
previous reports for similar studies in other plant species (Figure 5), which demonstrated that nSiO2

increased proliferation of apple (Malus pumila Borkh) explants under non-stressed or osmotic-stressed
conditions [21,30]. The application of silicon was also shown to increase root growth of rice (Oryza sativa
L.) plants under drought stress conditions [31]; and an increase in Si-mediated root growth was observed
in sorghum (Sorghum bicolor) under drought stress [32]. However, root growth recovery with silicon
treatments after salt stress has not always been observed. For example, positive effects have been
reported for silicon treatments, on the shoot growth of wheat (Triticum aestivum L.), but without obvious
effect on the roots [33]; and similar observations were made for cucumber plants [34].

The beneficial effect of nSiO2 in relation to improving germination of soybean (Glycine max) seeds
was suggested to be related to increasing nitrate reductase activity [35], and was linked to plants ability
to uptake and use water and nutrition by seeds [36]. Another suggestion as to the benefits of silicon
or nano-silicon for plants grown under stressful conditions relates to increased photosynthetic rate,
stomatal conductivity, and water use efficiency; traits which then improve the tolerance to salinity
of tomato plants [37]. Here we observe and explore a possible association between nSiO2 treatment,
epicuticular wax, and proline accumulation.

Proline is an osmolyte that usually accumulates under stress conditions and plays an important
role in osmotic adjustment in plants [38]. It has been reported that the proline content of wheat
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leaves increased under water stress conditions, while the addition of silicon decreased proline
accumulation, consistent with proline accumulation being linked as a sign of stress damage in
experimental conditions [39]. The proline content in sorghum plants under drought stress conditions
decreased significantly, while sugar contents in the roots were reported to be increased by silicon
treatments [32]. Si application in soybean plants has been reported to cause a reduction in proline
content under drought stress [40]. Proline has been considered as a possible carbon and nitrogen
source for rapid recovery from stress, a stabilizer for membranes and some macromolecules, and
also a free radical scavenger [41]. For example proline content increased in maize seedlings when
exposed to salinity treatments, but decreased with Si plus NaCl treatments [42]; and in this example
Si may provide a protective role helping to prevent lipid peroxidation induced by NaCl, because
this was significantly lower in the Si-treated maize seedlings under salt stress than those under salt
stress without Si treatment [42]. Both epicuticular wax and proline content have been reported to be
significantly increased during water deficit conditions [43]. But in the current study, proline content
increased and epicuticular wax (EWL) decreased in strawberry plants when exposed to salt stress.
In this study moderate salt stress (25 mM) when followed by 100 mg L−1 nSiO2 before BBCH: 61 and
50 mg L−1 after BBCH: 61 significantly increased EWL (Table 5; Figure 2).

The role of silicon in regulating the water status of plants is of interest, particularly in the context
that the initial reduction of the growth of plants under salt stress is due to the osmotic effect of
the salt [44]. The researchers found that RWC increased in response to silicon treatments under
stress conditions, not only by reducing transpiration rate through the deposition of silicon in leaf
and stem epidermis cells, but also by increasing potassium absorbance and translocation to stomatal
guard cells, where potassium influences stomatal conductivity [45,46]. It has been suggested that Si
can increase plants water content under salinity stress, due to findings that Si reduced the osmotic
potential (more negative) and increased turgor pressure of tomato leaves under salt stress [47]. In this
study, RWC of strawberry plants when treated with nSiO2 was higher than that of control plants
(Table 3). This observation is consistent with previous reports indicating that RWC in wheat plants
was significantly lower under stress conditions, and adding silicon nutrition completely restored
RWC to the levels observed in the non-stress plants [48,49]. Similar effects of silicon on RWC of leaf
beans were reported for plants grown in hydroponic culture [50]. Overcoming the osmotic stress and
physiological deficiency of conditions where water is limited is one of the most important adaptation
strategies of plants under salinity conditions. The research on the influence of silicon has shown that
it can significantly improve the outcome for salt stressed plants, and the mode of action may be in
preventing the loss of water from plants by reducing the rate of transpiration [51].

In the current work, we observed that the membrane stability index (MSI) was markedly decreased
by salt stress. Previously it has been shown that strawberry plants under salinity accumulated more
H2O2 compared to control plants, and a combination of salinity with silicon nutrition via the nutrient
solution significantly ameliorated the impact of salinity on membrane integrity, lipid peroxidation and
H2O2 content [52].

The results of this study showed that canopy temperature of strawberry plants increased under
salt stress. Previous studies revealed that lower canopy temperature genotypes appear to exhibit better
tolerance to drought stress; for example, in water stress conditions, increases in canopy temperature
were observed in wheat (Triticum aestivum L. and T. durum L.) [53] and cowpea (Vigna unguiculata L.)
varieties [54]. We suggest that for strawberry plants limited water availability under salt stress
conditions results in rising canopy temperatures. Given the fact that the temperature, amount of light
and moisture content affect the morphology of leaf wax, and since variability in these factors coincide,
it is difficult to detect their individual effects [55]. However, plants with well-developed layers of
epicuticular wax showed lower leaf and canopy temperatures, reduced rates of transpiration, and
improved water status as compared to control, and also plants adapted to hot climatic conditions
possess a thick cuticle with reduced transpiration rates [56].
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Silicon application may reduce the loss of water through the cuticle due to silica deposition
underlying epidermal cells of leaf and stem plants influencing water loss [46]. The formation of a silica-
cuticle double layer on leaf epidermal cells may be effective in altering leaf transpiration and water loss
from the leaf surface could be limited due to Si deposition [57]. Si accumulates in the epidermal tissues,
and a layer of cellulose matrix-Si is created when calcium and pectin are present, which provides
protection to the plant [58]. Silicification occurs in the endodermis in parts of roots of gramineae during
maturation; and in the cell walls of other tissues including vascular, epidermal, and cortical cells in
older roots; and in shoots including hull and leaf sheath, as well as in the inflorescence [58].

Results of an investigation on rice showed that a layer of deposited Si (2.5 μm) is formed under
cuticle with a double layer of Si-cuticle in the leaf blades [59]. Results of other studies revealed that
the silicified structures were found on cell wall epidermal surfaces as separate rosettes and knobs
sheltered in spicules, also silicon deposition on surfaces has effects on stem (3–7 mm) and leaf (0.2–1.0)
thickness [58]. Silicon is absorbed in roots, and transported passively through the transpiration stream
and deposited in beneath the cuticle, forming a cuticle-silica double layer [60]. It was suggested that
this physical barrier delayed and reduced the penetration of fungus in rice leaves, cucumber, melon
(Cucumis melo L) and pumpkin (Cucurbita pepo L.), and vine seedlings [61].

In the current study, nSiO2 application was associated with strawberry plants maintaining higher
chlorophyll content under saline conditions. Therefore, addition of nSiO2 in nutrient solutions could
help alleviate the negative effects of NaCl on chlorophyll content in strawberry. Inhibition of chlorophyll
biosynthesis, and acceleration of its degradation and oxidative damage induced by salinity could be
considered as reasons for the declining chlorophyll content [52]. Further research is needed to explore
the influence of silicon on the biosynthesis of new chlorophyll and the protection of existing chlorophyll
against salinity-induced oxidative stress [52]. Previous studies showed that salt stress in cowpea,
kidney bean (Phaseolus vulgaris L.), faba bean (Vicia faba L.) and soybean caused significant reductions
in plant growth, but Si supplementation greatly improved the growth of these plants by increasing
total photosynthetic pigments and photosynthetic rate, chlorophyll content, stomatal conductance,
transpiration, and intercellular carbon dioxide concentration [62].

Figure 5. Schematic diagram indicating the beneficial responses that occur in salt stressed plants when
they are supplied supplemental silicon. Abscisic acid (ABA); jasmonic acid (JA), ATPase (enzymes
that catalyze the decomposition of ATP into ADP and a free phosphate ion or the inverse reaction),
Ppase (proton-pumping pyrophosphatase); schematic adapted from Liang et al. 2015 [46] and the
representation of the relationship between cuticular conductance and leaf wax surface content is
adapted from Agarie et al., 1998 [63].
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5. Conclusions

Salinity stress treatments were detrimental to morphological and physiological parameters of
strawberry plants. In this study, nSiO2 treatments suppressed the negative effects of salinity, possibly
by improving the Epicuticular Wax Layer (EWL); and nSiO2 treatments enabled salt stressed plants to
better maintain their chlorophyll content and leaf relative water content (RWC) and relative water
protection (RWP) relative to controls (no SiO2). Observations were made that are relevant to improving
strawberry productivity in both saline and control (no added NaCl) conditions, in particular, the data
indicated that application of 50 mg L−1 nSiO2 before stage ‘BBCH:61’ increased root growth, and that
treatments with 100 mg L−1 nSiO2 positively influenced strawberry plant growth rate and productivity
(Table 2). We conclude by suggesting three possible directions for future research: (1) Further exploring
how variation in the timing of silicon treatments influences EWL deposition by testing EWL at multiple
plant developmental stages; (2) investigation of whether there is genetic variation for EWL deposition
in strawberry; and (3) testing to distinguish the benefit of greater EWL deposition in saline conditions
relative to the benefit of the other signalling and physiological changes that are linked to increased
silicon uptake (Figure 5).
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Abstract: Strawberry (Fragaria × ananassa Duch.) is an important horticultural crop that is vegetatively
propagated using runner plants. To achieve massive production of runner plants, it is important to
transfer the assimilation products of the mother plant to the runner plants, and not to the runner
itself. Application of prohexadione–calcium (Pro–Ca), a plant growth retardant with few side
effects, to strawberry is effective in inhibiting transport of assimilates to runners. This study aimed to
determine the optimum application method and concentration of Pro–Ca on the growth characteristics
of mother plants, runners, and runner plants for the propagation of strawberry in nurseries. Pro–Ca
was applied at the rate of 0, 50, 100, 150, or 200 mg·L−1 (35 mL per plant) to plants via foliar spray or
drenching under greenhouse conditions at 30 days after transplantation. Petiole lengths of mother
plants were measured 15 weeks after treatment; growth was suppressed at the higher concentrations
of Pro–Ca regardless of the application method. However, the crown diameter was not significantly
affected by the application method or Pro–Ca concentration. The number of runners was 7.0 to 8.2,
with no significant difference across treatments. Runner length was shorter at higher concentrations
of Pro–Ca, especially in the 200 mg·L−1 drench treatment. However, fresh weight (FW) and dry
weights (DW) of runners in the 50 mg·L−1 Pro–Ca drench treatments were higher than controls.
Foliar spray and drench treatments were more effective for runner plant production than the control;
a greater number of runner plants were produced with the 100 and 150 mg·L−1 Pro–Ca foliar spray
treatment and the 50 and 100 mg·L−1 drench treatment. The FW and DW of the first runner plant
was not significantly different in all treatments, but DW of the second runner plant, and FW and
DW of the third runner plant were greatest in the 50 mg·L−1 Pro–Ca drench treatment. These results
suggested that growth and production of runner plants of Maehyang strawberry were greatest under
the 50 mg·L−1 Pro–Ca drench treatment.

Keywords: drench; foliar spray; Fragaria × ananassa; runner length

1. Introduction

Plant growth retardants (PGRs), like anti-gibberellins, have been used in agricultural industries
for decades to improve the quality and quantity of horticultural crops [1,2]. PGRs such as daminozide,
paclobutrazol, chlormequat chloride, uniconazole, and prohexadione–calcium (Pro–Ca) are used to
control plant size and shape, specifically to reduce vegetative growth [3–6]. Among them, Pro–Ca
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has various advantages over other PGRs; it has negligible toxicological effects on mammals and a
short persistence period in plants and soil [7,8]. In addition, Pro–Ca application delays senescence
by lowering ethylene production within plants [9], and enhances resistance to disease and insects
by inhibiting the biosynthesis of phenol [10]. Pro–Ca is a gibberellin (GA) biosynthesis inhibitor,
which is the co-substrate for dioxygenases catalyzing hydroxylations involved in the late stages
of GA biosynthesis. The main target of Pro–Ca seems to be 3β-hydroxylase, an enzyme that
catalyzes primarily the conversion of inactive GA20/GA9 into highly active GA1/GA4 in either
the early 13-hydroxylated pathway or the early non-13-hydroxylation pathway, respectively [11–13].
Reducing plant height is an important effect of PGR application, leading to increased quality and yield,
and decreases in cost, space, and labor [13,14]. Pro–Ca has been shown to reduce and regulate the
growth of crops such as petunia, impatiens, rice, chrysanthemum, pear, and various vegetables without
the negative effects of decline in fruit quality and yield [8,13–16]. Most studies on the influences of
Pro–Ca have focused on seed-propagated crops, but there are few reports on the application of Pro–Ca
to vegetatively-propagated crops [16–18].

In fruit and vegetable crops, the quality of seedlings and other propagules are known to be
very important for the quality and quantity of subsequent production. Accordingly, the quality of
strawberry (Fragaria × ananassa Duch.) propagules has a direct influence on the yield and quality
of fruit after transplanting; propagule quality is estimated to account for 80% of the whole crop
cultivation quality [19]. Unlike fruit and vegetable crops such as tomato, cucumber, and watermelon,
strawberry is distinctive in that it requires a lot of time and labor for the production of runner plants
from vegetative organs. Strawberries are cultivated nurseries from the end of March to the beginning
of September in the Republic of Korea. Various processes, such as transplanting of the strawberry
mother plants, occurrence of runners and runner plants, fixation of runner plants, removal of runner
plants from mother plants, and induction of flower bud differentiation require a period of five to six
months [20,21]. Initiation of runner and runner plants occurs from May to June. Previous studies
have focused on nutrient uptake, such as management of calcium fertilization [22], phosphorus [23],
bicarbonate [24], and sulfur [25], of the strawberry mother plant. In addition, strawberry is known
to be more sensitive to salinity than the other crops [26]. For that reason, previous studies have
been conducted to determine the optimum electrical conductivity (EC) levels of nutrient solutions for
mother and runner plants during the nursery period [27,28].

Although previous studies have reported production of large numbers of runners and runner
plants, there are insufficient studies on runner length. During runner production, runners that are
overly long are difficult to manage and require a considerable labor force within the restricted space of
nurseries. Furthermore, production of runners and runner plants within high planting densities can
reduce their quality and yield. Thus, there is a need for effective research to improve the quality and
quantity of runner plants by shortening the runner without negatively effecting physiology.

In the present study, we hypothesize that the application method and concentration of Pro–Ca
will improve the quantity and quality of strawberry runner plants by promoting their growth and
development. To test our hypothesis, we investigated the growth of mother plants and propagation of
runners and runner plants, and measured the biomass of the first, second, and third runner plants of
the Maehyang cultivar strawberry for export in the Republic of Korea under greenhouse conditions,
as well as confirmed the feasibility of practical application of the technology.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The experiment was conducted in an even-span greenhouse (9 × 24 × 3 m) set up as a strawberry
nursery with a hydroponic system and located at Gyeongsang National University in the Republic
of Korea. Mother plants of strawberry (Fragaria × ananassa Duch. ‘Maehyang’) were planted at a
density of four plants per pot using a strawberry cultivation container (61 × 27 × 18 cm, Hwaseong
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Industrial Co. Ltd., Okcheon, Korea) filled with commercial strawberry-growing medium (BC2, BVB
substrates Co. Ltd., De Lier, the Netherlands) on 20 March, 2018. During the cultivation period, the
temperature of the even-span greenhouse was maintained at 26 ± 5 ◦C during the day and 16 ± 5 ◦C
at night, 60 ± 10% relative humidity, and a natural photoperiod of 12–14 h. Well-rooted mother plants
were fertilized using drip tape with Bas Van Buuren (BVB) strawberry solution from the Netherlands
(in mg·L−1: Ca(NO3)2·4H2O 613.0, KNO3 187.0, KH2PO4 227.0, K2SO4 114.0, MgSO4·H2O 275.0,
NH4NO3 84.0, Fe–EDTA 10.60, H3BO3 0.31, MnSO4·5H2O 2.54, ZnSO4·7H20 2.21, CuSO4·5H2O 0.16,
and Na2MoO4·2H2O 0.12, pH 5.8, and EC 1.5 dS·m−1). Chemical analysis of tap water revealed a
composition of Ca2+ 0.40, Mg2+ 0.20, NH4

+ 0.10, NO3
− 0.10, HCO3

− 0.71 mmol·L−1, pH 7.3, and EC
0.2 dS·m−1. During the cultivation period, 300 to 450 mL per culture pot was supplied two or three
times (10 min per time), and the nutrient solution was adjusted to EC 1.5 dS·m−1 and pH 5.8. Prior to
the treatment of strawberry mother plants with Pro–Ca, old leaves, axillary buds, and all runners were
removed. Pesticides were applied every 7 days to control major diseases and insects, such as powdery
mildew, anthracnose disease, Bradysia agrestis, aphids, and mites.

2.2. Application Methods and Concentration of Pro–Ca

Four different concentrations, 50, 100, 150, and 200 mg·L−1 of Pro–Ca (prohexadione–calcium,
Sigma–Aldrich Co. Ltd., Saint Louis, MO, USA), were applied to plants via a foliar spray or drench.
The Pro–Ca treatment for mother plants was applied one time under greenhouse conditions at 30 days
after transplanting on 18 April, 2018. Foliar spray of Pro–Ca was applied using a hand sprayer, and
the drench treatment of Pro–Ca was applied by slowly pouring it into the medium. The same volume
of Pro–Ca solution (35 mL per plant) was applied in all treatments. Control plants were treated with
tap water (35 mL per plant).

2.3. Measurements of Plant Growth Characteristics

Numbers of leaves, petiole length, soil plant analysis development (SPAD), number of runners,
and runner length were measured each week after treatment with Pro–Ca for six weeks. The number
of leaves and runners were counted by eye. Chlorophyll content was represented as the SPAD, which
was measured using a portable chlorophyll meter (SPAD-502, Konica Minolta Inc., Tokyo, Japan).
Growth parameters of mother plants, runners, and runner plants, such as petiole length, number
of leaves, crown diameter, shoot fresh weights (FW), and dry weights (DW) of mother plants, leaf
area, runner length, FW and DW of runners, number of runner plants, and FW and DW of the first,
second, and third runner plants were measured at 15 weeks after treatment. The crown diameter was
measured using a vernier caliper (CD-20CPX, Mitutoyo Co. Ltd., Kawasaki, Japan). Leaf area was
measured using a leaf area meter (LI-3000, LI-COR Inc., Lincoln, NE, USA). The FW of the mother
plant shoot, runner, and runner plants (first, second, and third) were measured using an electronic
balance (EW220-3NM, Kern and Sohn GmbH, Balingen, Germany), and the DW of the mother plant
shoot, runner, and the first, second, and third runner plant were measured the in a similar manner.
Plant tissue was dried in an oven (Venticell-220, MMM Medcenter Einrichtungen GmbH, Planegg,
Germany) at 70 ◦C for 72 h, and DW measured using an electronic balance.

2.4. Measurement of Chlorophyll Fluorescence (Fv/Fm)

For assessing photosystem II (PS II) performance, chlorophyll fluorescence measurements were
taken from dark-adapted leaves of all treatments using a portable leaf fluorometer (FluorPen FP 100,
Photon System Instruments, Drasov, Czech Republic). After dark adaptation for 30 min, chlorophyll
fluorescence was measured on the upper surfaces of the leaves [29]. The minimum fluorescence (Fo)
was obtained by measuring the light at 0.6 kHz and photosynthetic photon flux density (PPFD) below
0.1 μmol·m−2·s−1 using a red LED light. The maximum fluorescence (Fm) was measured by irradiating
saturation light of 7000 μmol·m−2·s−1 at 20 kHz for 0.8 s. The variable/maximum fluorescence ratio
(Fv/Fm) was calculated by the formula Fv/Fm = (Fm − Fo)/Fm [30]. Fv/Fm represents the maximum
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quantum yield of PS II photochemistry measured in the dark-adapted state. To measure the Fv/Fm,
leaves of six mother plants were used for each treatment.

2.5. Statistical Analysis

The experimental treatments were randomized in a split-plot design, assigning the Pro–Ca
application methods to the main plots and the Pro–Ca concentrations to the sub-plots. Each treatment
included four plants and was repeated three times. The statistical analyses were performed using an
SAS program (SAS 9.4, SAS Institute Inc., Cary, NC, USA). The experimental results were subjected
to analysis of variance (ANOVA) and Tukey’s tests. Graphing was performed with the SigmaPlot
program (SigmaPlot 12.0, Systat Software Inc., San Jose, CA, USA).

3. Results and Discussion

3.1. Growth Characteristics of Mother Plants and Runners after Pro–Ca Treatment for Six Weeks

Figure 1 summarizes the growth characteristics of mother plants and runners of Maehyang
strawberry treated with two application methods of four different Pro–Ca concentrations for six weeks.
The petiole length of mother plants significantly decreased in the Pro–Ca treatment groups compared
to control plants, regardless of the application method. Further, the higher concentration of Pro–Ca
showed an inhibition effect on petiole length extension (Figure 1A). In previous studies, it has been
shown that PGR treatment in Spathiphyllum, rice, chrysanthemum, cucumber, apple, and tomato was
associated with suppression of plant stretchiness [8,14,31–34]. In the present study, the same results
were obtained in the Pro–Ca treatment groups. Additionally, there was no negative effect on the
development of new leaves in Pro–Ca treatment groups, except for treatments at four and five weeks
with 200 mg·L−1 Pro–Ca applied as a drench (Figure 1B). Similarly, Reekie et al. [17] observed that the
number of leaves was not affected by 62.5 mg·L−1 Pro–Ca applied as a foliar spray on the strawberry
cultivars Sweet Charlie and Camarosa. Plant height was inhibited in tomato by Pro–Ca without
affecting the leaf number during the seedling growth period [2]. These results are explained by the fact
that GA regulates cell elongation rather than cell division. The SPAD was significantly higher in Pro–Ca
treatment groups than in the control group during the four-week period after treatment, especially in
the foliar spray treatment with 200 mg·L−1 Pro–Ca (Figure 1C). Generally, PGRs inhibited plant size
and biomass while increasing chlorophyll content. This effect is presumably because PGRs reduce GA
biosynthesis in the plant, furthermore, cell elongation was decreased, which is the main physiological
function of Pro–Ca [35]. According to Yoon and Sagong [4], the leaf area of apple trees decreased,
while the specific leaf area and chlorophyll content were increased by Pro–Ca treatment. In addition,
Chinese cabbage treated with Pro–Ca at 400 mg·L−1 exhibited significantly increased chlorophyll
content compared to non-treatment [1]. Appropriate inhibition of plant vegetative growth may increase
light use efficiency under high plant density. Furthermore, the increase of SPAD could improve the
photosynthetic rate of individual leaves. The Fv/Fm of plants grown under normal conditions is
generally in the range 0.80 to 0.84, indicating the stress index and maximum quantum yield of PS II
photochemistry [29,36] (Figure 1D). In the present study, we confirmed chemical stress was caused
by Pro–Ca application, but that the range of normal growth conditions (0.80 to 0.84) occurred in all
treatment groups, except for plants in the first week following treatment. On the contrary, Fv/Fm was
0.778 and 0.815 at weeks two and five, respectively, for the control group, which was lower than Pro–Ca
treatment groups. Similarly, Ilias et al. [7] reported that Fv/Fm was not decreased by Pro–Ca treatment
in the okra cultivars Psalidati and Clemson Spineless. These results suggest that Pro–Ca treatment
does not impose a negative stress on mother plants of strawberry. Runner length was significantly
shorted in the higher treatment concentrations of Pro–Ca; notably, runner length was significantly
inhibited at 200 mg·L−1 Pro–Ca with the drench treatment (Figure 1E). Pro–Ca blocks the conversion
of physiologically inactive GA20/GA9 into highly physiologically active GA1/GA4. Pro–Ca remains in
the plant and medium for 3–4 weeks after treatment and inhibits vegetative growth. After that period,
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inhibition of endogenous GA biosynthesis by Pro–Ca decreases and vegetative growth resumes [37,38].
Runner length tended to increase after treatment with50 and 100 mg·L−1 Pro–Ca as foliar spray and
50 mg·L−1 Pro–Ca as a drench 4–6 weeks after treatment. This result implied that the elongation
of runners was due to the lower levels of residual Pro–Ca in the mother plant, which stimulated
vegetative growth. The occurrence of runners did not differ significantly from the control treatment,
except for 200 mg·L−1 Pro–Ca applied as a drench (Figure 1F).

 
Figure 1. Petiole length (A), number of leaves (B), SPAD value (C), chlorophyll fluorescence (D), runner
length (E), and number of runners (F) of strawberry cultivar Maehyang as affected by application
method and concentration of prohexadione–calcium (Pro–Ca) at 1, 2, 3, 4, 5, and 6 weeks following
treatment. Vertical bars represent standard deviation from the mean (n = 6). Different letters in the same
column indicate significant differences based on Tukey’s test (p ≤ 0.05). n.s, *, **, *** no statistically
significant difference or significant at p ≤ 0.05, 0.01, and 0.001, respectively.

3.2. Growth Characteristics of Mother Plants at 15 Weeks after Treatment with Pro–Ca

The growth characteristics of the mother plant at 15 weeks following treatment with Pro–Ca,
the method of application, and the concentration are shown in Table 1. The petiole length significantly
inhibited drench application more than foliar spray. The combined FW and DW of leaves and petioles
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and leaf area were decreased more by the Pro–Ca drench application than the foliar spray, but there
was no significant difference between the two application method treatment groups. In the treatment
with PGRs, foliar spray was rapidly absorbed through the leaves and a larger amount of PGR was
required. On the other hand, the effect of the drench application was slow but effective for a long time
period even at low concentrations [39]. In the present study, the same amount (35 mL) of treatment
was applied to all mother plants regardless of application method. Therefore, it is considered that
the shorter petiole length was a function of drench application, but not foliar application. In terms of
the Pro–Ca concentration, increasing the Pro–Ca concentration caused a reduction in the vegetative
growth in the strawberry cultivar Maehyang. The petiole length was significantly inhibited at the
200 mg·L−1 concentration treatment. However, the crown diameter and the FW and DW of the crown
were not significantly different between the treatment groups. In particular, the growth of the mother
plant slowed at 200 mg·L−1 Pro–Ca applied as a drench, even when the residual period had passed.
Reekie et al. [17] reported that in the strawberry cultivars Sweet Charlie and Camarosa, DW of leaf,
stem, and root were similar to the control at 42 days after treatment with 62.5 mg·L−1 Pro–Ca as a foliar
spray. However, in the present study, the lowest concentration of Pro–Ca (50 mg·L−1) resulted in lower
combined FW and DW of leaves and petioles, compared to the control. Generally, strawberry plants
show different responses depending on the cultivar being treated [40,41], and these characteristics are
controlled by genetic traits of the cultivars [42]. Barreto et al. [43] reported that concentrations of 200
and 400 mg·L−1 Pro–Ca markedly reduced vegetative growth indicators such as petiole length and leaf
area in the strawberry cultivars Camarosa and Aromas. Thus, a concentration of 100 mg·L−1 Pro–Ca
was suggested as the most appropriate concentration to apply to the cultivars Camarosa and Aromas.
In the present study, however, the lower concentration 50 mg·L−1 Pro–Ca was sufficient to inhibit
vegetative growth in the cultivar Maehyang. Therefore, it is likely that the effective concentration of
Pro–Ca for vegetative growth inhibition will be different for each strawberry cultivar.

Table 1. Growth characteristics of the strawberry cultivar Maehyang mother plants as influenced by
application method and concentration of Pro–Ca at 15 weeks after treatment.

Experiment
Factor

Petiole
Length

(cm)

Crown
Diameter

(mm)

Fresh Weight (g/plant) Dry Weight (g/plant)
Leaf Area

(cm2/plant)Leaves +
Petioles

Crown
Leaves +
Petioles

Crown

Application method

Foliar spray 18.6 16.5 72.6 6.9 17.2 1.4 1561.1
Drench 16.4 16.8 67.3 7.2 15.6 1.5 1449.3

* n.s. n.s. n.s. n.s. n.s. n.s.

Concentration (mg·L−1)

Control (0) 23.9 a 17.0 87.2 a 6.8 26.9 a 1.4 1867.3 a

50 19.3 b 16.3 75.5 ab 7.4 18.0 b 1.5 1538.7 b

100 18.0 bc 16.4 71.5 b 7.3 16.3 b 1.5 1541.0 b

150 17.4 bc 16.8 66.1 b 6.3 15.6 b 1.3 1557.7 b

200 15.5 c 17.1 66.8 b 7.2 15.6 b 1.5 1383.4 b

n.s. n.s. n.s.

Within each column, * significant difference at p ≤ 0.05; n.s. no statistically significant difference; means followed by
different letters are significantly different according to the Tukey’s test at p ≤ 0.05.

3.3. Growth Characteristics of Runners and Runner Plants at 15 Weeks after Treatment with Pro–Ca

There was no significant difference in the number of runners irrespective of application method
and concentration of Pro–Ca at 15 weeks after treatment (Figure 2A). Foliar spray and drenching
of Pro–Ca were more effective for runner plant production than the control. The greatest number
of runner plants were produced by applications of 100 and 150 mg·L−1 Pro–Ca by foliar spray, and
50 and 100 mg·L−1 Pro–Ca by drenching (Figure 2B). The number of runner plants per mother
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plant was the lowest (10.6) after application of 200 mg·L−1 as a drench, which was lower than the
control. In previous studies, foliar spray application of GA produced large numbers of runners and
runner plants of strawberries in the nursery period [42,44]. In the present study, however, Pro–Ca,
an anti-gibberellin was more effective for the production of runner plants using both application
methods and at concentration of 50 to 150 mg·L−1, compared to the control. These results implied that
the assimilation products used for the growth of mother plants were more effectively translocated for
the development of runners and runner plants after application of Pro–Ca.

 
Figure 2. Number of runners (A) and runner plants (B) of the strawberry cultivar Maehyang as affected
by application method and concentration of Pro–Ca at 15 weeks after treatment. Vertical bars represent
the standard deviation of the mean (n = 9). Different letters in the same column indicate significant
differences based on Tukey’s test (p ≤ 0.05).

The FW and DW of runners were similar to those of runner plants (Figure 3A,B). As the
concentration of Pro–Ca increased, the FW and DW of runners decreased, and especially, negative
correlations were observed from plants treated by drench application. In tomato, plant height
was reduced more effectively by Pro–Ca applied as a drench application than as a foliar spray [2].
The results of this study also showed that reducing the FW and DW of the runners occurred more
effectively as the concentration increased in the drench application rather than the foliar spray.
According to Savini et al. [45], the runner acts as a transporter to translocate assimilates, nutrient
elements, and water from the mother plant to the runner plant. Therefore, heavier biomass of the
runners has a positive effect on plant-to-plant communication. Consequently, the increased FW and
DW of the runner was a positive achievement of the application of 50 mg·L−1 Pro–Ca as a drench.

Total runner length and comparison of runner lengths are shown in Figure 4A,B. The total runner
length was shorter in all Pro–Ca treatment groups than in the control except for 50 mg·L−1 applied as
a drench. However, the comparison of runner length from the mother plant to the first runner plant,
from the first runner plant to the second runner plant, and from the second runner plant to the third
runner plant showed that they were shorter after application of 50 mg·L−1 Pro–Ca as a drench than in
the control. Similar results were obtained by Hytönen et al. [16], who obtained reduced elongation of
runners by application of 50 mg·L−1 Pro–Ca with foliar spray compared to the non-treatment in the
strawberry cultivar Korona. The total runner length and comparison of runner length was shortest
after treatment with 200 mg·L−1 Pro–Ca as a drench. The runner length has a great influence on the
determination of bed height in strawberry high bench type culture, and furthermore, the runner length
tends to be inversely proportional to the runner diameter [46]. Therefore, it is considered that reducing
runner length helps to produce higher quality runners and runner plants.
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Figure 3. Fresh weight of runners (A) and dry weight of runners (B) of the strawberry cultivar
Maehyang as affected by application method and concentration of Pro–Ca at 15 weeks after treatment.
Vertical bars represent the standard deviation of the mean (n = 9). Different letters in the same column
indicate significant differences based on Tukey’s test (p ≤ 0.05).

 

Figure 4. Total runner length (A) and comparison of runner length (B) of the strawberry cultivar
Maehyang as affected by application method and concentration of Pro–Ca at 15 weeks after treatment.
Vertical bars represent the standard deviation of the mean (n = 9). Different letters in the same column
indicate significant differences based on Tukey’s test (p ≤ 0.05).

3.4. Growth Characteristics of the First, Second, and Third Runner Plants at 15 Weeks after Treatment
with Pro–Ca

The growth characteristics of runner plants as affected by application method and concentration
of Pro–Ca at 15 weeks after treatment are shown in Table 2. The FW and DW of the first runner
plant showed no significant difference under all treatments. The FW of the second and third runner
plants showed a tendency to be heavier in the foliar spray than the drench application, and the
50 mg·L−1 Pro–Ca concentration resulted in higher FW of the second and third runner plant than
the control. In addition, DW of the second and third runner plants were heavier after the 50 mg·L−1

Pro–Ca application than the other concentrations of treatments. According to Reekie et al. [17],
the net photosynthetic rate of mother and runner plants of the strawberry cultivars Sweet Charlie and
Camarosa was increased by application of 62.5 mg·L−1 Pro–Ca as a foliar spray. Similarly, Sabatini et
al. [47] reported that Pro–Ca positively affected leaf mass area and chlorophyll content in apple and
pear trees because net photosynthesis was increased after Pro–Ca application. Also, strawberry plants
treated with Pro–Ca exhibited increased total DW, relative growth rate, and unit leaf rate during the
nursery period [18]. Moreover, strawberry cultivar Camarosa runner plants treated with 100 mg·L−1

Pro–Ca as a foliar spray exhibited a photosynthetic rate increase of 23% compared to non-treated
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controls [48]. This physiological phenomenon caused by Pro–Ca application occurs as a result of light
energy being converted into chemical energy (ATP and NADPH) that is used to reduce atmospheric
CO2 to carbohydrates through the Calvin cycle during photosynthesis [49]. Thus, in the present study,
we propose that the net photosynthetic rate was increased by Pro–Ca treatment. In addition, it is
considered that the photosynthetic products of the mother plant were more effectively translocated
to the runner plant due to the formation of the high quality runner after application of 50 mg·L−1

Pro–Ca (Figure 3). In previous studies, Pro–Ca treatment of strawberries focused mainly on the
concentration and number of foliar spray application [16–18,43]. Foliar spray applications are most
commonly used in PGRs, but can result in non-uniform plant size if careful attention to technique is not
used [50]. On the other hand, soil or growth medium drench applications give more uniform results
and increased product efficiency at lower concentrations compared to foliar spray application [51].
In general, PGRs are applied directly on the soil or growth medium as a drench, or as a foliar spray,
however, it is known that variation in responses occurs among species and cultivars [52]. Here, we
determined the best concentration and method of application of Pro–Ca to the strawberry cultivar
Maehyang for optimum propagation of runners and runner plants with higher biomass is 50 mg·L−1

Pro–Ca applied as a soil or growth medium drench.

Table 2. Growth characteristics of strawberry cultivar Maehyang runner plants as affected by
application method and concentration of Pro–Ca at 15 weeks after treatment.

Experiment Factor

Fresh Weight (g/plant) Dry Weight (g/plant)

First
Runner

Plant

Second
Runner

Plant

Third
Runner

Plant

First
Runner

Plant

Second
Runner

Plant

Third
Runner

Plant

Application method

Foliar spray 19.2 13.4 4.5 3.9 2.7 0.78
Drench 17.2 11.2 3.3 3.7 2.4 0.67

n.s. * * n.s. n.s. n.s.

Concentration (mg·L−1)

Control (0) 17.5 8.7 b 3.5 b 4.0 1.9 b 0.72 abc

50 18.5 13.3 a 5.3 a 3.9 2.9 a 1.02 a

100 19.3 13.7 a 4.4 ab 4.1 2.8 a 0.82 ab

150 17.3 10.4 ab 2.9 b 3.5 2.1 b 0.50 c

200 17.7 11.7 ab 3.1 b 3.6 2.3 ab 0.57 bc

n.s. n.s.

Within each column, * significant difference at p ≤ 0.05; n.s. no statistically significant difference; means followed by
different letters are significantly different according to the Tukey’s test at p ≤ 0.05.

4. Conclusions

The present study revealed that inhibiting the growth of mother plants using drench application
of Pro–Ca caused more sensitive responses compared to a foliar spray. Runners had heavier biomass
under low concentrations of Pro–Ca (50 mg·L−1) applied as a drench. In addition, application of
Pro–Ca (50 mg·L−1) applied as a drench increased the initiation of runner plants and stimulated higher
biomass, as measured by DW, of the second runner plant, and the FW and DW of the third runner
plant. Overall, the results suggest that 50 mg·L−1 Pro–Ca applied as a soil drench is the most suitable
way to promote the quality and quantity of strawberry cultivar Maehyang. This knowledge is expected
to be beneficial for the practical management of mother plants, runners, and the propagation of runner
plants during the nursery period.
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H.R.L., and J.H.K.; resources, S.J.H.; data curation, H.M.K.; writing—original draft preparation, H.M.K.;
writing—review and editing, S.J.H.; project administration, S.J.H.; funding acquisition, S.J.H., H.M.K., H.R.L., and
J.H.K.

26



Agronomy 2019, 9, 155

Funding: This research was funded by the Agrobio-Industry Technology Development Program; Ministry of
Food, Agriculture, Forestry, and Fisheries; Republic of Korea (Project No. 315004-5).

Acknowledgments: This research was supported by the Agrobio-Industry Technology Development Program;
Ministry of Food, Agriculture, Forestry, and Fisheries; Republic of Korea (Project No. 315004-5).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kang, S.M.; Kim, J.T.; Hamayun, M.; Hwang, I.C.; Khan, A.L.; Kim, Y.H.; Lee, J.H.; Lee, I.J. Influence of
prohexadione-calcium on growth and gibberellins content of Chinese cabbage grown in alpine region of
South Korea. Sci. Hortic. 2010, 125, 88–92. [CrossRef]

2. Altintas, S. Effects of chlormequat chloride and different rates of prohexadione-calcium on seedling growth,
flowering, fruit development and yield of tomato. Afr. J. Biotechnol. 2011, 10, 17160–17169.

3. Latimer, J.G. Growth retardants affect landscape performance of Zinnia, Impatiens, and marigold. HortScience
1991, 26, 557–560. [CrossRef]

4. Yoon, T.M.; Sagong, D.H. Growth control of ‘Fuji’ apple trees by use of prohexadione-calcium. Korean J.
Hortic. Sci. Technol. 2005, 23, 269–274.

5. Hwang, I.C.; Lee, I.J.; Cho, T.K.; Kim, J.T.; Yoon, C.S. Development of labor-saving plant growth regulator,
prohexadione-calcium, for growth inhibition. Korean J. Weed Sci. 2009, 29, 1–8.

6. Kim, H.C.; Cho, Y.H.; Ku, Y.G.; Hwang, S.J.; Bae, J.H. Growth characteristics of grafted tomato seedlings
following treatment with various concentrations of diniconazole during the summer growth season. Korean J.
Hortic. Sci. Technol. 2016, 34, 249–256.

7. Ilias, I.; Ouzounidou, G.; Giannakoula, A.; Papadopoulou, P. Effects of gibberellic acid and prohexadione-
calcium on growth, chlorophyll fluorescence and quality of okra plant. Biol. Plant 2007, 51, 575–578.
[CrossRef]

8. Kim, H.Y.; Lee, I.J.; Hamayun, M.; Kim, J.T.; Won, J.G.; Hwang, I.C.; Kim, K.U. Effect of prohexadione-calcium
on growth components and endogenous gibberellins contents of rice (Oryza sativa L.). J. Agron. Crop Sci.
2007, 193, 445–451. [CrossRef]

9. Medjdoub, R.; Val, J.; Blanco, A. Prohexadione-Ca inhibits vegetative growth of ‘Smoothee Golden Delicious’
apple trees. Sci. Hortic. 2004, 101, 243–253. [CrossRef]

10. Byers, R.E.; Yoder, K.S. Prohexadione-calcium inhibits apple, but not peach, tree growth, but has little
influence on apple fruit thinning or quality. HortScience 1999, 34, 1205–1209. [CrossRef]

11. Brown, R.G.S.; Kawaide, H.; Yang, Y.Y.; Rademacher, W.; Kamiya, Y. Daminozide and prohexadione have
similar modes of action as inhibitors of the late stages of gibberellin metabolism. Physiol. Plant 1997,
101, 309–313. [CrossRef]

12. Evans, J.R.; Evans, R.R.; Regusci, C.L.; Rademacher, W. Mode of action, metabolism, and uptake of BAS
125W, prohexadione-calcium. HortScience 1999, 34, 1200–1201. [CrossRef]

13. Ito, A.; Sakamoto, D.; Itai, A.; Nishijima, T.; Oyama-Okudo, N.; Nakamura, Y.; Moriguchi, T.; Nakajima, I.
Effects of GA3+4 and GA4+7 application either alone or combined with prohexadione-ca on fruit development
of Japanese pear ‘Kosui’. Hortic. J. 2016, 85, 201–208. [CrossRef]

14. Kim, Y.H.; Khan, A.L.; Hamayun, M.; Kim, J.T.; Lee, J.H.; Hwang, I.C.; Yoon, C.S.; Lee, I.J. Effects of
prohexadione calcium on growth and gibberellins contents of Chrysanthemum morifolium R. cv Monalisa
White. Sci. Hortic. 2010, 123, 423–427. [CrossRef]

15. Ilias, I.; Rajapakse, N. Prohexadione-calcium affects growth and flowering of petunia and impatiens grown
under photoselective films. Sci. Hortic. 2005, 106, 190–202. [CrossRef]

16. Hytönen, T.; Elomaa, P.; Moritz, T.; Junttila, O. Gibberellin mediates daylength-controlled differentiation
of vegetative meristems in strawberry (Fragaria × ananassa Duch). BMC Plant Biol. 2009, 9, 18. [CrossRef]
[PubMed]

17. Reekie, J.Y.; Hicklenton, P.R.; Struik, P.C. Prohexadione-calcium modifies growth and increases
photosynthesis in strawberry nursery plants. Can. J. Plant Sci. 2005, 85, 671–677. [CrossRef]

18. Reekie, J.Y.; Struik, P.C.; Hicklenton, P.R.; Duval, J.R. Dry matter partitioning in a nursery and a plasticulture
fruit field of strawberry cultivars ‘Sweet Charlie’ and ‘Camarosa’ as affected by prohexadione-calcium and
partial leaf removal. Eur. J. Hortic. Sci. 2007, 72, 122–129.

27



Agronomy 2019, 9, 155

19. Jun, H.J.; Jeon, E.H.; Kang, S.I.; Bae, G.H. Optimum nutrient solution strength for Korean strawberry cultivar
‘Daewang’ during seedling period. Korean J. Hortic. Sci. Technol. 2014, 32, 812–818. [CrossRef]

20. Na, Y.W.; Jeong, H.J.; Lee, S.Y.; Choi, H.G.; Kim, S.H.; Rho, I.R. Chlorophyll fluorescence as a diagnostic
tool for abiotic stress tolerance in wild and cultivated strawberry species. Hortic. Environ. Biotechnol. 2014,
55, 280–286. [CrossRef]

21. Park, G.S.; Choi, J.M. Medium depths and fixation dates of ‘Seolhyang’ strawberry runner plantlets in
nursery field influence the seedling quality and early growth after transplanting. Korean J. Hortic. Sci. Technol.
2015, 33, 518–524. [CrossRef]

22. Choi, J.M.; Nam, M.H.; Lee, H.S.; Kim, D.Y.; Yoon, M.K.; Ko, K.D. Influence of Ca fertilization on the growth
and appearance of physiological disorders in mother plants and occurrence of daughter plants in propagation
of ‘Seolhyang’ strawberry through soil cultivation. Korean J. Hortic. Sci. Technol. 2012, 30, 657–663. [CrossRef]

23. Choi, J.M.; Latigui, A.; Lee, C.W. Visual symptom and tissue nutrient contents in dry matter and petiole
sap for diagnostic criteria of phosphorus nutrition for ‘Seolhyang’ strawberry cultivation. Hortic. Environ.
Biotechnol. 2013, 54, 52–57. [CrossRef]

24. Lee, H.S.; Choi, J.M.; Kim, T.I.; Kim, H.S.; Lee, I.H. Influence of bicarbonate concentrations in nutrient
solution on the growth, occurrence of daughter plants and nutrient uptake in vegetative propagation of
‘Seolhyang’ strawberry. Korean J. Hortic. Sci. Technol. 2014, 32, 149–156. [CrossRef]

25. Lee, H.S.; Park, I.S.; Choi, J.M. Influence of sulfur concentration on bicarbonate injury reduction during
vegetative growth in ‘Seolhyang’ strawberry. Hortic. Sci. Technol. 2018, 36, 362–369.

26. Caruso, G.; Villari, G.; Melchionna, G.; Conti, S. Effects of cultural cycles and nutrient solutions on plant
growth, yield and fruit quality of alpine strawberry (Fragaria vesca L.) grown in hydroponics. Sci. Hortic.
2011, 129, 479–485. [CrossRef]

27. Kim, H.M.; Kim, H.M.; Jeong, H.W.; Lee, H.R.; Jeong, B.R.; Kang, N.J.; Hwang, S.J. Growth of mother plants
and occurrence of daughter plants of ‘Maehyang’ strawberry as affected by different EC levels of nutrient
solution during nursery period. Protected Hortic. Plant Fac. 2018, 27, 185–190. [CrossRef]

28. Narváez-Ortiz, W.A.; Lieth, J.H.; Grattan, S.R.; Benavides-Mendoza, A.; Evans, R.Y.; Preciado-Rangel, P.;
Valenzuela-García, J.R.; Gonzalez-Fuentes, J.A. Implications of physiological integration of stolon
interconnected plants for salinity management in soilless strawberry production. Sci. Hortic. 2018,
241, 124–130. [CrossRef]

29. Maxwell, K.; Johnson, G.N. Chlorophyll fluorescence—A practical guide. J. Exp. Bot. 2000, 51, 659–668.
[CrossRef]

30. Genty, B.; Briantais, J.M.; Baker, N.R. The relationship between the quantum yield of photosynthetic electron
transport and quenching of chlorophyll fluorescence. Biochim. Biophys. Acta 1989, 990, 87–92. [CrossRef]

31. Won, E.J.; Jeong, B.R. Effect of plant growth retardants on the growth characteristics of potted Spathiphyllum
in ebb and flow system. Korean J. Hortic. Sci. Technol. 2007, 25, 443–450.

32. Sun, E.S.; Kang, H.M.; Kim, Y.S.; Kim, I.S. Effects of seed soaking treatment of diniconazol on the inhibition
of stretching of tomato and cucumber seedlings. J. Bio-Environ. Control 2007, 19, 55–62.

33. Sagong, D.H.; Song, Y.Y.; Park, M.Y.; Kweon, H.J.; Kim, M.J.; Yoon, T.M. Photosynthesis, shoot growth and
fruit quality in ‘Fuji’/M.9 mature apple trees in response to prohexadione-calcium treatments. Korean J.
Hortic. Sci. Technol. 2014, 32, 762–770. [CrossRef]

34. Agehara, S.; Leskovar, D.I. Growth suppression by exogenous abscisic acid and uniconazole for prolonged
marketability of tomato transplants in commercial conditions. HortScience 2017, 52, 606–611. [CrossRef]

35. Kofidis, G.; Giannakoula, A.; Ilias, I.F. Growth, anatomy and chlorophyll fluorescence of coriander plants
(Coriandrum sativum L.) treated with prohexadione-calcium and daminozide. Acta Biol. Crac. Ser. Bot. 2008,
50, 55–62.

36. Baker, N.R.; Rosenqvist, E. Applications of chlorophyll fluorescence can improve crop production strategies:
An examination of future possibilities. J. Exp. Bot. 2004, 55, 1607–1621. [CrossRef]

37. Evans, R.R.; Evans, J.R.; Rademacher, W. Prohexadione-calcium for suppression of vegetative growth in
eastern apples. Acta Hortic. 1997, 451, 663–666. [CrossRef]

38. Schupp, J.R.; Robinson, T.L.; Cowgill, W.P.J.; Compton, J.M. Effect of water conditioner and surfactants on
vegetative growth control and fruit cracking of ‘Empire’ apple caused by prohexadione-calcium. HortScience
2003, 36, 1205–1209. [CrossRef]

28



Agronomy 2019, 9, 155

39. Lee, M.Y. Suppression of Stretchiness in Pot Kalanchoe by Various Applications of Plant Growth Retardants.
Master’s Thesis, Gyeongsang National University, Jinju, Korea, 2003.

40. Kender, W.J.; Carpenter, S.; Braun, J.W. Runner formation in ever-bearing strawberry as influenced by
growth-promoting and inhibiting substances. Ann. Bot. 1971, 35, 1045–1052. [CrossRef]

41. Singh, J.P.; Randhawa, G.S.; Jain, N.L. Response of strawberry to gibberellic acid. Indian J. Hortic. Sci. 1960,
17, 21–30.

42. Momenpour, A.; Taghavi, T.S.; Manochehr, S. Effects of benzyladenine and gibberellin on runner production
and some vegetative traits of three strawberry cultivars. Afr. J. Agr. Res. 2011, 6, 4357–4361.

43. Barreto, C.F.; Ferreira, L.V.; Costa, S.I.; Schiavon, A.V.; Becker, T.B.; Vignolo, G.K.; Antunes, L.E.C.
Concentration and periods of application of prohexadione-calcium in the growth of strawberry seedlings.
Semina: Ciências Agrárias 2018, 39, 1937–1944. [CrossRef]

44. Pipattanawong, N.; Fujishige, N.; Yamane, K.; Ijiro, Y.; Ogata, R. Effects of growth regulators and fertilizer on
runner production, flowering, and growth in day-neutral strawberries. Jpn. J. Trop. Agric. 1996, 40, 101–105.

45. Savini, G.; Giorgi, V.; Scarano, E.; Neri, D. Strawberry plant relationship through the stolon. Physiol. Plant
2008, 134, 421–429. [CrossRef]

46. Kim, T.I.; Kim, W.S.; Choi, J.H.; Jang, W.S.; Seo, K.S. Comparison of runner production and growth
characteristics among strawberry cultivars. Korean J. Hortic. Sci. Technol. 1999, 17, 111–114.

47. Sabatini, E.; Noferini, M.; Fiori, G.; Grappadelli, L.C.; Costa, G. Prohexadione-ca positively affects gas
exchanges and chlorophyll content of apple and pear trees. Eur. J. Hortic. Sci. 2003, 68, 123–128.

48. Pereira, I.D.S.; Goncalves, M.A.; Picolotto, L.; Vignolo, G.K.; Antunes, L.E.C. Prohexadione-calcium growth
control of ‘Camarosa’ strawberry seedlings cultivated in commercial substrate. Amazon. J. Agric. Environ. Sci.
2016, 59, 93–98.

49. Hofius, D.; Börnke, F.A.J. Photosynthesis, carbohydrate metabolism and source-sink relations. In Potato
Biology and Biotechnology; Elsevier Science B.V.: Amsterdam, The Netherlands, 2007; pp. 257–285.

50. Barrett, J.E.; Bartuska, C.A.; Nell, T.A. Application techniques alter uniconazole efficacy on chrysanthemums.
HortScience 1994, 29, 893–895. [CrossRef]

51. Hwang, S.J.; Lee, M.Y.; Park, Y.H.; Sivanesan, I.; Jeong, B.R. Suppression of stem growth in pot kalanchoe ‘Gold
Strike’ by recycled subirrigational supply of plant growth retardants. Afr. J. Biotechnol. 2008, 7, 1487–1493.

52. Shin, W.G.; Hwang, S.J.; Sivanesan, I.; Jeong, B.R. Height suppression of tomato plug seedlings by an
environment friendly seed treatment of plant growth retardants. Afr. J. Biotechnol. 2009, 8, 4100–4107.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

29



agronomy

Article

Assessment of Ultrasound Assisted Extraction as an
Alternative Method for the Extraction of
Anthocyanins and Total Phenolic Compounds from
Maqui Berries (Aristotelia chilensis (Mol.) Stuntz)

Mercedes Vázquez-Espinosa, Ana V. González de Peredo, Marta Ferreiro-González,

Ceferino Carrera, Miguel Palma, Gerardo F. Barbero * and Estrella Espada-Bellido

Department of Analytical Chemistry, Faculty of Sciences, University of Cadiz, Agrifood Campus of International
Excellence (ceiA3), IVAGRO, 11510 Puerto Real, Cadiz, Spain; mercedes.vazquez@uca.es (M.V.-E.);
ana.velascogope@uca.es (A.V.G.d.P.); marta.ferreiro@uca.es (M.F.-G.); ceferino.carrera@uca.es (C.C.);
miguel.palma@uca.es (M.P.); estrella.espada@uca.es (E.E.-B.)
* Correspondence: gerardo.fernandez@uca.es; Tel.: +34-956-016355; Fax: +34-956-016460

Received: 15 February 2019; Accepted: 18 March 2019; Published: 21 March 2019

Abstract: Research interest regarding maqui (Aristotelia chilensis) has increased over the last years
due to its potential health benefits as one of the most antioxidant-rich berries. Ultrasound-assisted
extraction (UAE) is an advanced green, fast, and ecological extraction technique for the production of
high quality extracts from natural products, so it has been proposed in this work as an ideal alternative
extraction technique for obtaining extracts of high bioactivity from maqui berries. In order to
determine the optimal conditions, the extraction variables (percentage of methanol, pH, temperature,
ratio “sample mass/volume of solvent”, amplitude, and cycle) were analyzed by a Box-Behnken
design, in conjunction with the response surface method. The statistical analysis revealed that the
temperature and the percentage of methanol were the most influential variables on the extraction
of the total phenolic compounds and total anthocyanins, respectively. The optimal extraction time
was determined at 15 min for total phenolic compounds, while it was only 5 min for anthocyanins.
The developed methods showed a high precision level with a coefficient of variation of less than
5%. Finally, the new methods were successfully applied to several real samples. Subsequently, the
results were compared to those that were obtained in previous experiments by means of microwave
assisted extraction (MAE). Similar extraction yields were obtained for phenolic compounds under
optimized conditions. However, UAE proved to be slightly more efficient than MAE in the extraction
of anthocyanins.

Keywords: anthocyanins; Aristotelia chilensis (Mol.) Stuntz; maqui berry; food analysis; phenolic
compounds; superfruit; ultrasound assisted extraction

1. Introduction

In recent years, there has been growing attention for the consumption of food rich in bioactive
compounds that are associated to an improvement of health. Small berries, amongst other types of
food, represent a diverse group that includes a number of rather small size, perishable, red, blue, and
purple fruits, which are highly valued for their intense colour, delicate texture, and unique flavour [1].
Nowadays, there has been a considerable interest in finding natural antioxidants from plant materials
to replace the synthetic ones. Berries are a rich source of bioactive compounds, which contribute to
their antioxidant activity and different biological functions, so they can prevent diseases and health
disorders [2]. Therefore, the interest on them and their analysis has grown enormously. Maqui
(Aristotelia chilensis (Mol.) Stuntz), which is a shrub with reddish stems and evergreen leaves, is native
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to South America, and it grows in dense thickets forming wild populations, called “macales”. It is a
dioic berry from the Elaeocarpaceae family and it can grow up to 3–5 m tall. Between December and
January, it produces small edible berries of a purple/black colour [3,4].

These berries are extremely rich in phenolic compounds and mainly anthocyanins, which are
antioxidant substances that can remove free radicals and by its oxidation inhibit chain reactions.
These compounds give maqui berries their intense blackish colour making into one of the berries
with the most intense antioxidant properties known so far [5,6]. Special attention has recently been
paid to these biological compounds, not only for their use as natural colorants, but also for their
use in food and pharmaceutical industries for their disease preventive properties [7,8], as well as a
food supplement or functional food product [9,10]. Its consumption can protect you against some
chronic diseases, such as cardiovascular disorders, since, thanks to their antioxidants content, can
prevent cholesterol from oxidizing in blood. They can also contribute to obesity control by accelerating
metabolism and fat burning. Anti-inflammatory, anticarcinogenic, and antidiabetic properties, as well
as antibacterial activity have been confirmed among others [11,12].

The phenolic compounds in maqui can be divided into three groups: phenolic acids (gallic acid,
hexahydroxydiphenic acid, granatin B, punicacortin C, etc.), flavonols (myricetin, quercetin,
kaempferol, and its derivatives), and eight anthocyanins (delphinidin 3-O-sambubioside-5-O-glucoside,
delphinidin 3,5-O-diglucoside, cyanidin 3-O-sambubioside-5-O-glucoside, cyanidin 3,5-O-diglucoside,
delphinidin 3-O-sambubioside, delphinidin 3-O-glucoside, cyanidin 3-O-glucoside, and cyanidin
3-O-sambubioside) [9,13]. This extraordinary content in bioactive compounds has been granted its
recognition as a “superfruit” [14].

However, despite the fact that maqui’s antioxidant capacity is much higher than that of other
fruits, large scale plantations are yet to be found, since it is mainly consumed worldwide as an extract
or supplement instead of as fresh fruit.

Moreover, maqui berries have only started to be commercialized and they are understudied to
date, so hardly any extraction or analysis techniques have been specifically developed in the literature
for this fruit. Due to the different characteristics of this fruit as compared to other similar berries,
not only in the matrix, but also in the anthocyanins and phenolic compounds, the development,
and optimization of extraction techniques specifically for maqui are required. In addition, due to its
high cost, the use of other cheaper berries to replace maqui seems to be a serious problem for the
food industry, developing adequate techniques that allow for us to control its quality and detecting
possible food fraud is essential [15,16]. Due to their advantages when compared to conventional
methods, more environmentally friendly, faster, cheaper, and more energy efficient methods, such
as microwave-assisted extraction, ultrasonic-assisted extraction, supercritical fluid extraction, or
pressurized liquid extraction, have been used to obtain extracts from plant materials [17,18].

In fact, ultrasound assisted extraction (UAE) has been used for the extraction of compounds of
interest, since it is simple, rapid, low cost, and energy efficient [19]. Ultrasounds are very high frequency
pressure waves, which are transmitted by materials, causing their contraction and subsequent
expansion, and consequently the transmission of energy through those materials. The ultrasound
signals generate physical and chemical changes in the medium, as they generate bubbles that
subsequently collapse due to cavitation. This cavitation breaks the plant matrix cell walls and it
favours the penetration of the solvent and the release of the analytes [20,21]. The solid and liquid
particles vibrate and then accelerate, because of the ultrasonic action and, as a result, the solute
rapidly passes from the solid phase to the solvent [22]. One of the main advantages of this method
is its efficiency, since it can obtain greater extraction yields with a lower solvent consumption and
in a shorter time that any other extraction technique [23]. This is a widely used technique that has
been recently applied to the extraction of compounds of interest from other similar matrices, such as
grapes [24], mulberries [25], or blueberries [26].

Several variables can affect efficiency levels of ultrasonic extraction, such as cycle, amplitude,
temperature, or type and volume of solvent as well as its pH. In relation to the solvent, aqueous
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alcohol mixtures are the most commonly used solvents for the extraction of bioactive components from
berries [27]. Temperature and pH can cause the degradation of these compounds, so they are to be kept
under control [28,29]. Regarding the cycle, the amplitude or power may favour the destruction of the
cell walls and improve the mass transfer during the extraction process [30]. Therefore, a study that is
based on a Box-Behnken design was carried out to determine the optimal conditions for the extraction
method and to evaluate the importance of each factor and the relationships between them [31,32].
The results were treated with a response surface method; a technique that generates a mathematical
model where the response of the system can be observed in terms of the factors that are involved and
the interactions between them [23,33].

The aim of this work is to develop, based on the comparison of multiple extraction variables,
a green and efficient method to extract compounds of biological interest from maqui berries.
The medicinal uses of this berry that are attributed by the plant’s secondary metabolites, the unique
resources for pharmaceuticals, food additives, and fine chemicals, as well as the high commercial value
and demand make the development of simple extraction techniques from this fruit of great interest for
the food industry. Moreover, a comparison between UAE and microwave assisted extraction (MAE)
performance was also carried out to determine the impact of cavitation in UAE and microwaves in
closed systems in MAE.

2. Materials and Methods

2.1. Sample Preparation

Lyophilized maqui from organic farming that was purchased from SuperAlimentos, Mundo
Arcoíris, (Besalú, Girona, Spain) was the biological material used for the experiments. The samples
were in powder form to increase their contact surface with the solvent and improve the yields. Once the
extraction methods had been optimized, several currently commercialized samples in different formats,
including capsules, pills, and lyophilized matrix, which contained maqui, were also tested to verify
the suitability of the method. Both, the experimental maqui sample and the commercial samples were
stored at −20 ◦C prior to their analysis.

2.2. Chemicals and Reagents

The solvents that were used for the extractions were mixtures of methanol and water.
The methanol employed (Fischer Scientific, Loughborough, UK) was HPLC grade. A Milli-Q water
purification system from Millipore supplied ultra-pure water (Bedford, MA, USA). To adjust the
pH, solutions of hydrochloric acid, and sodium hydroxide (Panreac Química S.A.U., Castellar del
Vallés, Barcelona, Spain), grade “for analysis” were used. For the chromatographic separations of
the anthocyanins, methanol, milli-Q water, and formic acid (Scharlau S.L., Sentmenat, Barcelona,
Spain), HPLC grade, were used, and for its quantification, cyanidin chloride was used (Sigma-Aldrich
Chemical Co., St Louis, MO, USA) as a standard pattern. For the quantification of the total phenolic
compounds, distilled water, Folin-Ciocalteau reagent (Merck KGaA, EMD Millipore Corporation,
Darmstadt, Germany), anhydrous sodium carbonate (Panreac Química S.A.U., Castellar del Vallés,
Barcelona, Spain), and gallic acid as a standard (Sigma-Aldrich Chemical Co., St Louis, MO, USA)
were used.

2.3. Ultrasound-Assisted Extraction Procedure

The extraction was performed by ultrasonic irradiation while using a Probe UP 200 S
(Ultraschallprozessor Dr. Hielscher, Gmbh, Berlin, Germany), which allows for the control and
modification of the cycle and the amplitude. This system was coupled with a thermostatic bath
(FRIGITERM-10, Selecta, Barcelona, Spain) under controlled temperature. The variables that were
to be studied in the different experiments were: percentage of methanol (25-50-75%), pH (2-4.5-7),
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temperature (10-40-70 ◦C), sample mass/solvent volume (ratio) (10-15-20 mL), cycle (0.2-0.45-0.7 s),
and amplitude (30-50-70%).

Approximately, 0.5 grams of lyophilized sample was weighed in a 50 mL “Falcon” and
the appropriate type and volume of solvent was added, depending on the experimental design.
The “Falcon” was placed inside a double-walled vessel to control the extraction temperature.
The extraction was carried out under controlled UAE conditions for 10 min. After the extraction, the
extract was centrifuged twice for 5 min at 11,544× g. The supernatant was transferred in both cases to
a 25 mL volumetric flask and then made up to the mark with the same solvent. Finally, the extracts
were stored in a freezer at −20 ◦C prior to their analysis.

2.4. Identification of Anthocyanins

First, the anthocyanins in the extract were filtered through a 0.22-μm syringe filter
(Nylon Syringe Filter, FILTER-LAB, Barcelona, Spain) and they were then identified by
means of ultra-high-performance liquid chromatography equipment (UHPLC) coupled to a
quadrupole-time-of-flight mass spectrometer (QToF-MS) (Xevo G2 QToF, Waters Corp., Milford, MA,
USA). The separation was carried out using a C-18 analytical column (Acquity UHPLC BEH C18,
Waters Corporation, Milford, MA, USA) of 100 mm × 2.1 mm and 1.7 μm particle size, working
in reverse phase. The flow rate was 0.4 mL/min. The mobile phase was a binary solvent system
consisting on Milli-Q water that was acidified with 2% formic acid as phase A and pure methanol as
phase B, both filtered and degassed, and using the following gradient: 0 min, 15% B; 3.30 min, 20% B;
3.86 min, 30% B; 5.05 min, 40% B; 5.35 min, 55% B; 5.64 min, 60% B; 5.94 min, 95% B; 7.50 min, 95% B.
For the determination of the analytes, an electrospray source operating in the positive ionization mode
was used under the following conditions: desolvation gas flow = 700 L/h, desolvation temperature
= 500 ◦C, cone gas flow = 10 L h−1, source temperature = 150 ◦C, capillary voltage = 700 V, cone
voltage = 30 V, and collision energy = 20 eV. Full-scan mode was used (m/z = 100–1200). Under
the above conditions, eight anthocyanins were identified in the maqui samples (compound, m/z):
delphinidin 3-O-sambubioside-5-O-glucoside, 759; delphinidin 3,5-O-diglucoside, 627; cyanidin
3-O-sambubioside-5-O-glucoside, 743; cyanidin 3,5-O-diglucoside, 611; delphinidin 3-O-sambubioside,
597; delphinidin 3-O-glucoside, 465; cyanidin 3-O-glucoside, 449; and, cyanidin 3-O-sambubioside, 581.

2.5. Detection of Anthocyanins

Once the anthocyanins were identified in the maqui samples, their separation and quantification
was carried out by a liquid chromatography equipment Elite LaChrom Ultra System (VWR Hitachi,
Tokyo, Japan), which was composed by an L-2200 U autosampler, an L-2300 column oven set at 50 ◦C,
two L-2160 U pumps, and a UV-Vis L-2420 U detector set at 520 nm, which is the maximum absorption
of anthocyanins. The UHPLC chromatogram and the information about each peak assignment are
shown in Figure S1 and Table S1, respectively.

As aforementioned, the extracts that were obtained were first filtered through a 0.22 μm syringe
filter (Nylon Syringe Filter, FILTER-LAB, Barcelona, Spain). A C-18 column (Phenomenex Kinetex,
CoreShell Technology, Torrance, CA, USA) of 100 × 2.1 mm and particle size of 2.6 μm was used,
working in reverse phase. The injection volume was 15 μL. For its separation, Milli-Q water acidified
at 5% with formic acid (solvent A) and pure methanol (solvent B) were used, both being filtered
through a 0.22 μm filter and degassed by ultrasonic bath (Elma S300 Elmasonic, Singen, Germany).
The gradient used was as follows: 0.0 min, 2% B; 2.0 min, 2% B; 3.5 min, 15% B; 5.5 min, 25% B;
6.5 min, 40% B; 7.0 min 100% B; 9.3 min, 100% B; 10.0 min, 2% B; 12.0 min, 2% B, and a flow of
0.7 mL/min. For its quantification, a calibration curve was generated, using cyanidin chloride as
the reference standard between 0.05 and 30 mg L−1. The regression equation (y = 252,638.09x −
28,465.10) and the correlation coefficient (0.9998), as well as the detection and quantification limits
(LOD = 0.179 mg L−1 and LOQ = 0.597 mg L−1, respectively), were calculated. Finally, assuming that
the different anthocyanins have similar absorbance, the anthocyanins that were present in maqui were
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quantified from the calibration curve of cyanidin chloride, based on the structural similarities and
taking their corresponding molecular weights into account. A calibration curve was generated for each
anthocyanin present in the maqui berry, which allows for the quantification of each of them [34–36].
The results were expressed as a sum of individual anthocyanins as milligrams of cyanidin chloride
equivalents per gram of dry fruit.

2.6. Total Phenolic Content (TPC)

The total phenolic content in maqui was expressed as mg of gallic acid equivalents per gram
of fresh fruit, according to the modified Folin-Ciocalteau (FC) spectrophotometric method [37–40].
For this, a UV-Vis Helios Gamma (γ) Unicam (Thermo Fisher Scientific, Waltham, MA, USA)
spectrophotometer was used. Prior to their analysis, the extracts were filtered through a 0.45 μm
syringe filter (Nylon Syringe Filter, FILTER-LAB, Barcelona, Spain). Subsequently, 0.25 mL of extract,
12.5 mL of water, 1.25 mL of Folin-Ciocalteau reagent, and 5 mL of 20% anhydrous sodium carbonate
solution were added to a 25 mL volumetric flask and the solution was made up to the mark with water.
A blue colour complex was formed as the result of the reduction of the phenolic compounds that were
present in the extract, and after 30 min, its absorbance was determined at 765 nm. The total phenolic
content was calculated by means of a calibration curve under the same conditions, using standards
of gallic acid of known concentration between 100 and 2000 mg L−1 and measuring their absorbance
values. The regression equation (y = 0.0010x + 0.0065) and the correlation coefficient (R2 = 0.9998) were
obtained. The results were expressed as mg of gallic acid equivalent per gram of dry fruit.

2.7. Response Surface Regression Analysis

A three-level, six factors Box-Behnken design (BBD), in conjunction with the surface response
method, was employed to determine the optimum UAE conditions for the extractions of both types
of compounds and their interactions. BBD is a spherical design structure that prevents carrying out
the experiments under extreme conditions [41]. BBD ensures the maximum possible amount of data
on the system’s response, while a lower number of experiments and smaller amounts of reagent are
required [42]. The extraction variables were the percentage of methanol, pH, temperature, solvent
volume: sample mass (ratio), cycle, and amplitude, which were coded at three different levels: −1
(low), 0 (medium), and +1 (high). Therefore, the design indicates the execution of 54 experiments,
which were randomly carried out to avoid any preconceptions. The experimental data from the
two responses—total anthocyanins and total phenolic compounds—were fitted into a second-order
polynomial model, as in the following equation [43]:

y = β0 +
k

∑
i=1

βi·xi + βii·x2
i + ∑

i

k

∑
i=1

βij·xixj + r (1)

where, y represents the aforementioned responses; β0 is the constant coefficient; βi, βii, and βij are the
regression coefficients of linear, quadratic, and interactive terms respectively; xi represent each factor;
and, r is the residual value.

2.8. Statistical Analysis

The results were analyzed by means of the statistical program Design Expert software
(Trial Version, Stat-Ease Inc., Minneapolis, MN, USA). An Analysis of Variance (ANOVA) was
performed to evaluate the quality of the model fitted to the experimental response, the regression
terms, and to determine any statistically significant differences (p < 0.05). A response surface method
was employed to determine the optimum extraction conditions and the most influential parameters.
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3. Results and Discussion

3.1. Fitting the Model of the Extraction Process

For the three-level Box-Behnken design that was employed to determine the optimal UAE
conditions, six independent variables: percentage of methanol (25-50-75%), temperature (10-40-70 ◦C),
amplitude (30-50-70%), cycle (0.2-0.45-0.7 s), pH (2-4.5-7), and solvent volume:sample mass ratio
(10:0.5-15:0.5-20:0.5 mL:g) and two responses: total anthocyanins and total phenolic compounds, were
optimized. The decoded values of the independent variables and the responses that were obtained in
the multivariate study from each experiment are shown in Table 1.

Table 1. Box-Behnken design matrix including both decoded variables and responses.

Run

Factors Responses

Solvent
X1

Temp.*
X2

Amplitude
X3

Cycle X4 pH X5 Ratio X6
Total Anthocyanins

(mg g−1)
Total Phenolic

Compounds (mg g−1)

1 50 40 30 0.45 2 10 34.21 37.10
2 50 40 70 0.45 2 10 34.48 38.49
3 50 40 30 0.45 7 10 31.29 44.45
4 50 40 70 0.45 7 10 31.00 47.68
5 50 40 30 0.45 2 20 38.17 50.36
6 50 40 70 0.45 2 20 40.00 55.15
7 50 40 30 0.45 7 20 33.19 48.39
8 50 40 70 0.45 7 20 31.88 51.44
9 50 10 50 0.2 2 15 29.96 38.07
10 50 70 50 0.2 2 15 36.47 60.46
11 50 10 50 0.7 2 15 33.86 35.18
12 50 70 50 0.7 2 15 38.77 71.07
13 50 10 50 0.2 7 15 30.73 38.89
14 50 70 50 0.2 7 15 35.54 46.32
15 50 10 50 0.7 7 15 31.35 41.21
16 50 70 50 0.7 7 15 31.12 44.11
17 25 40 30 0.2 4.5 15 21.11 39.51
18 75 40 30 0.2 4.5 15 31.95 37.39
19 25 40 70 0.2 4.5 15 21.20 40.57
20 75 40 70 0.2 4.5 15 31.22 38.26
21 25 40 30 0.7 4.5 15 21.20 41.96
22 75 40 30 0.7 4.5 15 33.66 46.65
23 25 40 70 0.7 4.5 15 25.17 45.97
24 75 40 70 0.7 4.5 15 35.10 39.14
25 50 10 30 0.45 4.5 10 30.53 47.25
26 50 70 30 0.45 4.5 10 34.19 37.92
27 50 10 70 0.45 4.5 10 26.92 46.70
28 50 70 70 0.45 4.5 10 32.26 45.80
29 50 10 30 0.45 4.5 20 31.11 36.72
30 50 70 30 0.45 4.5 20 36.91 42.25
31 50 10 70 0.45 4.5 20 27.17 41.08
32 50 70 70 0.45 4.5 20 37.19 41.07
33 25 10 50 0.45 2 15 21.56 35.93
34 75 10 50 0.45 2 15 35.88 44.42
35 25 70 50 0.45 2 15 28.78 51.74
36 75 70 50 0.45 2 15 36.10 56.54
37 25 10 50 0.45 7 15 21.79 35.11
38 75 10 50 0.45 7 15 35.34 37.37
39 25 70 50 0.45 7 15 24.80 47.58
40 75 70 50 0.45 7 15 33.68 46.77
41 25 40 50 0.2 4.5 10 20.26 37.54
42 75 40 50 0.2 4.5 10 31.89 39.78
43 25 40 50 0.7 4.5 10 19.91 38.76
44 75 40 50 0.7 4.5 10 32.76 48.22
45 25 40 50 0.2 4.5 20 20.08 37.56
46 75 40 50 0.2 4.5 20 34.21 39.58
47 25 40 50 0.7 4.5 20 23.60 43.52
48 75 40 50 0.7 4.5 20 34.09 47.47
49 50 40 50 0.45 4.5 15 33.66 43.97
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Table 1. Cont.

Run

Factors Responses

Solvent
X1

Temp.*
X2

Amplitude
X3

Cycle X4 pH X5 Ratio X6
Total Anthocyanins

(mg g−1)
Total Phenolic

Compounds (mg g−1)

50 50 40 50 0.45 4.5 15 31.30 46.44
51 50 40 50 0.45 4.5 15 34.37 44.78
52 50 40 50 0.45 4.5 15 33.64 45.63
53 50 40 50 0.45 4.5 15 29.16 44.08
54 50 40 50 0.45 4.5 15 31.90 46.76

* Temp.: Temperature; X1: Percentage of methanol; X2: Temperature; X3: Amplitude; X4: Cycle; X5: pH; X6: ratio
“Sample mass/volume of solvent”.

Analysis of variance (ANOVA) validates the suitability of the model. This allows for evaluating
the effect of the variables to identify the possible interactions between them and to assess the statistical
significance of the model, whose results can be seen in Table 2. This analysis also provides information
on the mathematical model that is generated from the experimental data. Once the 54 experiments
were carried out, the coefficients for the full second-order polynomial equation for both types of
compounds were established to predict the responses. In this way, two suitable mathematical models
were obtained to describe the response values of the anthocyanins (YTA) and phenolic compounds
(YTP), as a function of the independent variables.

YTA (mg g−1 ) = 32.34 + 5.68X1 + 2.07X2 − 0.16X3 + 0.66X4 − 1.52X5 + 1.16X6 − 4.35X1
2 −

1.46X1 × 2 − 0.42X1 × 3 − 0.06X1 × 4 + 0.10X1 × 5 + 0.02X1 × 6 − 0.24X2
2 + 0.74X2 × 3 − 0.83X2 × 4 −

0.81X2 × 5 + 0.85X2 × 6 + 0.21X3
2 + 0.76X3 × 4 − 0.46X3 × 5 + 0.15X3 × 6 − 0.62X4

2 − 1.25X4 × 5 +
0.36X4 × 6 + 2.00X5

2 − 0.84X5 × 6 − 0.27X6
2

(2)

YTP (mg g−1 ) = 45.28 + 1.08X1 + 4.74X2 + 0.89X3 + 2.05X4 − 1.88X5 + 1.04X6 − 2.76X1
2 −

0.84X1 × 2 − 1.46X1 × 3 + 0.71X1 × 4 − 1.48X1 × 5 − 0.72X1 × 6 − 1.18X2
2 + 0.36X2 × 3 + 1.12X2 × 4 −

3.37X2 × 5 + 1.97X2 × 6 − 1.05X3
2 − 0.68X3 × 4 + 0.01X3 × 5 − 0.06X3 × 6 − 0.28X4

2 − 0.95X4 × 5 +
0.52X4 × 6 + 3.01X5

2 − 2.78X5 × 6 − 0.69X6
2

(3)

Table 2. Analysis of variance (ANOVA) of the quadratic model adjusted to the extraction yield. (A)
Total anthocyanins; and, (B) Total phenolic compounds.

(A)

Source
Degrees of
Freedom

Sum of
Squares

Mean
Square

F-Value P-Value Coefficient

Model 27 1429.49 52.94 18.40 0.0000
Intercept 1 32.34

X1 1 775.46 775.46 269.44 0.0000 5.68
X2 1 102.53 102.53 35.62 0.0000 2.07
X3 1 0.6324 0.6324 0.2197 0.6431 −0.1623
X4 1 10.63 10.63 3.69 0.0657 0.6654
X5 1 55.61 55.61 19.32 0.0002 −1.52
X6 1 32.51 32.51 11.29 0.0024 1.16

X1 × 2 1 17.06 17.06 5.93 0.0221 −1.46
X1 × 3 1 1.40 1.40 0.4851 0.4923 −0.4178
X1 × 4 1 0.0503 0.0503 0.0175 0.8958 −0.0561
X1 × 5 1 0.0783 0.0783 0.0272 0.8703 0.0989
X1 × 6 1 0.0027 0.0027 0.0009 0.9759 0.0183
X2 × 3 1 4.34 4.34 1.51 0.2304 0.7366
X2 × 4 1 5.52 5.52 1.92 0.1780 −0.8304
X2 × 5 1 10.44 10.44 3.63 0.0680 −0.8077
X2 × 6 1 5.80 5.80 2.02 0.1676 0.8515
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Table 2. Cont.

(A)

Source
Degrees of
Freedom

Sum of
Squares

Mean
Square

F-Value P-Value Coefficient

X3 × 4 1 4.58 4.58 1.59 0.2181 0.7570
X3 × 5 1 1.71 1.71 0.5942 0.4477 −0.4624
X3 × 6 1 0.3622 0.3622 0.1259 0.7256 0.1505
X4 × 5 1 12.55 12.55 4.36 0.0467 −1.25
X4 × 6 1 1.03 1.03 0.3591 0.5542 0.3594
X5 × 6 1 5.60 5.60 1.95 0.1749 −0.8366
X1

2 1 194.81 194.81 67.69 0.0000 −4.35
X2

2 1 0.6133 0.6133 0.2131 0.6482 −0.2442
X3

2 1 0.4469 0.4469 0.1553 0.6968 0.2084
X4

2 1 3.92 3.92 1.36 0.2539 −0.6172
X5

2 1 41.13 41.13 14.29 0.0008 2.00
X6

2 1 0.7366 0.7366 0.2559 0.6172 −0.2676
Residual 26 74.83 2.88

Lack of fit 21 55.92 2.66 0.7042 0.7421
Pure error 5 18.91 3.78

Total 53 1504.32

(B)

Source
Degrees of
Freedom

Sum of
Squares

Mean
Square

F−Value P−Value Coefficient

Model 27 1417.49 52.50 1.41 0.1926
Intercept 1 45.28

X1 1 27.83 27.83 0.7467 0.3954 1.08
X2 1 538.78 538.78 14.46 0.0008 4.74
X3 1 19.06 19.06 0.5114 0.4809 0.8911
X4 1 101.19 101.19 2.72 0.1114 2.05
X5 1 85.09 85.09 2.28 0.1428 −1.88
X6 1 25.79 25.79 0.6920 0.4131 1.04

X1 × 2 1 5.72 5.72 0.1535 0.6984 −0.8455
X1 × 3 1 17.15 17.15 0.4604 0.5035 −1.46
X1 × 4 1 8.19 8.19 0.2199 0.6431 0.7156
X1 × 5 1 17.47 17.47 0.4689 0.4995 −1.48
X1 × 6 1 4.11 4.11 0.1103 0.7425 −0.7168
X2 × 3 1 1.04 1.04 0.0278 0.8688 0.3600
X2 × 4 1 10.06 10.06 0.2699 0.6078 1.12
X2 × 5 1 182.28 182.28 4.89 0.0360 −3.38
X2 × 6 1 31.00 31.00 0.8318 0.3701 1.97
X3 × 4 1 3.69 3.69 0.0990 0.7555 −0.6791
X3 × 5 1 0.0017 0.0017 0.0000 0.9947 0.0145
X3 × 6 1 0.0520 0.0520 0.0014 0.9705 −0.0570
X4 × 5 1 7.23 7.23 0.1940 0.6632 −0.9506
X4 × 6 1 2.21 2.21 0.0592 0.8096 0.5252
X5 × 6 1 61.66 61.66 1.65 0.2097 −2.78
X1

2 1 78.29 78.29 2.10 0.1592 −2.76
X2

2 1 14.43 14.43 0.3873 0.5391 −1.18
X3

2 1 11.50 11.50 0.3086 0.5833 −1.06
X4

2 1 0.8004 0.8004 0.0215 0.8846 −0.2790
X5

2 1 98.81 98.81 2.65 0.1155 3.10
X6

2 1 4.86 4.86 0.1305 0.7208 −0.6876
Residual 26 968.87 37.26

Lack of fit 21 961.79 45.80 32.34 0.0006
Pure error 5 7.08 1.42

Total 53 2386.36
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As far as the total anthocyanins are concerned, the factors that had a significant linear influence
on the response, with a 95% level of confidence, were the percentage of methanol, temperature, pH,
and ratio, since their p-values were lower than 0.05. Besides, the lack of fit test showed a p-value that is
higher than 0.05 (not significant), which means that the model fits well.

With regards to the phenolic compounds, the influential variables with a p-value lower than 0.05
were temperature and the interaction temperature-pH. In this case, the lack of fit test was significant,
with a p-value < 0.05, which indicates that the regression seemed to be inadequate. However, it must
be taken into account that phenolic compounds are a group of molecules of high diversity, with a wide
range in terms of polarity and sizes. Therefore, the optimal conditions that were determined are a
compromise status, where the greatest amount of the desired compounds can be extracted [44].

The Pareto charts in Figure 1 represent the significant effects of all the variables, both linear and
quadratic, as well as their interactions. The effects are displayed in decreasing order of significance.
The length of each bar is proportional to the absolute magnitude of the estimated effects coefficients,
while the vertical line represents the minimal magnitude of statistically significant effects (95%
confidence level) with respect to the response.

Figure 1. Pareto charts for the standardized effects: (A) total anthocyanins and (B) total
phenolic compounds.

Regarding anthocyanins, the variable that had the greatest effect on the response was the
percentage of methanol, which was determined by the polarity characteristics of both the solvent and
the compounds that are present in maqui. Temperature, pH, and ratio also had significant effects,
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although to a less extent. The percentage of methanol, temperature, and ratio had a positive effect,
which means that an increase in these factors favoured the recovery of anthocyanins in the extract.
Higher extraction temperatures accelerate molecular motion, penetration, dissolution, and diffusion
to favour the releasing of anthocyanins [45]. Regarding the ratio, a smaller amount of sample in a
large volume of solvent (large variation in concentration) leads to a greater gradient and, therefore,
to a greater extraction, favoured by the transfer of mass. On the contrary, pH has a negative effect
on the response variable, i.e., the extraction of anthocyanins was more successful when the pH
values were low. The recovery of the anthocyanins in an acidic medium increases due to their stable
conformation thanks to the cation flavylium, which confers them their red colour [46,47]. Moreover,
the percentage of methanol and pH had a significant quadratic influence on the response, as well as
on the interactions methanol-temperature and pH-cycle. Once the influence of the different factors
was known, the reduced second order polynomial equation was obtained, where only those variables
and/or interactions that had shown a significant effect on the response were considered:

YTA = 32.34 + 5.68X1 + 2.07X2 − 1.52X5 + 1.16X6 − 4.35X1
2 − 1.46X1 × 2 − 1.25X4 × 5 + 2.00X5

2 (4)

As far as the total phenolic compounds are concerned, the Pareto chart that was obtained differs
slightly from the previous one, since fewer influential variables were observed. The analysis of the
model clearly showed that temperature was the most influential factor, with a marked positive effect
on the extraction. High temperatures favour the breakage of Van der Waals, hydrogen, molecular,
or dipole-dipole bonds between the compounds to be extracted, which in turn reduced the required
energy that is necessary for their desorption. In addition, the viscosity and the surface tension of the
solvent decreases at higher temperatures, which improves the penetration of the solvent into the matrix
and a faster dissolution of the extract. This results in the subsequent increase in mass transfer and a
greater overall yield [48,49]. The rest of the variables had a similar effect, but less significant effect
in absolute terms, so they were not significant factors. Again, a simplified second order polynomial
equation was obtained and the results were similar to those of the complete equation:

YTP = 30.19 + 3.16X2 − 2.25X2 × 5 (5)

3.2. Optimal Conditions

After the statistical treatment of the data, the optimization of the variables was evaluated while
using the quadratic mathematical model within the experimental range studied. Table 3 shows the
optimal UAE conditions for the extraction of both anthocyanins and phenolic compounds.

Table 3. Optimal conditions for ultrasound-assisted extraction. (A) Total anthocyanins; and, (B) Total
phenolic compounds.

(A) Total Anthocyanins (B) Total Phenolic Compounds

Percentage of methanol (%) 61.5 50
pH 2.1 2

Ratio (mL:g) 20:0.5 20:0.5
Temperature (◦C) 69.4 70

Amplitude (%) 46 35
Cycle (s) 0.7 0.7

Firstly, it can be observed that, in both cases, the optimum percentage of methanol was an
intermediate value between 45–65%. Several papers report an increase in anthocyanins and phenolic
compounds extraction with sonication in moderately polar media, which can be explained by the
degradation of cellular walls as a result of the cavitation bubbles collapse. Therefore, these compounds
are removed from their original location and then transferred to the solvent volume, which favours
greater extraction yields [46,50,51].
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Temperature is an influential factor in the extraction of bioactive compounds that may affect
the stability of phenolic compounds [52]. Using higher temperatures was discarded, because it may
reduce the recovery, since these compounds are thermally sensitive, and thus can be easily degraded
by the hydrolysis of glucoside compounds and form their corresponding unstable aglycones or by the
hydrolytic opening of the heterocyclic ring that would form chalcone in the case of anthocyanins [53].
In addition, working at over 70 ◦C was not recommended, since methanol may undergo a change of
phase and it can evaporate.

Regarding pH, levels that were below 2 were not considered to work, since the compounds of
interest might undergo acid hydrolysis [29].

Regarding the ratio, the maximum volume of the range studied was the optimal value. No higher
ratios were considered, since the compounds would be difficult to quantify when they are below their
quantification limits.

Finally, although the energy that was provided by ultrasound is necessary to release the
compounds from the matrix, it may also accelerate the degradation process of the phenolic
compounds [54]. In general, the action of the ultrasounds would increase the solubility of the molecules
by destroying the intramolecular and intermolecular bonds and by increasing the contact between the
hydrophilic groups and the extraction solvents [55]. Although it is clear that the cycle also presents an
extreme value, its modification was not considered, since it was not an influential variable.

When the above-mentioned optimal conditions were applied, the total average concentrations of
anthocyanins and phenolic compounds were 33.02 mg g−1 and 50.26 mg g−1, respectively. Similar
results were reported by other authors in some vegetable matrices [8,56]. It can be observed that the
main phenolic compounds that are present in maqui berries are anthocyanins, unlike many other
berries that have less anthocyanin content in comparison with the total phenolic compounds. This high
anthocyanin’s content greatly contributes to their superior antioxidant capacity [7].

3.3. Extraction Kinetics

Time is another significant variable in the extraction of anthocyanins and phenolic compounds
from different matrices [26]. In order to determine its impact on the process, a study of kinetics was
carried out under the previously determined optimal UAE conditions. Different extraction times of 2, 5,
10, 15, 20, and 25 min were applied to the extraction process and each test was carried out in triplicate.
The resulting recovery of anthocyanins and the total phenolic compounds are shown in Figure 2.
In the case of the anthocyanins, it was observed that after 5 min there were no statistically significant
differences. Thus, the extraction time was determined at 5 min, since it means saving both time and
money. A different trend was obtained for total phenolic compounds, where the recovery reached its
maximum at 15 min. In that case, a longer time was needed for the extraction of phenolic compounds.
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Figure 2. Effect of the extraction time on the recovery. (A) Total anthocyanins; and, (B) Total
phenolic compounds.

3.4. Repeatability and Intermediate Precision

The reliability of the developed UAE methods was evaluated by repeatability and intermediate
precision. The former was evaluated by 12 extractions on the same day and the latter based on
12 extractions per day during three consecutive days. A total of 36 extractions were performed under
the optimal conditions that were previously determined. The results were expressed by the coefficient
of variation, which was 2.48% and 3.37% in the case of repeatability, and 2.92% and 3.95% in the case
of intermediate precision, for anthocyanins and phenolic compounds, respectively. These results, with
coefficients lower than 5%, are within the acceptable limits that were defined by the Association of
Official Analytical Chemists (AOAC) [57] and indicate satisfactory repeatability and intermediate
precision of the method.

3.5. Application to Real Samples

The suitability of the newly developed methods was evaluated by applying them to the extraction
of seven real samples (capsules (M-1 and M-2), pills (M-3), and lyophilized maqui (M-4, M-5, M-6,
and M-7)) under the previously determined optimum conditions. The analyses were carried out in
triplicate and Table 4 shows the extracted compounds. For the quantification of total anthocyanins
and total phenolic compounds, the extracts were analyzed by UHPLC and the spectrophotometric
method of Folin-Ciocalteau, respectively. The results from the different samples show the same trend
for the extraction of anthocyanins and total phenolic compounds. Despite being M-1 and M-2 capsules
of maqui, the highest concentration was obtained from M-2 and the lowest one for M-1. This may
be due to the concentration of the raw material used. It can also be due to the different thermal or
storage treatment of the samples. Both can cause changes in physical and nutritional properties, as
well as the significant degradation of these compounds, particularly anthocyanins [58,59]. On the
other hand, it should be noted that no anthocyanins were extracted from M-3. This is because only
two anthocyanins (cyanidin 3-O-glucoside and delphinidin 3-O-glucoside) were detected, instead of
the eight characteristic anthocyanins that were found in maqui. Therefore, M-3’s composition does not
match that of the berries analyzed in this work. Based on these results, how important it is to count
on the right extraction techniques and the adequate equipment to prevent any food fraud, and to
ensure the quality of the product to consumers has been confirmed. Finally, the amount of compounds
of biological interest extracted from the different lyophilized samples (M 4-7) was very similar and
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relatively high, since the lyophilized samples preserve their beneficial properties and characteristics
during their storage and transport [60].

Table 4. Total anthocyanins (mg g−1) and total phenolic compounds (mg g−1) extracted for each
commercial samples by means of ultrasound assisted extraction (UAE) and microwave assisted
extraction (MAE).

Foodstuff Made
with Maqui

Total Anthocyanins (mg g−1) Total Phenolic Compounds (mg g−1)

UAE MAE UAE MAE

M-1 2.13 ± 0.16 a 1.73 ± 0.16 b 6.83 ± 0.23 a 8.22 ± 0.34 b

M-2 78.73 ± 0.67 a 75.55 ± 3.80 a 100.27 ± 1.44 a 103.30 ± 0.30 a

M-3 -* -* 10.46 ± 0.29 a 11.45 ± 0.45 b

M-4 30.81 ± 3.13 a 30.35 ± 3.25 a 47.25 ± 1.44 a 53.06 ± 1.53 b

M-5 28.39 ± 1.72 a 27.66 ± 1.02 a 43.40 ± 1.99 a 49.29 ± 2.17 b

M-6 37.26 ± 2.08 a 35.51 ± 1.40 a 58.28 ± 1.33 a 59.57 ± 0.70 a

M-7 23.21 ± 0.73 a 19.89 ± 1.44 b 50.95 ± 1.38 a 52.13 ± 1.44 a

* The characteristic eight anthocyanins found in maqui were not detected. The use of different letters on the same
line for each kind of compound indicates that the means differs significantly according to Tukey’s test (p < 0.05).

The results obtained by means of UAE were compared to those achieved by MAE methods.
The samples were analyzed according to the optimal conditions determined in a previous work [61].
Approximately half of the commercial samples analyzed show statistically significant differences
with regards to total phenolic compounds content. In turn, an increase in the extraction of phenolic
compounds was observed when MAE was employed. This improved performance could be attributed
to the ability of microwaves to penetrate into the cell matrix and cause strong absorption by polar
molecules, which in turn produces an increase in temperature and pressure within the plant cell. Such
an increase in pressure leads to the rupture of cell walls and to the release of analytes [62]. In addition,
the decomposition of larger phenolic compounds into smaller ones with intact properties may lead to
a greater yield, according to the Folin-Ciocalteau assay [63]. It should be noted that, when optimum
conditions are applied to UAE for the extraction of phenolic compounds, the solvent demand is
reduced (58% methanol for UAE vs. 65% methanol for MAE). In relation to each method’s efficiency to
extract anthocyanins, only two of the samples presented a significant greater yield when UAE was
applied. This may be because anthocyanins are extremely sensitive to degradation when exposed to
high pressure and high temperature, and this has a negative impact on their recovery [64,65]. Finally,
it is noteworthy to highlight that UAE is considered to be a fast, effective, and economic alternative, as
long as industrial scale processing equipment is designed to obtain greater benefits [66]. Some of its
relevant advantages are more rapid kinetics and a higher extraction efficiency and performance [67].
Therefore, the results that were obtained in this study show that UAE can be considered as an efficient
alternative and a powerful means for the extraction of both anthocyanins and phenolic compounds.

4. Conclusions

Ultrasound-assisted extraction proved to be quite an effective and fast technique in the extraction
of a wide range of polyphenols from maqui berries. BBD was also successfully used to establish the
optimum parameters for the extraction of bioactive compounds. The most influential variables on
the extraction of anthocyanins and phenolic compounds were methanol percentage and temperature,
respectively. It took a longer time for optimal extraction of phenolic compounds, being 15 min, while
for anthocyanins, it was only 5 min. Excellent repeatability and intermediate precision were found,
with values that were lower than 5%. The developed methods were successfully applied to several
commercial samples with maqui content. According to the results, UAE obtained extractions with a
greater content in anthocyanins than MAE. It was also observed that, under optimal conditions, UAE
used a smaller amount of solvent than MAE. Based on these data, it can be concluded that, when
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UAE is applied under optimal conditions, it can be considered as a simple and economical alternative
method for the extraction of anthocyanins and total phenolic compounds from maqui.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/3/
148/s1, Figure S1: Ultra-high-performance liquid chromatography (UHPLC) chromatogram identified in the
ultrasound-assisted extraction, Table S1: HPLC results for each of the anthocyanins found in maqui.
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Abstract: (1) Background: Degradation of soils and erosion have been described for most of the soils
presented along the Maule Valley. Organic and integrated management promotes agroecosystem
health, improving soil biological activity. Due to this, the aim of this research was to study the
effect of organic, integrated, and conventional management on the productive, oenological and
soil variables of a vineyard cultivated under semiarid conditions during 5 consecutive seasons;
(2) Methods: Yield, grape and wine oenological, and soil physicochemical parameters were
evaluated. Bioclimatic indices were calculated in the studied seasons; (3) Results: Conventional
management allowed to improve yield and the number of bunches per vine compared to organic
management. However, this latter enhanced mineral nitrogen and potassium content in soil. Based
on bioclimatic indices, heat accumulation improved number of bunches per plant and most of the
soil physicochemical parameters; (4) Conclusions: Organic management improved the accumulation
of some microelements in soils at the expense of yield. Organic matter decreased along the study was
carried out. Season was the conditioning factor of the variability of most of the studied parameters,
while the interaction between season and type of management affected soluble solids, probable
alcohol and pH in grapes, and total polyphenol index and pH in wines.

Keywords: berry composition; Cabernet Sauvignon; conventional; integrated; organic; yield parameters

1. Introduction

Rainfed of the Maule Valley (Chile) has been characterized by a cereal, livestock, and viticulture
agricultural history, all widely extractive activities [1]. Respect to the edaphic conditions, the soils
from the rainfed areas of the Maule Valley presents low levels of organic matter (less than 2%) and
low macro and micro nutrients content, mainly of boron [2]. Due to the extensive activities performed
along this area, the soils present serious problems of erosion, and 80% exhibit the condition of
non-arable, addition, rainfall does not amount to 600 mm·year−1, and is concentrated from autumn
to winter (May to August) [1]. Based on the aforementioned, together with the change in the use of
agricultural land towards forestry activity, has led to small landowners to sell land and migrate to the
city, generating important socio-cultural impacts [3].

Conventional viticulture disposes of agrochemicals such as inorganic fertilizers and synthetical
chemical pesticides to the farming management, whereas these aforesaid products are banned in
organic viticulture and only organic fertilizers and a certain non-synthetic pesticides are allowed in
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the agricultural management [4,5]. In organic viticulture, diseases control is mainly carried out using
copper or sulfur treatment, while weed management is performed by tillage or grass-cutting [4,6,7].
Due to the high ability to adapt to the environment and its hardly manageable, weeds could affect
productivity by competing with the vines [8]. The use of wheat and rye as cover crops may decrease
weed growth, biomass, and density, without negative impacts on the vines [9,10]. In this way,
the utilization of cover crops in the vineyards cultivated in rainfed conditions and in Mediterranean
regions is not straightforward since water is the limiting factor and there is a severe competition for
this resource [11]. Lower pruning weights and shoot length, fewer lateral shoots, and higher canopy
openness have been observed in cover cropped vineyards [9,12]. However, long-term cover cropping
using clover, ryegrass, and fescue is restricted in areas where water availability is limited [13]. It has
been reported that, in these conditions, grapevines can be adapted, and a compensatory growth of their
root system was observed, partly preventing the direct competition for resources between them and the
cover crops [14]. In this scenario, the use of cover crops may avoid the dramatic reductions of stomatal
conductance which occur in mid-summer and also allows to decrease yield and slightly increase grape
quality [11]. These authors suggested that summer senescent and self-seeding herbaceous cover crops
help to decrease soil erosion, which could improve organic matter and micro and macro nutrients
content in soil.

Climate conditions had a strong influence on grape productivity delaying ripening and
conditioning grape quality [15,16]. Certain bioclimatic indices have been developed in order to
differentiate, describe and delimit distinct wine-growing sites. The Heliothermal Index (HI) uses daily
temperatures during the period of the day in which grape metabolism is more active and includes
a correction for length of the day in the case of higher latitude sites [17]. The Winkler Index (WI)
was developed on the basis of the growing degree days, summed over the season on average, which
allows to classify climates and to identify the grape varieties that can be fit to those regions [18].
The Biologically Effective Degree-Day Index (BEDD) allows to classify cold sites with low or late
maturity potential, and hot sites with high or earlier maturity potential [19]. Night thermal conditions
are associated to the accumulation of secondary metabolisms and can be estimated using the Cold
Night Index (CI) [20]. In addition, bioclimatic indices associated with thermal accumulation such as
mean thermal amplitude (MTA), average mean temperature of the warmest month (MTWM) and
maximum average temperature of the warmest month (MATWM) can provide valuable information to
characterize and compare different mesoclimates [21].

Based on the aforementioned, the aim of this work was to study the effect of organic, integrated
and conventional management on the productive behavior, grape and wine oenological parameters,
and soil physicochemical composition of a Cabernet Sauvignon vineyard located in Cauquenes, Maule
Valley (Chile) during 5 consecutive seasons.

2. Materials and Methods

2.1. Study Site and Plant Material

The field trial was performed during 5 consecutive seasons (2003–2004, 2004–2005, 2005–2006,
2006–2007, and 2007–2008) in an experimental vineyard located into a rainfed area of Cauquenes,
Maule Valley, Chile (35◦58′ S, 72◦17′ W; 177 meters above sea level). This area presents a sub humid
Mediterranean climate. Cabernet Sauvignon (Vitis vinifera L.) ungrafted grapevines were planted in
1995 with a row orientation of east–west, trained to a double crossarms arrangements trellis system and
pruned to a Guyot system, leaving about 40 buds per vine. The soil is Alfisol of granitic origin, slightly
deep, of loamy clay texture horizon Ap Sandy loam with apparent density of 1.17 and 33% porosity,
horizon Bt1, Bt2, and Bt3 clay with apparent density of 1.79, 1.75 and 1.77 (USDA). Plant density was
1428 plants·ha−1 with grapevine spacing between rows and within the row of 3.50 m × 2.00 m. Total
surface planted was 2.37 ha. The vineyard was equipped with a drip irrigation system using 8 L·h−1
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drippers, to assure plant water needs when water is available. The vines were differentially irrigated
from October to March when the leaf water potential reached 1.0 to 1.2 MPa.

2.2. Types of Managements

Three treatments or types of managements were performed in the vineyard. Organic management
was carried out according to the Organic Industry Standards and Certification Committee [22].
Briefly, between rows were cover with green manure (Avena sativa and Vicia faba) in a dosage of
120 and 80 kg·ha−1, while within rows were cover with different crops such as (i) a mixture of clover,
(ii) Medicago polymorpha L., and (iii) Lollium perenne at a dosage of of 7.0, 7.0 and 3.0 kg·ha−1, respectively.
At sowing, 600 kg·ha−1 of phosphate rock was applied. After pruning, vine-shoots were crushed and
incorporated to the soil. Additionally, compost of self-development skins, stalk and wheat straw were
added at a dosage of 10 t·ha−1 at 20 cm of depth which equivale to 85 kg N·ha−1 per year. Brevipalpus
chilensis management was performed using a water-miscible mineral oil preparation at a dosage of 1.5%
applied at beginning of budburst. Subsequently, Typhlodromus pyri were released as biological control
agent to the vineyard against B. chilensis at a relation of 1 to 6. Powdery mildew (Uncinula necator)
management was performed using 20 kg·ha−1 of sulfur (powder) when the climate conditions were
optimum for development for the disease. This was monitored from shoot development until veraison.

Integrated management was carried out according to the procedures of the International
Organization for Biological and Integrated Control [23]. In brief, at the end of winter, Roundup
was applied within rows at a dosage of 2 L·ha−1. Natural weeds were maintained between rows.
Monitoring and application of miscible mineral oil at 2% was carried out to B. chilensis control. After
pruning, vine-shoots were crushed and incorporated to the soil. Sulfur application were made every
20 days from budburst to veraison to avoid grapevine diseases.

Conventional management in the vineyard was performed according to the exposed by
Sotomayor et al. [24]. Briefly, conventional tillage was used to soil management, which remained
without vegetation. Roundup was applied within rows at a dosage of 3 L·ha−1. To avoid grapevine
diseases, sulfur powder was applied at a dose of 20 kg·ha−1 every 15 days until veraison and a
water-miscible mineral oil at 2% of Cyhexatin was applied at the beginning of the season and every
15 days until veraison for the control of Brevipalpus chilensis.

In all the vineyards, fertilization corresponded to the application of 100 kg·ha−1 of Urea,
100 kg·ha−1 of Triple Superphosphate (P2O5), 75 kg·ha−1 of Potassium Miurate (K2O5), 50 kg·ha−1 of
Calcite Borate and 20 kg·ha−1 of Zinc Sulfate.

A randomized block design was performed into the vineyard, accounting 4 blocks, 3 treatments,
and 3 replications. The sampling units corresponded to 21 plants, which were previously marked
for identification.

2.3. Climatic and Soil Information

Climatic information was recorded since 2003 by a weather stations provided by Agromet [25]
located around of 5 km from the site. Bioclimatic indices such as Huglin’s Heliothermal Index (HI),
Cool Night Index (CI), average mean temperature of the warmest month (MTWM) and maximum
average temperature of the warmest month (MATWM) were calculated according to those mentioned
by Gutiérrez-Gamboa et al. [26]. Briefly, HI was calculated from September first to March 31 by each
season. This period corresponds to the growing stage of the Cabernet Sauvignon grapevines cultivated
in Maule Valley, Chile. CI was calculated for March, while MTWM and MATWM were calculated
for January. Mean thermal amplitude (MTA) corresponds to the sum of the differences between
maximum and minimum daily temperature for March and was calculated according to the exposed
by Tonietto and Carbonneau [20]. The Winkler Index (WI) was calculated from September first to
March 31 for each season according to the exposed by Winkler et al. [18]. A pit was made in order to
study soil physicochemical properties in the vineyard. pH, organic matter, nitrogen (N), phosphorus
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(P), potassium (K), and boron (B) content were analyzed according to the methodology exposed by
Sadzawka et al. [27].

2.4. Climatic Description of the Seasons

Precipitations calculated during each growing season (September to March) varied from
59.4 to 147.6 mm (Season 5 (S5) and Season 2 (S2), respectively). Bioclimatic indices are one of the
common ways to characterize different climates based on the heat accumulation, vine growth and
maturation potential [21]. Results of bioclimatic indices are shown in Table 1. Cool night index
(CI) is a thermal indicator of night time temperature conditions at the end of the ripening stage,
which is associated to the accumulation of secondary metabolites [20,26,28]. CI ranged from 9.4 to
12.0 (S3 and S4, respectively), with an average of 10.7. Huglin’s heliothermal index (HI) is another
bioclimatic index based on heat accumulation, which considers daily average temperature and daily
maximum temperature, adjusting for day length during the season [20,29]. HI ranged from 2327.2 to
2416.4 (S2 and S5, respectively), with an average of 2354.9. The Winkler Index (WI) is calculated as
the daily average temperature above a physiological base value of 10 ◦C. This is the minimum
temperature at which grapevine growth occurs, for each day along its ripening from budburst
through harvest stage [20,29,30]. WI ranged from 1559.6 to 1610.3 (S3 and S4, respectively), with
an average of 1581.4. Mean thermal amplitude (MTA) reflects the differences between the maximum
and minimum temperature at the end of the ripening stage [20]. MTA ranged from 439.5 to 522.4
(S1 and S5, respectively), with an average of 477.1. Certain bioclimatic indices such as the average
mean temperature of the warmest month (MTWM) and the maximum average temperature of warmest
month (MATWM) could give additional information about climate [26,28,31]. MTWM ranged from
20.8 to 22.2 ◦C (S2 and S5, respectively), with an average of 21.3 ◦C, while MATWM varied from
29.0 to 30.5 ◦C (S2-S4 and S5, respectively), with an average of 29.6 ◦C. Based on the aforementioned
bioclimatic indices it is possible to characterize this climate as temperate.

Table 1. Information about bioclimatic indices such as cool night index (CI), Huglin’s Heliothermal
Index (HI), mean thermal amplitude (MTA), Winkler Index (WI), average mean temperature of the
warmest month (MTWM), and maximum average temperature of the warmest month (MATWM)
calculated for each study season, precipitations from September to March (Pp: mm) and harvest date.

Season CI HI WI MTA MTWM MATWM Pp Harvest Date

2003–2004 (S1) 11.0 2355.0 1577.4 439.5 21.3 29.8 105.4 March 23
2004–2005 (S2) 11.2 2327.2 1566.7 452.1 20.8 29.0 147.6 March 29
2005–2006 (S3) 9.4 2348.2 1559.6 514.7 21.1 29.5 112.0 March 21
2006–2007 (S4) 12.0 2377.5 1610.3 456.6 21.0 29.0 74.0 March 20
2007–2008 (S5) 10.2 2416.4 1593.0 522.4 22.2 30.5 59.4 March 25

Mean 10.7 2364.9 1581.4 477.1 21.3 29.6 99.7 -
SD 0.99 33.9 20.5 38.5 0.54 0.65 34.5 -

2.5. Productive and Oenological Parameters

Grapes had a good sanitary condition so it was processed immediately after the evaluations
carried out. Harvest was performed when grapes reached 23–24 ºBrix. Grapevine yield (kg·plant−1)
was measured using a precision balance (Sartorius, Gottingen, Germany). The number of bunches
harvested by each grapevine was counted (N◦bunches·plant−1) and the weight of the bunches (g) was
evaluated using the same precision balance with the aim to calculate the vineyard yield (kg·ha−1).
Weight of 100 berries (g) was also evaluated for to get an average (g berries−1). Ravaz index was
calculated according to the exposed by Shellie [32], using yield and pruning weight.

Soluble solids (◦Brix), probable alcohol, total acidity (g·L−1 of sulfuric acid) and pH were
measured according to the International Organization of Vine and Wine (OIV) methodologies [33].
Total polyphenols index was determined in wines based on the stated by Amerine et al. [34].
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2.6. Statistical Analysis

A general linear model, using the statistical program Statgraphics Centurion XVI.I (Virginia, USA)
was performed. The treatments (types of management) were considered as a fixed variable, while the
season (associated with climatic conditions) was considered as a random variable in the general linear
model. Differences between samples were compared using the Tukey test at 95% of probability level.
Principal component analysis (PCA) was performed using each variable together with the bioclimatic
indices calculated from field data for the site, through InfoStat software (www.infostat.com.ar).

3. Results and Discussion

3.1. Grapevine Productivity

The effect of type of management (organic, integrated and conventional) evaluated during
5 consecutive seasons on yield (t·ha−1), Ravaz index and yield components such as number of bunches
per plant, weight of bunches (g), weight of berries (g), and number of berries per bunch is shown in
Table 2. Weight of bunches, weight of berries, and number of berries per bunch were not affected by
the types of managements, except for the number of bunches per plant, which varied from 34 to 42.
This parameter together with yield was higher in the conventional than the organic management in the
vineyard. Number of berries per bunch was more influenced by season than the type of management
and their interaction (Figure S1). Yield ranged from 5.95 to 4.83 (t·ha−1). Ravaz index varied from
2.96 to 2.05 and was higher in the conventional than the organic management, and this parameter
was more influenced by season than the type of management and their interaction (Figure S1). Ravaz
index represents the reproductive to vegetative growth ratio [35]. Balanced vines present Ravaz
index values from 3 to 10, with optimal values between 5 to 7 [36]. The Ravaz Index balanced to 3,
indicating an excess of vigor at the expense of yield [35]. Based on this, the vines managed organically
present greater vigor than conventional management and this could indicate that the productive
potential of these vines could be higher. This growth can be detrimental to the regulation of the bud
differentiation, allowing a worse cluster microclimate, negatively affecting number of bunches per
plant [37]. However, the aforesaid differences were mainly associated to climate conditions reached in
each season (Table 2). Different results are reported in literature however, most of them have reported
that organic management negatively affected yield in grapevine. Malusà et al. [38] showed that yield in
organic vineyards were lower than in the vineyards under conventional management. Döring et al. [39]
reported that the grapevines growing under organic management showed significantly lower growth
and yield in comparison to the integrated treatment, which was associated with differences in growth
and cluster weight. Brunetto et al. [40] reported that in a first study season, grapevines under organic
management showed higher yield than the conventional ones. However, no differences were found in
yield in the second season Pou et al. [11] reported that a mixture of perennial grasses and legumes
as cover crops increased Ravaz index compared to no tillage and traditional tillage, offering a better
balance between vegetative and reproductive growth. However, the opposite was observed by these
authors, when yield reduction in cover cropped vines was the highest and counteracted their lower
pruning weight. Season influenced all the productivity parameters of the grapevines (Table 2). Yield
and Ravaz index reached in the second season were higher than the found in the first and third seasons,
while weight of bunches and number of berries per bunch reached in the second season were the
highest. Additionally, this season reached the lowest number of bunches per plant. Based on this, it
is possible that there was some compensation effect on yield component among the seasons, as has
been discussed by Sadras et al. [41]. The third season presented a higher weight of berries than the
fifth season.

To classify the different types of managements by season according to grapevine productivity,
principal component analysis (PCA) was carried out using yield parameters obtained from organic
(O), integrated (I), and conventional (C) managements, together with different bioclimatic indices,
such as cool night index (CI), Huglin’s Heliothermal Index (HI), mean thermal amplitude (MTA),
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Winkler Index (WI), average mean temperature of the warmest month (MTWM), and maximum
average temperature of the warmest month (MATWM) performed in a Cabernet Sauvignon vineyard
along five consecutive seasons (S). Principal component 1 (PC1) explained 40.2% of the variance and
PC2 explained 23.8% of the variance, representing 64.0% of all variance (Figure 1). PC1 was strongly
correlated with HI index, MTWM and MATWM, while PC2 was correlated with yield, Ravaz index
and number of berries per bunch. Both components allowed to separate the different treatments by
season. Second season was correlated with high amounts of weight of bunches and number of berries
per bunch, while fifth season was correlated with most of the bioclimatic indices. Accumulated rainfall
during the second season was the highest compared to the rest of the seasons. This might condition
most of the productive measured parameters. Besides, HI and WI indices were positively correlated
with number of bunches per plant and Ravaz index, while HI index was negatively correlated with
weight of berries and weight of bunches. MATWM and MTWM were correlated negatively with
weight of berries.

Based on this, bioclimatic indices associated with the accumulation of effective degree days, such
as HI and WI were positively correlated with the number of bunches per plant, while bioclimatic
indices associated with the synthesis of secondary metabolites as MATWM and MTWM were inversely
correlated with the weight of berries per bunch. It is of wide knowledge that the number of bunches
per grapevine is determined during the previous year. Light and temperature exposure have the
greatest potential to regulate the differentiation of anlagen into either bunch or tendril primordia [42].
Based on this, high intensity of light and moderate temperatures on the bud after different viticultural
managements favor the formation of cluster primordia [43,44]. The season factor influenced the
number of bunches per plant more than the type of management. Number of bunches per plant was
higher in the first, fourth, and fifth seasons than the in the rest of the study seasons, while the second
season presented the lowest number. However in the only fourth season was presented a high heat
accumulation based on WI, while the second season presented the lowest values of HI, MTWM, and
MATWM. Therefore, data in relation to radiation can give more information to the obtained results.
Respect to the weight of berries, it is probably that the low amount of this parameter reached in the
warmer season is due to the dehydration of the berry, which was described by Bonada et al. [44]. None
of the bioclimatic indices were related with yield, which was affected by the season.

Table 2. Effect of organic, integrated and conventional management on yield (t·ha−1), Ravaz index, and
yield components such as number of bunches per plant, weight bunches, weight of berries and number
of berries per bunch in Cabernet Sauvignon grapevines evaluated during 5 consecutive seasons.

Factor
Yield

(t·ha−1)
Ravaz
Index

N◦Bunches·
Plant−1

Weigh of
Bunches (g)

Weight of
Berries (g)

N◦Berries·
Bunch−1

Type of
management (M)

Organic 4.8 a 2.1 a 33.7 a 81.1 0.98 83.8
Integrated 5.5 ab 2.4 ab 37.0 ab 82.2 0.98 84.1

Conventional 6.0 b 3.0 b 41.5 b 95.3 1.03 92.9

Season (S)
S1 4.4 a 1.4 a 48 c 60.1 a 1.02 ab 58.7 a
S2 6.4 c 2.9 b 26 a 173.1 c 1.00 ab 174.2 c
S3 4.8 ab 1.5 a 32 b 83.3 b 1.12 b 75.3 ab
S4 5.7 bc 3.4 b 42 c 77.4 b 1.05 ab 72.5 ab
S5 5.9 bc 4.1 b 42 c 79.7 b 0.82 a 98.7 b

Significance
(p-value)

M 0.02 0.05 0.0076 0.054 0.62 0.54
S 0.004 0.0005 0.0001 0.00001 0.03 0.0004

M × S 0.6 0.007 0.57 0.22 0.06 0.01

M × S: Interaction between type of management (M) and season (S). For a given factor and significance p ≤ 0.05,
different letters within a column represent significant differences (Tukey’s test, p ≤ 0.05).
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Figure 1. Principal component analysis (PCA) performed with grapevine productive parameter
from a Cabernet Sauvignon vineyard planted in an organic (O), integrated (I), and conventional (C)
managements, together with different bioclimatic indices such as cool night index (CI), Huglin’s
Heliothermal Index (HI), mean thermal amplitude (MTA), Winkler Index (WI), average mean
temperature of the warmest month (MTWM), and maximum average temperature of the warmest
month (MATWM) along five consecutive seasons (S).

3.2. Berry Composition

The effect of type of management (organic, integrated, and conventional) evaluated during
5 consecutive seasons on berry composition is shown in Table 3. None of the berry components were
affected by the type of management, due to the treatments were harvested in the same stage of ripening.
Little differences in berry composition have been reported by some authors in grapevines growing
under changes on the types of managements. As was observed in Table 3, Döring et al. [39] reported
that fruit quality parameters were not affected by the management system. These aforementioned
results include the biodynamic system. Additionally, Tesic et al. [45] showed that only in the third
study year, grapes from Chardonnay grapevines growing under organic management presented higher
soluble solids and total acidity, together with a lower pH than the grapes from grapevines growing
under conventional management. Soluble solids and probable alcohol were not affected by the season.
However, total acidity, soluble solids to total acidity ratio, and pH were affected by the season factor.
Total acidity ranged from 2.52 to 4.82 g·L−1 of sulfuric acid. Total acidity content found in the fourth
season presented the highest total acidity content, while the second season reached the lowest amount.

To classify the different types of managements by season according to berry composition, a PCA
was carried out using grape physiochemical parameters from grapevines under organic (O), integrated
(I) and conventional (C) managements, together with the different bioclimatic indices, such as CI, HI,
MTA, WI, MTWM and MATWM performed in a Cabernet Sauvignon vineyard along five consecutive
seasons (S). PC1 explained 38.4% of the variance and PC2 explained 28.0% of the variance, representing
66.4% of all variance (Figure 2). PC1 was strongly correlated with HI index and MTWM, while PC2
was only strongly correlated with CI. Both components allowed separation of the treatments by season.
The second season was correlated with soluble solids to total acidity ratio (SS to TA ratio). Third
season was positively correlated with probable alcohol, ◦Brix and pH, while was negatively correlated
with the fourth season and WI index. As in Figure 1, fifth season was correlated with most of the
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bioclimatic indices. Besides, CI and WI indices were inversely correlated with pH, while WI index was
correlated with total acidity. Based on these results, high temperatures during the month before harvest
allowed to reach a low pH in grapes. High night temperatures tend to promote vegetative growth at
the expense of productivity [46]. HI index was correlated with total acidity and inversely correlated
with SS to TA ratio. Based on this, the bioclimatic indices associated with the heat accumulation or
growing degree-days such as HI and WI were related with high values of total acidity. These results
observed in Figure 2 were, somehow, unexpected since heat accumulation and low temperatures at the
end of ripening stage is related to a delay in grape maturation associated with low pH and high total
acidity. However, these bioclimatic indices are calculated based on the active growth temperature of
the vine, considering corrections by maximum and minimum temperatures, day–night fluctuations,
and latitude. According to Figure 2, bioclimatic indices associated to warm conditions such as MTA,
MTWM, and MATWM were more related to high pH and ºBrix. pH as soluble solids and probable
alcohol were affected by the interaction between the type of management and season (Figure S2). In this
way, the accumulated rainfall during the S1 and S3 growing season were higher than to those obtained
in S4, which showed warmer temperature conditions. Additionally, the grapevines cultivated under
organic management showed lower Ravaz index than the conventional ones, which was associated to
a high vigor [11,35]. Therefore, vineyard productivity, which was influenced by climatic conditions
and type of management, considerably affected berry composition in terms of soluble solids, probable
alcohol and pH.

Table 3. Effect of organic, integrated, and conventional management on berry components in Cabernet
Sauvignon grapevines evaluated during 5 consecutive seasons.

Factor
Soluble Solids

(◦Brix)
Probable
Alcohol

Total Acidity a SS·TA−1 b pH

Type of management (M)
Organic 24.9 14.2 3.85 6.31 3.47

Integrated 25.1 14.3 3.90 6.44 3.47
Conventional 25.2 14.4 4.00 6.48 3.49

Season (S)
S1 25.1 14.3 3.99 b 6.29 b 3.40 a
S2 25.2 14.4 2.52 a 10.05 c 3.53 bc
S3 24.9 14.2 4.25 b 5.87 b 3.57 c
S4 24.8 14.2 4.82 c 5.15 a 3.45 ab
S5 25.2 14.4 4.13 b 6.10 b 3.47 abc

Significance (p-value)
M 0.17 0.20 0.16 0.41 0.51
S 0.45 0.56 0.0001 0.0001 0.0016

M × S 0.0001 0.00001 0.07 0.087 0.0007

M × S: Interaction between type of management (M) and season (S). SS·TA: Soluble solids (SS) to total acidity (TA)
ratio. a As g·L−1 of sulfuric acid. b Soluble solid to total acidity ratio. For a given factor and significance p ≤ 0.05,
different letters within a column represent significant differences (Tukey’s test, p ≤ 0.05).
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Figure 2. Principal component analysis (PCA) performed with berry composition from a Cabernet
Sauvignon vineyard planted in an organic (O), integrated (I), and conventional (C) managements,
together with different bioclimatic indices such as cool night index (CI), Huglin’s Heliothermal Index
(HI), mean thermal amplitude (MTA), Winkler Index (WI), average mean temperature of the warmest
month (MTWM), and maximum average temperature of the warmest month (MATWM) along five
consecutive seasons (S).

3.3. Wine Oenological Parameters

The effect of type of management (organic, integrated, and conventional) evaluated during
5 consecutive seasons on wine oenological parameters is shown in Table 4. Type of management did
not affect the wine composition in terms of its alcohol degree and pH. However, the wines produced
from grapevines planted in the integrated management presented higher total phenols than the organic
wines. Provost and Pedneault [12] reviewed organic management vineyard and its impacts on wine
quality. These authors suggested that organic management may increase the level of certain compounds
in wines with little impacts on wine sensory perception. Martin and Rasmussen [47] indicated that
organic managed grapevines suffer more levels of biotic stress than conventional grapevines and
may probably produce higher rate of secondary metabolites, mainly phenolic compounds. These
aforementioned results did not match with the shown in Table 4. Additionally, the wines from
grapevines planted in the conventional management presented higher total acidity than the organic
wines. Season had a considerable effect on wine oenological parameters. The wines elaborated in
the first season presented the lowest content of total phenols and total acidity. The wines of the
third and the fourth seasons reached lower alcoholic degree than the wines of the rest of the studied
seasons. However, in all samples, this oenological parameter was high (>14% of alcoholic degree).
The wines elaborated from the second season presented higher pH than the wines from the third and
the fifth seasons.
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To classify the different types of managements by season according to wine oenological
parameters, a PCA was carried out using the measured physiochemical parameters in wines from
grapevines under organic (O), integrated (I), and conventional (C) managements, together with the
different bioclimatic indices, such as CI, HI, MTA, WI, MTWM, and MATWM performed in a Cabernet
Sauvignon vineyard along five consecutive seasons (S). PC1 explained 42.8% of the variance and
PC2 explained 30.3% of the variance, representing 73.1% of all variance (Figure 3). PC1 was strongly
correlated with HI index and MTWM, while PC2 was strongly correlated with total phenolics and total
acidity. Both components allowed to separate the treatments by season. Second and fourth seasons
were correlated pH. Third season was positively correlated with total phenolics and total acidity. This
season was inversely correlated with alcohol degree and the first season. Besides, all the bioclimatic
indices except CI and WI were inversely correlated with pH. These results were unexpected since
warm climate conditions and high temperatures at the end of ripening stage are mainly related to
early ripening [26,28,31]. These authors showed that the sites that present warm climate conditions
lead to wines with high alcohol degree and pH, together with low total acidity [26,28,31]. All the wine
oenological parameters measured were influenced by the interaction season x type of management
(Figure S3). Total polyphenol index and pH in wines were more influenced by the interaction between
type of management and season, while alcohol degree and total acidity, including total polyphenol
index, were also influenced by the season (Table 4). Canopy shade down regulate gene expression in the
anthocyanin biosynthesis pathway [48]. Cluster shading decreased the accumulation of flavonols and
skin proanthocyanidins with minimal differences in anthocyanins in pinot noir berries [49]. Organic
management presented low values of Ravaz index, which is mainly associated with high vigor in vines
(Table 2). Low vigor vines lead to higher wine anthocyanins, total phenols and color intensity than
high vigor vines [50]. Moreover, S1 which reached the lowest total polyphenol index presented higher
MATWM than the rest of the seasons with the exception of S5 (Table 1). The accumulation of flavanols
and hydroxycinnamic acids was inversely related to MATWM in Carignan grapes [51].

Table 4. Effect of organic, integrated and conventional management on wine oenological parameters
obtained from Cabernet Sauvignon grapevines evaluated during 5 consecutive seasons.

Factor
Total Polyphenol

Index
Alcohol

Degree (% v/v)
Total Acidity a pH

Type of management (M)
Organic 63.41 a 14.88 3.65 a 3.48

Integrated 80.94 b 15.28 3.82 ab 3.46
Conventional 73.68 ab 15.12 3.95 b 3.48

Season (S)
S1 23.33 a 15.56 b 2.52 a 3.52 bc
S2 88.57 bc 15.36 b 4.25 c 3.56 c
S3 106.82 bc 14.26 a 4.82 d 3.44 ab
S4 106.8 c 14.54 a 4.13 c 3.47 abc
S5 78.34 b 15.66 b 3.48 b 3.38 a

Significance (p-value)
M 0.027 0.068 0.0237 0.736
S 0.00001 0.0004 0.00001 0.002

M × S 0.00001 0.0105 0.011 0.00001

M × S: Interaction between type of management (M) and season (S). a As g·L−1 of sulfuric acid. For a given factor
and significance p ≤ 0.05, different letters within a column represent significant differences (Tukey’s test, p ≤ 0.05).
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Figure 3. Principal component analysis (PCA) performed with wine oenological parameter obtained
from Cabernet Sauvignon grapevines planted in an organic (O), integrated (I), and conventional (C)
managements, together with different bioclimatic indices such as cool night index (CI), Huglin’s
Heliothermal Index (HI), mean thermal amplitude (MTA), Winkler Index (WI), average mean
temperature of the warmest month (MTWM), and maximum average temperature of the warmest
month (MATWM) along five consecutive seasons (S).

3.4. Soil Physicochemical Characteristics

The effect of type of management (organic, integrated, and conventional) evaluated during
5 seasons on soil physicochemical characteristics is shown in Table 5. Soils under the organic
management showed the highest amount of N and K. N varied from 3.49 to 4.37, while K ranged
from 165.7 to 185.3 (conventional and organic managements, respectively). The optimum mineral N
content for grapevine development corresponds to the range of 15–25 ppm, while for K, the optimum
level is 140 ppm [27]. Type of management did not affect pH, organic matter, P and B content in soils.
pH ranged from 5.97 to 6.14 (integrated and conventional managements, respectively). These values
are within the optimum development range of the grapevines [27]. However, there could be a tendency
to increase the soil acidity, which is explained by the low content of organic matter reached [36].
Despite the aforementioned, organic matter was higher than to those exposed by Gutiérrez-Gamboa
and Moreno-Simunovic [26] in rainfed vineyards from the Maule Valley.

These results differ to those reported by Fließbach et al. [52]. These authors showed that
applying organic fertilization, the content of organic matter was improved compared to the traditional
exploitation soils. Different results are reported in literature about the effect of type of management on
soil chemical composition. In this way, Morlat and Chaussod [53] reported that long term additions
of organic amendments improved soil water holding capacity and P and K content. In addition,
Coll et al. [4] reported that organic management led to an increase in soil organic matter, P content, soil
microbial biomass, plant feeding and fungal feeding nematode densities. These authors also reported
that organic farming increased soil compaction, decreased endogenic earthworm density and not
modified the soil micro food web evaluated by nematofauna analysis. Additionally, Steenwerth and
Belina [54] reported that cover crops enhance soil organic matter, carbon dynamic and microbiological
function in vineyards ecosystems. Type of management did not affect organic matter in soils, including
the grapevines cultivated under organic management. It is probably that when organic matter is
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applied to a soil, it accumulates until reaching an equilibrium. This balance is achieved when the rate
of mineralization (action of microorganisms) is equal to the rate of incorporation of organic matter,
that is, the amount applied is equal to the amount that microorganisms use to develop their biological
processes [55]. Tillage brings subsurface soil to the surface where it is then exposed to wet–dry and
freeze–thaw cycles and subjected to raindrop impact [56]. This results in an increase in the susceptibility
of aggregates to disruption [57]. Plowing changes soil physicochemical parameters, increasing the
decomposition rates of litter [58]. The chemical and colloidal properties of soil organic matter can
be studied only in the free state, that is, when it is separated from the inorganic compounds of the
soil. Thus, the first task in research is to separate the organic matter from the inorganic matrix: from
sand, silt and clay. In clay soils, the C content of macroaggregates was 1.65 times greater compared to
microaggregates [59]. Due to the aforementioned, it is probably that there were no differences among
the type of managements on organic matter on soils. Season was the most important factor of the
variability of organic matter and its content tended to decrease over time according to the accumulated
rainfall (Table 5). Temperature sensitivity values demonstrated a strong positive correlation with
annual precipitation, so C decomposition in soils from zones with high precipitation exhibits increased
temperature sensitivity [60]. Additionally, N contained in organic matter would cause an initial increase
in pH, associated with the formation of NO4

+ that consumes protons. The subsequent nitrification
would result in a decrease in pH due to release of the protons to the soil solution. The decrease of the
pH by formation of NO3 would not achieve the original levels of acidity since a high concentration of
NH4

+ has a nitrification inhibiting effect [61].
P ranged from 6.83 to 7.89, while B varied from 1.23 to 1.38 (conventional and organic

managements, respectively). With respect to the description by Sadzawka et al. [27], P should be
higher than 8 ppm, and B between 1 and 2 ppm. According to the shown in Table 5, soils lack of
mineral nitrogen. In this way, nitrogen accessibility by grapevines in rainfed conditions relies among
other factors on the presence of sufficient soil water, which under Mediterranean climate conditions is
mostly accumulated during winter and/or early spring rainfalls [28]. Season affected all the evaluated
parameters with the exception of pH. During the fourth and fifth seasons the soil reached lower organic
matter and N than in the rest of the study seasons. In the third season was showed the highest N and B
content in soil. During the second seasons was showed the lowest P content, while in the fifth season
was presented the lowest K content in soils.

To classify the different types of managements by season according to soil characteristics of the
vineyard, a PCA was carried out using the measured parameters in soils from the vineyard under
organic (O), integrated (I) and conventional (C) managements, together with the different bioclimatic
indices, such as CI, HI, MTA, WI, MTWM, and MATWM performed along five consecutive seasons (S).
PC1 explained 46.2% of the variance and PC2 explained 28.8% of the variance, representing 75.0% of
all variance (Figure 4). PC1 was strongly correlated with organic matter, K, HI, MTWM, and MATWM,
while PC2 was strongly correlated with B and CI. Both components allowed to separate the treatments
by season. CI was negatively related with B. HI was negatively related with organic matter, N and K.
MATWM was negatively related with K. MTA was positively related with B and negatively with K.
MTWM was negatively related with N and K. WI was negatively related with organic matter, N and B.
In this way, heat accumulation promotes low pH, organic matter, K and B in soil. Additionally, thermal
amplitude was related with high B content in soil. It is probably that temperature affects decomposition
organic matter of soil, affecting the rest of the measure parameters. The effects of temperature on soil
organic matter decomposition have been reviewed by certain authors such as Kätterer et al. [62] and
Conant et al. [63].
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Table 5. Effect of organic, integrated and conventional management on soil physicochemical
characteristics obtained from a Cabernet Sauvignon vineyard evaluated during 5 consecutive seasons.

Factor pH
Organic

Matter (%)
N (ppm) P (ppm) K (ppm) B (ppm)

Type of management (M)
Organic 6.07 1.51 4.37 b 7.29 185.3 b 1.38

Integrated 5.97 1.34 3.53 a 6.91 172.1 a 1.26
Conventional 6.14 1.45 3.49 a 6.83 165.7 a 1.23

Season (S)
S1 6.07 1.73 b 4.62 b 6.60 ab 173.0 b 1.21 a
S2 6.39 2.07 b 4.54 b 6.39 a 194.1 c 1.09 a
S3 5.98 1.56 b 6.07 c 7.21 bc 180.1 bc 2.38 b
S4 6.05 1.06 a 2.83 a 7.43 bc 179.7 bc 0.91 a
S5 5.83 1.16 a 2.09 a 7.60 c 144.9 a 1.15 a

Significance (p-value)
M 0.63 0.26 0.011 0.11 0.0008 0.25
S 0.22 0.0005 0.00001 0.0036 0.00001 0.00001

M × S 0.37 0.064 0.77 0.99 0.99 0.84

M × S: Interaction between type of management (M) and season (S). For a given factor and significance p ≤ 0.05,
different letters within a column represent significant differences (Tukey’s test, p ≤ 0.05).

Figure 4. Principal component analysis (PCA) performed with soil physicochemical parameters
obtained from Cabernet Sauvignon vineyard planted in an organic (O), integrated (I), and conventional
(C) managements, together with different bioclimatic indices such as cool night index (CI), Huglin’s
Heliothermal Index (HI), mean thermal amplitude (MTA), Winkler Index (WI), average mean
temperature of the warmest month (MTWM), and maximum average temperature of the warmest
month (MATWM) along five consecutive seasons (S).

4. Conclusions

Type of management whether organic, conventional or integrated affected productive, wine
oenological and soil physicochemical parameters. However, none of the grape oenological parameters
measured were affected by the type of management. Conventional management showed higher yield,
Ravaz index, number of bunches per vine and wine total acidity than the organic management.
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However, organic management improved soil N and K content compared to conventional and
integrated managements. Integrated management lead to higher total phenols than organic
management. Season factor had mostly influenced productive parameters, grape oenological
parameters with the exception of soluble solids, wine oenological parameters and soil chemical
parameters except pH. Interaction between type of management and season influenced soluble solids,
probable alcohol and pH in grapes, and total polyphenol index and pH in wines. Organic matter
decreased along the study were carried out, being the season the most important factor of variability.
Based on the bioclimatic indices, heat accumulation conditioned number of bunches per plant, leading
to grapes and wines with low pH. In addition, heat accumulation also affected organic matter, pH and
some micronutrients content in soils. In this way, thermal amplitude was positively related with B,
which is a scarce microelement in rainfed soils from Maule Valley.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/2/64/
s1, Figure S1: Significant interactions of analysis of variance for productive variables; Figure S2: Significant
interactions of analysis of variance for berry components; Figure S3: Significant interactions of analysis of variance
for wine oenological parameters.
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Abstract: Vegetative propagation using runner plants is an important method to expand the
cultivation area for the strawberry (Fragaria × ananassa Duch.). However, excessively long runners
need an increased total amount of nutrients and energy to receive elongation from mother plants,
which may lead to poor growth or reduced output. The use of plant growth regulators (PGRs) is
an adoptable way to solve such problems. The objectives of this experiment were to study the effects
of PGRs and their application methods on the growth and development of runners, runner plants,
and mother plants, and also to find effective ways to control the number and length of runners
without harmful side effects. Chlormequat chloride (CCC), 6-benzylaminopurine (BA), and ethephon
(ETH) at a concentration of 100 mg·L−1 were applied via three different methods: injection into
crowns, medium drench, and foliar spray. The results showed that BA injection into crowns was
the most effective combination among all treatments, which prominently shortened the length of
runners and increased the number of runners and leaves on a single plant. Furthermore, plants with
BA solution injection tended to produce stronger runners with higher fresh and dry weights, without
affecting the health states of mother plants. The ETH solution seemed to have toxic effects on plants,
by leading many dead leaves and weak runners, and increased activities of antioxidant enzymes.
Other than the injection method, the other two application methods of the CCC solution did not
significantly affect the growth and development of both cultivars. Runner plants grown for 30 days
were not affected by any treatments, and they were in similar conditions. Overall, BA injection into
crowns is recommended for controlling the number and length of strawberry runners.

Keywords: chlormequat chloride; ethephon; Fragaria × ananassa; 6-benzylaminopurine; runner

1. Introduction

The strawberry (Fragaria × ananassa), a herbaceous perennial crop species from the Rosaceae
family, is one of the most popular fruit crops with great economic values. As a berry, the strawberry
is full of vitamins and minerals that are good for human health [1]. It is commercially grown in
approximately 80 countries [2]. In 2013, global strawberry production exceeded 7.7 million tons [3].
Runners, or stolons, are stems that grow on the ground surface, with several nodes that are capable
of generating adventitious roots and daughter plants because of their meristematic tissues during
the growth and development stages [4]. Adventitious roots are available at the second, fourth,
or sixth nodes, where the newly-formed plants can be used for propagation. However, in commercial
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production, runners and runner plants are generally removed by growers [5] because mother plants do
not stop sending out runners and runners keep growing until some actions are taken, which may result
in the deterioration of the mother plants’ condition. Runners and runner plants need a large amount of
productive energy and nutrition from mother plants, causing mother plants to have reduced outputs.
It is also reported that asexual reproduction reduces fruit yields [6].

Although overgrowth of runners may influence the health of mother plants, as mentioned above,
sometimes growers deliberately keep runners on mother plants to produce new generation plants.
In the Republic of Korea, especially in the southern areas of the country, strawberry growers usually
control environmental conditions to force strawberries to bloom as early as possible, usually by late
October to early November, in the cultivation season. From November to the following February is the
season to produce/harvest fruits. March to April is a suitable time for growing runners, while May
and June are the best months to harvest runner plants to be used as new mother plants. Runner plants
are often collected and sold or planted to expand the planting area. July to September is the time when
the new generation plants grow. Such a strawberry production pattern forms a complete cycle in the
Republic of Korea and is repeated year after year. Using runner plants for propagation is a method
with easy operation, high propagation coefficient, and low cost. Cutting propagation by runner plants
is an important way for strawberry reproduction because strawberry runner plants are easily produced
and rooted [7], and the new plants retain their parents’ good traits. To sum up, controlling the length
and number of runners to limit harmful effects to their mother plants and offspring is important.
Unfortunately, few studies have been carried out concerning this issue.

According to former research carried out by Kumar et al., potato runners can be controlled by
phytohormones like indoleacetic acid (IAA) and gibberellins (GA) [8]. Plant growth regulator (PGR)
is an artificial chemical phytohormone analogue that is essential for regulating plant growth and
development in agriculture, and can be applied to control plant size, flowering, fruiting, and output [9].
It is also reported that PGRs, such as chlormequat chloride (commercially available under the trade
name cycocel, CCC) and ethephon (ETH), can shorten certain parts of a plant [10]. Due to differences in
properties and reactions of different plant tissues to PGRs, effects of PGRs may vary greatly. Even with
the same PGR, different application methods may lead to different results. There are many methods of
applying PGRs, such as spraying, drenching, and dipping. Therefore, it is worth trying because taking
different approaches may yield unexpected benefits.

Discovered by Professor Tolbert at Michigan State University in the 1950s, CCC is the first plant
growth regulator used on plants [11]. It is a synthetic PGR that is antagonistic to gibberellins (GA),
while GAs are phytohormones that regulate plants’ developmental processes, such as stem elongation,
dormancy, and germination [12]. The CCC inhibits cell elongation without inhibiting cell division.
Studies have shown that CCC can decrease the growth of stems, leaves, and runners of potato [13]
and thicken the stem of mung beans [14] effectively by controlling vein growth and lodging. The CCC
application results in dwarfed plants; thickened stalks [11]; darkened, greened, and thickened leaves;
increased chlorophyll content; and a well-developed root system. Nowadays, CCC is widely used in
agricultural production to slow down the stem growth, while enhancing flowering in many crops.

The ETH was discovered in 1965 and was first registered as a pesticide in the U.S. in 1973 [15].
It has low toxicity, and in the U.S. it is registered for use on ornamental plants as well as wheat, barley,
apple, blackberry, cherry, grape, pineapple, cucumber, tomato, pepper, coffee, cotton, and tobacco [16].
The ETH is antagonistic to IAA, and is easily converted into ethylene in aqueous solutions of pH 5
or higher [17]. Ethylene interferes the growth processes of plants, and is a potent regulator of plant
growth and ripeness. According to previous studies, exogenous ETH on turfgrass reduces the mowing
frequency [18], which means it prevents or slows down the growth processes of turfgrass.

6-benzylaminopurine (BA) is a first generation man-made cytokinin that plays an important role
in plant cell division, fruit growth acceleration, shoot formation, fruit setting, and yield increases [19].
Furthermore, BA increases plants’ stress resistance [20] and therefore is widely used in horticulture
and agriculture [21].
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As discussed above, three PGRs have been widely researched, developed, and used commercially
for the past half century to manipulate plant shape, form, and overall crop quality in agriculture and
horticulture. The hypothesis of this study comes from the fact that some PGRs can control the length
of plant organs, such as potato runners [13]. Especially, it is hypothesized that BA induces a large
number of cells to divide, which would lead to more runners emerging and competing with each other,
resulting in the decreased length of the runners. The objectives of this study were to realize the effects
of PGRs and their application methods on the growth and development of strawberry runners, runner
plants, and mother plants, and also to find out methods to control the number and length of runners
without the harmful effects of PGRs on the plants.

2. Materials and Methods

2.1. Plant Materials and Culture Conditions

The strawberry cultivars used were ‘Maehyang’ and ‘Sulhyang’. Plants were purchased from a
strawberry farm (Sugok-myeon, Jinju, Gyeongsangnam-do, Republic of Korea) and maintained in the
BVB Medium (Bas Van Buuren Substrate, EN-12580, De Lier, The Netherlands). The experiment was
carried out in a glasshouse at Gyeongsang National University in the Republic of Korea. The culture
environment had 23/17 ◦C day/night average temperatures, 70–80% relative humidity, and a natural
photoperiod of 14 h or so. Plastic pots (Green-100, Danong Co., Namyangju, Republic of Korea) were
used as growing containers, and plants were treated after confirming all plants produced at least one
runner and the length of runner was approximately 5 cm. To count the number of new leaves and
runners, the redundant leaves and runners were removed before the first treatment, leaving three
leaves and one runner on each plant. Treatments were given weekly on Friday mornings for one
month (1–31 May 2018).

When treatments were finished, 10 healthy and uniform runner plants in each treatment generated
on the second node of runners were selected and stuck into the BVB Medium contained in 21-cell
zigzag trays (21-Zigpot/21 cell tray, Daeseung, Jeonju, Republic of Korea). A fogging system (UH-303,
JB Natural Co. Ltd., Gunpo, Republic of Korea) was used to promote induction of roots for about
9 days, and plants were checked to find out if there were any toxic effects from PGR treatments.
The cultivation environment of runner plants had 32/21 ◦C day/night temperatures (average), 75–85%
relative humidity, and a natural photoperiod of approximately 14.5 h. This stage lasted for another
30 days from June 1 to 30, 2018.

For maintenance, a greenhouse multipurpose nutrient solution (in mg·L−1 Ca(NO3)2·4H2O 737.0,
KNO3 343.4, KH2PO4 163.2, K2SO4 43.5, MgSO4·H2O 246.0, NH4NO3 80.0, Fe-EDTA 15.0, H3BO3 1.40,
NaMoO4·2H2O 0.12, MnSO4·4H2O 2.10, and ZnSO4·7H2O 0.44 (electrical conductivity 0.8 dS·m−1))
was provided by drenching the growing medium daily.

2.2. Plant Growth Regulators Tested

CCC, BA, and ETH (MB-C4219, MB-B5812, and MB-E5360, respectively. MB Cell, Seoul, Republic
of Korea) were used in this experiment. Unfortunately, there was little research done on the application
of these PGRs and the proper concentration of these PGRs for strawberry. In accordance with
agricultural production practices and guidelines for the use of PGRs, we found that growers usually
treat cucumber, tomato, eggplant, and melon with CCC solution at 100–500 mg·L−1; rose and
chrysanthemum with BA solution at 50–200 mg·L−1; and cucumber, melon, and watermelon at
100–500 mg·L−1. In order to prevent plant damage from highly concentrated PGR solutions and also
to ensure the consistency of the experimental concentration, 100 mg·L−1 for all three PGRs was used in
this experiment. The CCC and ETH were dissolved in distilled water, while BA was dissolved in a 1N
NaOH solution. After testing, it was determined that application of a 5 mL of PGR for each treatment
was the most appropriate for each plant, as 5 mL of the solution to a plant was the most appropriate,
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and 5 mL is sufficient to make the medium permeated and cover all the leaves of a plant without
much loss.

2.3. Methods of Supplying PGR Solution

CCC, BA, and ETH at a concentration of 100 mg·L−1 were applied using three different mathods:
injection into crowns, medium drench, and foliar spray.

2.3.1. Injection

To inject the PGR solution, crowns were pierced with an injection syringe (12 mL, Jung Rim
Medical Industrial Co. Ltd., Seoul, Republic of Korea), and 5 mL solution was injected into the plant
each time.

2.3.2. Drench

An injection syringe (25 mL, Jung Rim Medical Industrial Co. Ltd., Seoul, Republic of Korea)
without a needle was used to drench the growing medium with 5 mL PGR solution.

2.3.3. Spray

For spraying, a sprayer was filled with the PGR solution at the total calculated volume according
to the number of plants so that 5 mL is foliage-sprayed evenly per plant.

2.4. Measurements of Growth and Morphological Parameters

After 30 days of treatment, on 1 June 2018, growth parameters such as length of the longest runner,
average length between the crown and the second node, runner diameter, number of runners per plant,
fresh and dry weights of runners, and number of new leaves of the mother plants were measured.
It is noteworthy that when the length of the longest runner was measured, most runners only had
four nodes and very few of them had five nodes. To make the data more comparable, only length of
four nodes was measured. After another 30 days, on 1 July 2018, growth parameters such as average
length of shoot and root, crown diameter, fresh and dry weights of shoot and root, number of leaves,
leaf length, leaf width and thickness, and chlorophyll level, of runner plants were measured.

Dry weights of shoot, root, and whole plant were measured after 72 h of drying in a drying oven
(FO-450M, Jeio Technology Co. Ltd., Daejeon, Republic of Korea) at 70 ◦C. Diameters of the runner,
crown, and leaf thickness were measured using a Vernier caliper (CD-20CPX, Mitutoyo Korea Co.,
Gunpo, Republic of Korea) at the widest points. The chlorophyll level was measured with a chlorophyll
meter (SPAD-502, Konica Minolta Inc., Japan) on three healthy leaves in each plant to be averaged.

Samples for physiological analysis were taken from leaves of three randomly selected plants in
each treatment among young and healthy leaves with uniform sizes and same conditions. Samples
were fixed with liquid nitrogen as quickly as possible.

2.5. Measurements of Contents of Starch, Soluble Sugar, and Protein

2.5.1. Soluble Sugar and Starch

The contents of soluble sugar and starch were assayed according to the Anthrone colorimetric
method [22]. For each treatment, a 0.2 g leaf sample was ground into the homogenate with distilled
water and then transferred into a 15 mL centrifugal tube. The volume was adjusted to 6 mL and
extracted in boiling water for 30 min. Then, the residue was filtered for starch extraction and the
remaining solution was adjusted to 15 mL. A 0.1 mL of the extracted sample solution was added to
3 new 15 mL centrifugal tubes for each treatment, and 0.1 mL distilled water was used as the control.
Then, 1.9 mL distilled water, 0.5 mL 2% Anthrone ethylacetate, and 5 mL 98% H2SO4 were added in
that order into the tubes. All tubes were submerged in boiling water for 10 min. The absorbance was
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measured at 630 nm with a spectrophotometer (Uvikon 992, Kotron Instrumentals, Milano, Italy) after
cooling the samples to room temperature.

The residue of sugars was used to assay the starch content. The residues from different treatments
were added to tubes with 5 mL distilled water and boiled for 15 min to extract starch. Afterwards,
0.7 mL of 9.2 mol·L−1 perchloric acid was added to each tube, and tubes were placed in boiling water
for additional 15 min. The volumes were adjusted to 15 mL after cooling down. The contents from the
tubes were filtered, and the same volume of extracted samples, distilled water, Anthrone ethylacetate,
and H2SO4 were added into new tubes to measure the absorbance at 485 nm. The soluble sugar and
starch contents were calculated according to the prepared standard curves.

2.5.2. Protein

Total protein content was measured based on the reaction of Coomassie brilliant blue G-250
with proteins by measuring the absorbance at 595 nm with a spectrophotometer according to the
method of Bradford [23]. The Na2HPO4 and NaH2PO4 were mixed in distilled water according to
protocol for the phosphate buffer. Afterwards, 0.058 g EDTA-Na2, 0.1 mL 0.05% Triton X solution,
and 4.0 g 2% PVP were added to the phosphate buffer and the pH was adjusted to 7.0 to finish the
working buffer. A 0.1 g of the leaf sample and 1.5 mL of working buffer were taken and ground into
the homogenate in an ice box. This mixture was centrifuged at 13,000 rpm, 4 ◦C for 20 min with a
centrifuge (5430 R, Eppendorf AG, Hamburg, Germany), and then the supernatant was transferred
to new e-tubes. For measurement, 50 μL of the supernatant was mixed with 1,450 μL of Bradford’s
reagent, and was held still for 5–10 min. A standard curve was made by using Bovine serum albumin.

2.6. Measurements of Antioxidant Enzymes Activities

2.6.1. Superoxidase Dismutase (SOD)

According to the protocol of Beauchamp and Fridovich [24], the SOD activity was assayed
by measuring the capacity to inhibit the photochemical reduction of nitroblue tetrazolium (NBT).
The measurement was conducted with a 3 mL reaction mixture containing 50 mM phosphate buffer
(pH 7.8), 14.5 mM methionine, 2.25 μM NBT, 60 μM riboflavin, 30 μM EDTA, and 0.1 mL of the enzyme
extract. This reaction solution was incubated for 20 min under fluorescent lamps at an illuminance of
4000 lux. A tube containing the enzyme was kept in dark and served as the blank, while the control
tube without enzyme extracts was kept in light. The absorbance was taken at 560 nm, and calculations
were made by using an extinction coefficient of 100 mM−1·cm−1.

2.6.2. Peroxidase (POD)

According to the protocol described by Sadasivam and Manickam [25], a 0.2 M phosphate buffer
(pH 6.0), 0.076 mL guaiacol solution, 0.1 mL enzyme extract, and 0.112 mL 30% hydrogen peroxide
solution were prepared for the enzyme assay. An increase in the absorbance was recorded at 470 nm.
The time was recorded in 30-s intervals until the decrease became constant. The extinction coefficient
was 6.39 per micromole.

2.6.3. Catalase (CAT)

The total CAT activity was measured by the method of Aebi [26]. The assay system consisted
of a 0.15 M phosphate buffer (pH 7.0), 0.31 mL 30% hydrogen peroxide solution, and 0.1 mL of the
enzyme extract in the final volume of 3 mL. The decrease in the absorbance was recorded at 240 nm.
The molar extinction coefficient of H2O2 at 240 nm was 0.004 μmol−1·cm−1.
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2.7. Statistical Analysis

The data were analyzed with SAS (SAS 9.4, SAS Institute Inc., Cary, NC, USA). The experimental
results were subjected to an analysis of variance (ANOVA) and Duncan’s multiple range tests.
OriginPro 9.0 (OriginLab Co., Northampton, MA, USA) was used for graphing.

3. Results

3.1. Effects of PGR and Application Method on Runners and Mother Plants

As shown in Figure 1 and Table 1, significant differences were observed between the two cultivars.
Runners of strawberry ‘Sulhyang’ were much longer and stronger than those of ‘Maehyang’, and PGR
affected growth and development of runners in terms of their length; diameter; and, especially, runner
number. The application methods also had significant effects on growth and development of runners,
such as number, length, diameter, and fresh weight. As for the effect of PGR in combination with
application method, diverse effects on number, length, diameter, and dry weight of the runners were
found. For example, plants treated with PGRs by injection method shortened length of runners.

For strawberry ‘Maehyang’, all three PGRs shortened runner length when injected. The treatment
of BA injected into crowns induced the greatest number of runners and leaves per plant (Figure 1B).
All treatments increased runner diameter, and it was most pronounced in the treatment of BA injected
into crowns. The greatest fresh weight of runners was obtained in the treatments of ETH drench, BA
injection, and BA drench among all treatments. The ETH solution at a concentration of 100 mg·L−1

may have had toxic or senescing effects on the mother plants, as its injection and drench caused
many leaves to die (Figure 1C). Furthermore, ETH drench tended to prevent the formation of runners.
For strawberry ‘Sulhyang’, all treatments except the BA injection and BA drench tended to prevent
runner induction. The BA injection resulted in the greatest number of runners per plant (Figure 1B).
The injection of either ETH or BA was effective in controlling length of runners. Fresh and dry weights
of plants in all treatments were not significantly different from those in the control group. There was
little difference in number of new leaves and runner diameter among treatments. Drenching medium
with a 100 mg·L−1 ETH solution may have had toxic or senescing effects on the strawberry plants as it
resulted in many dead leaves in this cultivar also (Figure 1C). In summary, injection of a 100 mg·L−1

BA solution into crowns of mother plants of both ‘Maehyang’ and ‘Sulhyang’ strawberry was effective
in controlling number and length of the runners.
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Figure 1. The effects of (A) chlormequat chloride (CCC), (B) 6-benzylaminopurine (BA), and (C)
ethephon (ETH) at a concentration of 100 mg·L−1 and the application method (injection, drench, and
spray) on the number and length of runners of strawberries ‘Maehyang’ and ‘Sulhyang’ observed
30 days after treatment initiation in strawberries ‘Maehyang’ and ‘Sulhyang’: The letters C, B, and E
stand for CCC, BA, and ETH, respectively; I, d, and s stand for injection into crowns, medium drench,
and foliar spray, and Con. is the control.

71



Agronomy 2019, 9, 59

3.2. The Effects of the PGR Solution and the Application Method on Endogenous Compounds

An analysis of the endogenous compounds showed that the starch, soluble sugar, and protein
contents were differently affected by the treatments (Figure 2). The BA injection, BA foliar spray,
and ETH injection resulted in lower contents of starch in strawberry ‘Maehyang’. All CCC applications,
regardless of the application method and BA injection, led to similarly lower starch contents in
‘Sulhyang’. For ‘Maehyang’, CCC injection and all BA treatments resulted in the greatest soluble sugar
contents, while BA drench, ETH drench, and ETH spray led to the greatest soluble sugar contents in
‘Sulhyang’. The greatest protein contents were obtained in the CCC injection, BA injection, BA spray,
and ETH injection for ‘Maehyang’ and in CCC injection, BA injection, and BA drench for ‘Sulhyang’.

 

 

Figure 2. The effects of chlormequat chloride (CCC), 6-benzylaminopurine (BA), and ethephon (ETH)
at a concentration of 100 mg·L−1 and their application method (injection, drench, and spray) on the
content of (A) total protein, (B) starch, and (C) soluble sugars in leaves of strawberries ‘Maehyang’ and
‘Sulhyang’ sampled 30 days after treatment initiation. Vertical bars indicate the standard error (n = 3).
Means accompanied by different letters are significantly different (p < 0.05) according to the Duncan’s
multiple range test: The letters C, B, and E stand for CCC, BA, and ETH, respectively; I, d, and s stand
for injection into crowns, medium drench, and foliar spray, and Con. is the control.

3.3. The Effects of the PGR Solution and the Application Method on the Activities of Antioxidant Enzymes

All treatments resulted in increased SOD activity in ‘Maehyang’ compared to the control group.
The CCC drench, ETH drench, and ETH spray resulted in markedly increased SOD activity compared
to CCC injection, CCC spray, and BA injection. The SOD activity in ‘Sulhyang’ in the CCC spray,
ETH drench, and ETH injection treatments was greater than that of the control group. The CCC drench
and BA injection resulted in the lowest SOD activity. The CCC injection, CCC spray, and BA spray
resulted in a considerably higher POD activity than other treatments in ‘Maehyang’. Similarly, foliar
spray of either CCC or BA resulted in much higher POD activity than other treatments, while all
other treatments did not increase POD activity than the control in ‘Sulhyang’. The CAT activity in
‘Maehyang’ in all treatments increased compared to the control, with the exception of BA injection
and CCC drench, which had much higher CAT activity than the control. For ‘Sulhyang’, BA injection
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resulted in the lowest CAT activity, followed by CCC drench and CCC spray, and all other treatments
led to high CAT activities (Figure 3).

 

 

Figure 3. The effects of the chlormequat chloride (CCC), 6-benzylaminopurine (BA), and ethephon
(ETH) at a concentration of 100 mg·L−1 and their application method (injection, drench, and spray)
on the activities of (A) SOD (superoxidase dismutase), (B) POD (peroxidase), and (C) CAT (catalase)
in the leaves of strawberry ‘Maehyang’ and ‘Sulhyang’ sampled 30 days after treatment initiation.
Vertical bars indicate the standard error (n = 3). Means accompanied by different letters are significantly
different (p < 0.05) according to the Duncan’s multiple range test: The letters C, B, and E stand for CCC,
BA, and ETH, respectively; I, d, and s stand for injection into crowns, medium drench, and foliar spray,
and Con. is the control.

3.4. The Effects of the PGR Solution and the Application Method on the Runner Plants

With respect to the next generation, all runner plants with PGRs applied in different methods
were observed to grow better than or at least as well as the control group for both cultivars. Across the
two cultivars, there were significant differences that include the growth data of the shoot, root, and leaf,
while within the same cultivar there was little difference between plants in different treatments
(Figure 4). According to the results of the F-test, the PGRs and the application method exhibited
little influence on the runner plants, which means that different PGR treatments in this study had no
harmful effects on the next generation of strawberry plants. Data are shown in Tables 2 and 3.
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Figure 4. The effects of the chlormequat chloride (CCC), 6-benzylaminopurine (BA), and ethephon
(ETH) at a concentration of 100 mg·L−1 and the application method (injection, drench, and spray) on
the morphology of strawberries (A) ‘Maehyang’ and (B) ‘Sulhyang’ runner plants grown for 30 days.

4. Discussion and Conclusions

4.1. Discussion

Starch is the main form of storage carbohydrate in plants and is important in the carbon economy
of many organs, tissues, and cell types of plants [27]. Soluble sugars play an important role in plant
growth and developmental processes. They provide energy and mid-metabolites, and also act as
signals, regulating the vital movements of plants [28]. The BA was reported to help in accumulating
starch in Lemna minor [29] and ETH in increasing starch content in apple [30], which are in agreement
with results of this study. Medium drenching or foliar spray of BA or ETH led to higher starch content
in both cultivars of strawberry plants, while BA injection resulted in the lowest starch content for both
cultivars. Root drenching or foliar spray of BA or ETH led to increased starch contents in both cultivars
of strawberry plants, while BA injection decreased starch content to the lowest level for both cultivars.
On the other hand, BA injection induced an increased level of soluble sugar content in both cultivars.
Presumably, some functions of BA help in transforming starch into soluble sugars, and the intensity of
this transformation is related to different plant tissues. It was observed that injection of any of three
PGRs resulted in shortened runner length for both cultivars, while drenching or spraying PGRs did
not. This indicates that PGRs have different mobile characteristics and induced effects depending
on the location on the strawberry plants where they are applied, just as hypothesized. The actual
mechanisms behind this need to be investigated further.

It is reported that CCC is highly mobile in both xylem and phloem tissues, and is rapidly absorbed
and translocated [31]. However, CCC shows different mobility characteristics depending on the
species. It was observed that CCC had high mobility in wheat but slow uptake/movement in barley,
making CCC more effective in wheat than in barley [32]. In this study, strawberry plants with CCC
treatments displayed a similar number of new leaves and runners, length of the first node, percentage
of plants with new runners, and runner dry weights, while no significant differences were observed
among the plants with respect to the application method. Therefore, it can be concluded that CCC is
highly mobile in strawberries too. However, CCC injection into crowns resulted in a more pronounced
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shortening of the runner length compared to foliar spray or medium drench. This is probably because
CCC injection works directly on the crown where runners are generated, while foliar spray and medium
drench result in reduced CCC dosage during the transportation process, making CCC relatively less
effective in shortening the runner length.

Truernit et al. (2006) found in Arabidopsis thaliana that cytokinin regulates the expression of
invertase and transports hexose [33]. As a kind of cytokinin, BA has the effect of inhibiting chlorophyll,
nucleic acid, and protein decomposition in the leaves, and various functions such as transporting
amino acids, auxin, and mineral salts to plant parts exposed to it [34]. Another important characteristic
of BA is its poor mobility in plants; furthermore, its physiological effects are limited to the treatment
site and its vicinity. That is the reason why BA injection into crowns induced many more new runners
and leaves but medium drench and foliar spray with BA did not. Due to BA helping in accumulating
nutrients, runners of plants injected with BA were much stronger. The competition for nutrients among
these strong runners made them have a shorter average length compared to runners under other
treatments. As a benefit, growers have more options to get healthy and strong runners, while also
saving the nutrients and energy to support the mother plant.

The ETH is quite different from the other two PGRs mentioned above, as it eventually decomposes
into ethylene, so temperature (high temperatures accelerate ETH movement inside the plant), pH,
period of usage, and the plant growth stage can easily influence the effect of ETH [35]. In plant
production settings, ETH is applied by spraying, dipping, smearing, or air fumigation, among which
spraying is the most commonly used. The ETH can be absorbed by leaves, stems, fruits, and other
organs but is mainly taken up through leaf surface absorption. When ETH enters the vascular bundle,
it is transported to other tissues and organs as the organic matter moves, so ETH has some mobility
within the plant [36]. The ETH that enters the cell is broken down gradually to release ethylene,
and then produces its effect on the plant. The ETH is similar to ethylene in that it enhances the
synthesis of RNA in cells and promotes the synthesis of proteins. It has also been shown by studies
that plants treated with ETH had high protein contents (Figure 2A).

Both crown injection and medium drench of ETH induced dead leaves, albeit to different degrees,
and inhibited formation of new leaves and runner in strawberries. Foliar ETH spray did not induce any
leaf deaths. The other two PGRs did not have the same leaf-killing and development-inhibiting effects.
These results indicate that ETH has differing effects that depend on the application site, or that different
plant tissues or organs have different tolerances to ETH, as they do to certain natural phytohormones.
Another possible explanation for the differing effects of ETH by application method is the concentration
of the solution. In this study, a concentration at 100 mg·L−1 was used. The higher the applied
concentration, the more likely the occurrence of phytotoxicity. Phytohormones are characterized
by low doses but high efficiencies. Some of them, such as IAA, have effects that depend on the
concentration, where they promote plant growth at a low concentration but inhibit growth at a high
concentration. As an analogue of plant hormone, ETH may have similar characteristics. To clarify the
reason and mechanism by which dead leaves were induced by crown injection and medium drench of
ETH in this experiment, further research is needed.

Stressful environments can cause the accumulation of reactive oxygen species (ROS) or free
radicals in plants. Harsh environments, normal oxygen metabolism, certain chemical reactions, or toxic
agents in the environment could force plants to produce such substances that continuously threaten the
cells and tissues. The ROS and free radicals are able to disrupt the metabolic activity and cell structure.
When this occurs, additional free radicals are produced in a chain reaction that leads to more extensive
damage to plants, particularly the oxidation of DNA, proteins, and membrane lipids. Fortunately,
plants can defend themselves against such damages via synthesizing antioxidant enzymes such as SOD,
POD, and CAT to eliminate stresses [37]. It is true that the use of PGRs could push plants into stressed
states. One example is the dead leaves and a low number of newly-grown runners in plants treated
with ETH as discussed above. The experimental results also confirmed that the treatments did cause
some biological stresses on the strawberry plants, because the activities of antioxidant enzymes in most
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of the treated plants were higher than that in the control group. Generally, ETH treatments resulted in
higher activities of antioxidant enzymes, and BA treatments, especially by injection, resulted in lower
activities of antioxidant enzymes in strawberry. To some extent, BA injection had little toxic and side
effects on strawberry mother plants.

Although the PGRs selected were reported to have low toxicity, according to a research in mice,
ETH could be harmful for the kidney and liver even in small doses [38]. The CCC was also reported to
be toxic on the fertility of mammals such as pigs and mice [39]. The BA toxicity is seldom reported,
and thus can be considered as no concern for human and animal safety. For plant safety, improper
application or excessively high concentrations of CCC result in severe marginal leaf chlorosis or
chlorotic spotting [40].

Typical application methods for PGRs are foliar spray or medium drench, but substrate spray,
bulb spray, seed soak, cutting, and liner dips are also used. Each method has advantages and
disadvantages, so appropriate methods should be chosen for a particular situation [41]. The injection
method used in the experiment was actually similar with cutting and liner dips in that it damages the
surface of plant tissues and lets the PGRs into the plant body. It is not easy to inject PGR solutions into
strawberry crowns because strawberry do not have blood vessels like human or animals. If we obey
the definition of ‘injection’ strictly, namely, it involves pricking the surface tissues of plants with an
injector and then sending the solution inside, as tested, one person can finish one or two plants per
minute, and this was the method tried prior to this experiment.

In the second turn of the experiment, a new method for raising efficiency was found and used.
An injector was used to make small pores on the crowns, pushed in to let its contents out, without
the need for pricking the entire needle inside. This allowed solutions to enter the plant through small
pores, and the effectiveness was not compromised at all, compared with the first method in prior
experiment discussed above. This allowed for three-four additional plants to be treated per minute.
This means that, for example, if a grower wished to control the number and length of 5000 strawberry
plants, it would take 1000 man/min (16.7 man/h) under ideal conditions, making this improved
injection method practically applicable to real production environments.

4.2. Conclusions

The three PGRs had different effects on strawberry runners and mother plants, and the results
are variable as affected by their application methods. The most successful combination of PGR
and application method in this study was BA injection into crowns, because it achieved expected
experimental goal of shortening the average length of runners without harming the mother plants
and daughter plants, while increasing the number of new leaves and runners, and the diameter of
runners. It is important to note that BA has low toxicity, thus posing little to no risks to human health.
Because the aforementioned injection method is easy and efficient, it is possible to lower the cost and
time in production setting. Thus, BA injection into crowns is recommended for growers in need of
controlling the number and length of runners. As for the other two PGRs, ETH treatment caused
many dead leaves and weak runners in mother plants, and it had little effect in controlling runners;
CCC solution with injection could shorten runner length, but the effect was less dramatic than BA
injection. The other two methods were not observed having any special effects on either cultivar.
Runner plants (next generation) grown for 30 days were not affected by any treatments, and they were
in similar conditions. The effects of the three PGRs in different concentrations have not been tested yet.
A 100 mg·L−1 is not necessarily the optimal concentration for the PGRs, and the PGR solutions with
different concentrations should also lead to different results. The amount of PGR residue in the fruits
has not been tested either, and may be the focus of future experiments.
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Abstract: Bird damage to fruit is a long-standing challenge for growers that imposes significant costs
because of yield losses and grower efforts to manage birds. We measured bird damage in ‘Bluecrop’
blueberry fields and Pinot noir vineyards in 2012–2014 in Michigan to investigate how year, grower,
and forest cover influenced the proportions of bird damage. We tested whether inflatable tubemen
(2013–2014) and a methyl anthranilate spray (2015) reduced bird damage in blueberries, and tested
the deterrent effect of inflatable tubemen in grapes (2014). Years when crop yield was lower tended
to have a higher damage percentage; for blueberries, bird damage was highest in 2012, and in grapes,
damage was highest in 2012 and 2014. Neither blueberry fields nor vineyards with inflatable tubemen
showed significantly reduced bird damage, although the blueberry fields showed a non-significant
trend toward lower damage in the tubemen blocks. Blueberry field halves treated with the methyl
anthranilate spray had equivalent bird damage to untreated halves. Our results correspond to
previous work showing that percent bird damage varies by year, which was likely because bird
consumption of fruit is relatively constant over time, while fruit yield varies. Fruit growers should
expect a higher proportion of bird damage in low-fruit contexts, such as low-yield years, and prepare
to invest more in bird management at those times. Investigating patterns of bird damage and testing
deterrent strategies remain challenges. Bird activity is spatially and temporally variable, and birds’
mobility necessitates tests at large scales.

Keywords: fruit; Michigan; inflatable tubemen; methyl anthranilate; bird deterrent

1. Introduction

Cultivated blueberry (Vaccinium corymbosum L.) production in the United States (U.S.) more than
doubled between 2005–2016 to nearly 272 million kilograms (600 million pounds), which was valued at
over 700 million dollars [1,2]. U.S. grape (Vitis vinifera L.) production stayed steady between 2005–2016,
at somewhat over six million metric tons (seven and a half million short tons), although the value
nearly tripled to a price of $1500/short ton [1,2]. Fruit-eating birds pose consistent challenges for
fruit growers (e.g., Tracey et al. [3] and Lindell et al. [4]). Growers from Michigan, New York, Oregon,
California, and Washington estimated that bird damage to blueberries in 2011 was between 3.8–18.2%,
and bird damage to wine grapes was between 2.9–9.2% [5]. Using these estimates with state price
and production data, we calculated that, for example, bird damage costs Michigan blueberry growers
over $14 million annually, and California wine grape growers over $49 million [5]. Given the size
of the blueberry and wine grape industries, the documented health benefits of fruit and vegetable
consumption [6,7], and the yield loss to pest birds, improving the understanding and management
of pest birds will have economic benefits for both growers and consumers and increase the health
of society.

In previous work on tree fruits, we found that the proportion of bird damage was higher in
low-fruit yield contexts. For example, the proportion of bird damage to Michigan sweet cherries

Agronomy 2018, 8, 295; doi:10.3390/agronomy8120295 www.mdpi.com/journal/agronomy81



Agronomy 2018, 8, 295

(Prunus avium L.) was much higher in a low-yield year than in higher-yield years [4]. We also
found some evidence of spatial influences; bird damage to sweet cherries was lower in blocks
surrounded by other sweet cherries than in blocks surrounded by non-sweet cherry land-cover types.
Local populations of fruit-eating birds are likely relatively constant over a year-to-year time frame in
the study region, and so the amount of food that they consume is an absolute amount. When there is
a small absolute amount of fruit available (low yield years) and/or this is the only field in the local
area that offers fruit (no surrounding fruit fields), the fixed absolute amount that birds eat will appear
as a proportionally higher amount of the available fruit.

We also found greater bird damage in both sweet and tart cherry (Prunus cerasus L.) blocks that
were in landscapes with low forest cover (less than 50% forest cover, compared to blocks with greater
than 50% forest cover), potentially because of the close proximity of important resources in low forest
cover landscapes, i.e., fruit in the blocks and nesting habitat, and cover from predators in the forest [4].
This pattern has been documented previously: Great-tailed grackles (Quiscalus mexicanus) caused
higher bird damage in grapefruit groves close to sugarcane fields in Florida, presumably because
the sugarcane fields provide roost sites for the grackles [8]. Similarly, blackbirds cause more damage
in sunflower fields near cattail marshes that provided roosting habitat compared to fields farther
from marshes [9].

Grower management may be another influence on bird damage levels, although not necessarily
in an intuitive manner. Our recent work (Elser et al. in prep) indicated that higher bird damage
levels are sometimes positively associated with bird management. We believe this pattern results
because growers are more likely to employ management when a block is particularly susceptible to
bird damage. Thus, when a grower manages for pest birds, he/she may simply be able to reduce
bird damage down to regional averages. Assessing the efficacy of bird management techniques is
inherently difficult, because birds are highly mobile. Thus, control and treatment sites should be large,
and have baseline levels of damage that are similar. In the present work, we relied on bird damage
estimates of blocks in previous years, or grower information, to match control and treatment blocks.

A relatively new bird management technique is inflatable tubemen that engage in haphazard
movements and are driven by a fan, which may make them more effective at reducing bird activity
than traditional stationary scarecrows or other visual deterrents. Bird-deterrent sprays are an appealing
possibility to some growers, because the application technique is familiar. The only chemical currently
registered for use on fruit is methyl anthranilate. Methyl anthranilate is a compound that occurs in
grapes and strawberries and is added to foods to provide a fruit flavor and odor. Some anthranilate
derivatives are avoided by birds in laboratory situations [10]. Methyl anthranilate is the active
ingredient in a number of bird-deterrent sprays, although strong evidence is lacking that it reduces
bird activity in crops (e.g., Avery et al. [11] and Dieter et al. [12]).

Our specific objectives were to (1) investigate the influence of year, grower, and forest cover on
proportions of bird damage in blueberries and grapes, (2) test the efficacy of inflatable tubemen in
reducing bird damage in blueberries and grapes, (3) determine whether bird damage was reduced
for blueberries treated with Avian Control®, Stone Soap Co. Inc., Sylvan Lake, MI, USA, a spray
with methyl anthranilate as the active ingredient, compared to untreated blueberries, and (4) make
recommendations about managing pest birds in fruit.

2. Materials and Methods

2.1. Study Regions

Our blueberry study region is in western Michigan at approximately 42.3◦ latitude, −86.1◦

longitude. The average annual temperature for this region is 10.2 ◦C, and the average annual
precipitation is 947 mm. Our grape study region is in the northern lower peninsula of Michigan
at approximately 44.9◦ latitude, −85.7◦ longitude. Average annual temperature for this region is 7.4 ◦C,
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and average annual precipitation is 841 mm. Detailed information on the counties, varieties of fruit,
and years the studies were conducted is in Table 1.

Table 1. Summary of years, locations of studies in Michigan, and varieties of fruit.

Crop Study Counties Varieties of Fruit Years

Blueberries Influences on bird damage Van Buren, Allegan, Berrien Bluecrop 2012–2014

Inflatable tubemen Van Buren, Eaton,
Ottawa, Berrien Bluecrop, Jersey 2013–2014

Methyl anthranilate Van Buren Bluecrop 2015

Grapes Influences on bird damage Leelanau, Grand Traverse Pinot noir 2012–2014

Inflatable tubemen Leelanau, Grand Traverse Pinot noir 2014

2.2. Block Selection

We defined a block as a contiguous area of one crop, with edges delimited by other land-cover
types at least five meters wide. We approached fruit growers in each region to gain access
to commercial orchards for studies. Blocks were a minimum of two kilometers apart for the
influences-on-bird-damage studies (blueberries: mean = 4.6 km apart, SD = 6.5, n = 23 blocks,
some sampled in multiple years; grapes: mean = 2.5 km apart, SD = 1.5, n = 19 blocks, some sampled
in multiple years). In the case of the tubemen and methyl anthranilate tests, blocks were often closer
than two kimometers, because block pairs, or halves of blocks in the case of the methyl anthranilate
test, were owned by individual growers.

2.3. Sampling Bird Damage within Blocks

To estimate bird damage within blocks, we divided blocks into four edge strata and one interior
stratum, given that the edges of blocks sometimes experience greater damage than interiors [13].
Within a block, edge strata were two rows wide, with the interior stratum comprising all of the other
rows. We sampled whole blocks, except in the case of the methyl anthranilate test, where blocks
were divided into treatment and control halves. For tests with tubemen, we sampled 2.5-acre areas
around the tubemen. These 2.5-acre areas were generally on a corner of the block, so there were
only two edge strata and one interior stratum. Since there were only three strata, we increased
the number of bushes sampled per stratum to 20 to sample roughly 60 plants, as we did for the
influences-on-bird-damage studies.

2.4. Plant Selection

We sampled up to 12 plants per stratum for blueberries, resulting in approximately 60 bushes
sampled per block, and up to 20 plants per stratum for grapes, resulting in up to 100 vines sampled per
block. We sampled fewer plants in blueberries because of the labor-intensive nature of the sampling
(see below). Within each stratum, we randomly selected a starting plant, and then systematically chose
the other plants for sampling to provide approximately even coverage of the stratum. For example,
if we randomly selected the third plant from the northeast corner as the starting plant for a stratum,
and the stratum contained 112 plants in total, we sampled every 10th plant, so that the 11 remaining
sample plants were from all of the areas of the stratum.

2.5. Blueberry Cane Selection

For each plant, we randomly selected a number between one and eight; each number represented
one of the eight half-winds of the compass rose (NNE, ENE, ESE, SSE, SSW, WSW, WNW, NNW).
The half-wind selected represented the side of the plant from which we selected a cane for sampling.
We then placed an inconspicuously colored twist tie between 0.5–1 m back from the tip of the cane.
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Two to three weeks before the first harvest, we counted all of the green and blue berries from the
twist tie toward the tip. Since we needed to return to the same cane to recount the berries, we flagged
a plant adjacent to the plant with the selected cane. The twist ties were dark green, and the flagging
was placed on the side of the plant opposite the sampled plant; neither of these practices should have
influenced berry consumption by birds. During the recount, which happened right before the first
harvest, we again counted all of the green and blue berries, and any damaged berries. We subtracted
the number of berries counted on the second date from the number of berries counted on the first date,
and divided this value by the number of days between the sampling dates to obtain the number of
berries per branch lost to birds per day. Our assumption was that the berries that were missing were
primarily lost to birds. The growers who we spoke with believed this was a reasonable assumption.
If there was a reason to think berries were missing for other reasons, we did not include data from
sampled plants. For example, when we returned for a recount, we occasionally found evidence of
mammal damage near a sampled plant (e.g., scat on the ground, substantial damage to leaves as well as
fruit). Also, for example, damage from hail will leave distinctive marks on the berries, or occasionally
it was clear that farm equipment had damaged a plant. If we found evidence of any non-bird damage
or loss, these plants were removed from the datasets before analyses.

2.6. Grape Cluster Selection

Bird damage sampling took place right before harvest. We randomly selected one cluster per
vine by randomly selecting a number, based on 10-cm intervals, to represent the height of the cluster,
and a randomly selected number between one and six to represent the horizontal position of the cluster;
three represented the vine stem, zero was the left-hard edge of the vine, six represented the right-hand
edge, and the other numbers were equidistant between the edges [13]. Field workers worked in pairs
to estimate the percent damage after practice, and used diagrams of clusters with various levels of
damage prepared by R.W. Emmett of the Department of Agriculture, Mildura, Victoria, Australia.
Damage was estimated to 1% intervals if the damage was less than 10% or more than 90%, and in 5%
intervals if it was between 10–90% [13]. If there was evidence of mammal damage near a sampled
plant, the plant was removed from the dataset before analyses.

2.7. Tubemen Site Selection in Blueberries

In 2013, we matched four pairs of Bluecrop blocks that had comparable damage levels based on
2012 damage assessments. In 2014, we used blocks of Jersey, and each of our control and treatment
block pairs (n = 5) were owned by one grower, who stated that the blocks had comparable levels
of bird damage. One block per pair in both years was randomly assigned to be a control, and one
was a treatment. Treatment blocks had one or two inflatable tubemen “dancing” on the edge and/or
interior of the block for two to three weeks before harvest, for approximately 10 h per day. The blocks
were 2.6 acres or less with three exceptions: one of 3.1 acres, one of four acres, and one of 5.2 acres.
We used tubemen that were approximately 5.5 m tall, with blue, white, and red sections, purchased
from LookOurWay®, San Francisco, CA, USA. Tubemen were powered by generators.

2.8. Tubemen Site Selection in Grapes

All of the blocks were Pinot noir. Seven blocks that were assessed for damage levels in 2012 were
randomly assigned to tubemen or control treatments in 2014; four of the blocks had tubemen, and three
did not. The blocks with tubemen had between two and four tubemen that were moved several times
in the weeks before harvest. Sometimes, they were placed on the edge of the blocks, and sometimes,
they were placed in the interior. Blocks were 2.2 acres or less in size with two exceptions: one block of
3.6 acres, and one of 4.7 acres.
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2.9. Methyl Anthranilate Site Selection in Blueberries

We cooperated with one grower in 2015 who sprayed half of four blocks with Avian Control®

before harvest, according to label directions. The unsprayed halves of the blocks served as controls.
All blocks were Bluecrop. Block sizes were 1.2 acres, 2.6 acres, 3.7 acres, and 20.4 acres.

2.10. Sampling for Fruit-Eating Bird Activity.

For the influences-on-bird-damage studies in blueberries and grapes, we sampled to obtain
estimates of bird abundance using point counts. We performed point counts in blocks in 2012 and
2013, as close in time before harvest as possible, in three regions: Michigan, New York, and the Pacific
Northwest. We only present abundance estimates for Michigan in this manuscript, because of our focus
here on Michigan; estimates for other regions are in Hannay et al. [14]; please see the data analysis
section for more details. In most of the cases, two observers conducted independent point counts
simultaneously, not communicating during or after the count [15]. All of the birds that were visually
detected within a 25-m radius were recorded for 15 min. Each observer’s point count was considered
a separate temporal replicate. Point counts were conducted at random positions at both edge and
interior points in blocks where interior points could be located at least 50 m from any edge. Interior
and edge points were considered temporal replicates. Please see Hannay et al. [14] for additional
details about point count sampling.

For the tubemen trials in blueberries, we sampled bird activity with 30-min observation periods,
with the observer positioned 10 m from the southwest corner of the block, unless visibility or other
issues prevented use of this corner, in which case another block corner was used. An observer scanned
a one-acre area of the block with binoculars, and recorded each individual bird that entered the block.
Therefore, these counts represent bird activity rather than numbers of individuals, because the same
individuals could have visited a block more than once within the 30-min period. A few blocks were
sampled more than once. We conducted 13 h of paired observations in blueberries, i.e., with half-hour
observations at the control blocks, and half-hour observations at the paired treatment blocks, usually
within the same day, although some of the paired observations were on consecutive days.

For the methyl anthranilate trial, we conducted bird sampling on one day close to harvest for each
of the pairs of half-blocks. We followed the protocol described above for the tubemen trials, except that
the observer scanned the entire half of the block (not just one acre, as in the tubemen trials) that was
either the control or treatment, while another observer, at the same time, scanned the other half of the
block. Each treatment and control was sampled once, and we had a total of 3.5 h of bird observations
for this trial; one observation had to be shortened to 15 min rather than 30 min for logistical reasons.

We did not conduct bird sampling for the tubemen trial in grapes, but have examined data from
seven hours of bird observations conducted in six vineyards from our other studies to determine which
fruit-eating birds commonly visited vineyards.

A bird species was classified as fruit-eating if it met one of two criteria: (1) it was observed eating
fruit during the observations we conducted for this and previous studies [14], (2) or fruit consumption
was documented in the Birds of North American entry for the species [16].

2.11. Forest Cover Estimations

We classified land cover/use (LCLU) from the NAIP (National Agriculture Imagery Program [17]
one-meter orthoimagery to determine the proportion of forest within roughly 500-m buffers around
each study block. Please see Lindell et al. [4] for details and justification of use of this imagery.
The classification was subsequently verified/corrected based on ground-truth observations by
field workers.

For the influences-on-bird-damage study in blueberries, we created a categorical variable from the
NAIP imagery; low (<50%) or high (50% or greater) forest cover in the 500-m buffer around each block.
We chose the breakpoint as 50%, because the largest gap in the forest cover variable was between
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44–54%. For the corresponding study in grapes, we discovered that the surrounding forest cover was
less than 50% for all but one block, so instead, we used ground-truth data to create another more
local-scale variable related to forest cover, i.e., the number of block edges of deciduous or coniferous
forest at least five meters tall. We chose five meters because at that height, woody cover would
generally provide resources—such as cover from predators—that could cause fruit-eating birds to
move regularly between the woody cover and fruit blocks.

2.12. Data Management and Statistical Analyses

To determine the proportions of bird damage for both blueberry and grape blocks, we calculated
weighted estimates by first determining the mean damage per stratum from the 12 (blueberries) or
20 (grapes) plants sampled in each of the strata per block. We then multiplied the mean for each
stratum by the proportion of the plants in that stratum, given the number of plants in the whole block,
and added the resulting values to arrive at an estimate of the bird damage for the block [4,13].

For the influences-on-bird-damage studies for blueberries and grapes, we used Proc Glimmix [18].
Proc Glimmix provides generalized linear mixed models (models with fixed and random factors),
and can be used with data with non-normal distributions [19]. We considered year, grower, and forest
variables as fixed factors. Year was coded as a dummy variable. We included site as a random factor,
because some sites were sampled in more than one year, and bird damage within a site across years
could have been correlated. We used a beta distribution and a logit link. We compared the null models
(only the intercept) with all one-variable, two-variable, and three-variable models, and with the one
global, four-variable model. We compared the AICc (Akaike information criterion corrected for small
sample size) values of the models, and considered all of the models within two AICc units of the model
with the lowest AICc value as potential final models. The model selection procedures for blueberries
and grapes did not indicate that any interactions would be valuable additions to models. We checked
the Pearson chi-square value/df to assess that final models had adequate fit.

For the tubemen test in blueberries, we combined data from 2013 and 2014 for analyses given
the similarity of the experimental design, i.e., paired blocks, and used a paired t-test to compare bird
damage levels between the control and tubemen treatments. For the grape tubemen test, we lost
one control block because of unforeseen bird management efforts by the owner, so we conducted an
unpaired t-test with the remaining treatment and control blocks. For the methyl anthranilate test in
blueberries, we used a paired t-test to compare treated and control halves of fields. t-Tests for the
tubemen tests were one-tailed, because we expected that treatment blocks with tubemen would have
lower damage. The t-test for the methyl anthranilate test was two-tailed to account for the possibility
that the chemical application could increase fruit damage. We calculated Hedges’ g as a measure of
effect size for the deterrent tests with tubemen and the methyl anthranilate spray.

We estimated the abundance of fruit-eating birds at point count locations from the point count
data using binomial mixture models. These models use site and temporal replicates to estimate
abundance [20] and account for factors that may influence the abundance as well as the sampling
process. Separate binomial mixture models for fruit-eating bird abundance were constructed for
blueberries and grapes. Although we only generated estimates for Michigan, we used data from
three regions, Michigan, New York, and the Pacific Northwest, collected in 2012 and 2013, to improve
estimates, given the large number of point counts with no bird detections, leading to an overdispersion
of the data. Multiple study blocks in each region were used as site replicates. In the cases where two
observers conducted independent point counts simultaneously, each point count was used as a separate
temporal replicate. When separate point counts were conducted in the edge and interior locations of
some blocks, these were also considered temporal replicates. Therefore, there was a possible maximum
of four temporal replicates for a study block when both edge and interior points were sampled by two
observers. Models were analyzed in a Bayesian framework using the R2jags package [21].
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The abundance model is as follows:

Ni,k ∼ Poisson (λi,k) (1)

log(λi,k) = αk + β1 × (Regioni) + ei, where ei ∼ Normal (0, σ2
λ) (2)

The observation model is as follows:

yi,j,k|Ni,k ∼ Binomial (Ni,k, pi,j,k) (3)

logit(pi,j,k) = βk + δi,j,k, where δ ∼ Normal (0, σ2
p) (4)

Above, k is the number of years in the study (two), j is the number of temporal replicates, and i is
the number of study blocks. Estimated site abundance is represented by N. Overdispersion, which is
common in count data with many ‘zero’ counts, was accounted for in the abundance models by
including a random variable for block (ei), and in the observation model through a random variable
for each temporal replicate (δi,j,k). The terms σ2

λ and σ2
p represent the standard deviation of λ and

p, respectively, and are estimated by the model with uninformative priors. Point count data were
collected for two different years, 2012 and 2013, which were modeled with different intercepts (α1 and
α2). We used uninformative priors for each model. We ran three Markov chains for 350,000 iterations,
with the first 50,000 iterations being excluded as ‘burn in’. Model convergence was checked by
making sure that the Rhat values for all of the models were within 0.1 of 1, which is considered to
be an acceptable range for convergence [22], as well as by looking at the mixing of the three Markov
chains. We inspected model fit by using the ratio between simulated and actual data; a good ’fit’ is
around one [20]. Both models had a fit of 1.00 +/− 0.02, and a “Bayesian p-value” within 0.02 of 0.5,
where values around 0.5 are considered ideal [20]. For additional details about the estimation process,
please see Hannay et al. [14].

2.13. Animal Care Statement

These studies were approved by the Michigan State University Institutional Animal Care and Use
Committee, approval #04/14-076-00.

3. Results

3.1. Influences on Bird Damage to Blueberries and Grapes

The model selection procedure for the influences-on-bird-damage study for blueberries indicated
that the variables yeartwo (2013) and yearthree (2014) were important components of the model with
lower damage in 2013 and 2014 compared to 2012 (Table 2 and Figure 1). The model including yeartwo
and yearthree had the lowest AICc value, although the model with only yeartwo was within two
AICc units, suggesting some support for that model as well [23] (Table 3). Given that the upper and
lower confidence limits for the yearthree variable include 0, this variable is likely less important than
yeartwo. The final model for grapes included the variable yeartwo (2013) with much lower damage in
2013 compared to 2012 and 2014 (Tables 2 and 4, and Figure 2).

The years were coded as dummy variables; the estimates refer to the years besides the one listed
as the explanatory variable. For example, the estimate in the yeartwo row for blueberries is the estimate
for yearone (2012) and yearthree (2014) combined, with yeartwo as the reference value (estimate = 0).
C.L. refers to confidence limits.
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Table 2. Generalized linear model results for influences on bird damage for blueberries and grapes.

Crop
Explanatory
Variables in
Best Model

Estimate
Standard

Error
DF t-Value p-Value

Lower
C.L.

Upper
C.L.

Blueberries Yeartwo (2013) 0.856 0.281 10 3.05 0.012 0.173 1.495
Yearthree (2014) 0.797 0.278 10 2.87 0.017 −0.246 1.787

Grapes Yeartwo (2013) 1.060 0.438 8 2.42 0.0417 0.051 2.069

C.L.: Confidence limit. DF: Degrees of freedom.

Figure 1. Blueberries lost to birds in Michigan ‘Bluecrop’ fields. Error bars are standard deviations.
n = number of blocks sampled.

Table 3. Models compared for influences-on-bird-damage to blueberries.

Model AICc Delta AICc Likelihood Akaike Weight

Yeartwo Yearthree −34.27 0 1 0.39
Yeartwo −33.73 0.54 0.76 0.30

Yeartwo Yearthree Forestpercentcat −31.5 2.77 0.25 0.10
Yeartwo Forestpercentcat −31.24 3.03 0.22 0.09

Null −30.89 3.38 0.18 0.07
Yearthree −29.3 4.97 0.08 0.03

Forestpercentcat −28.55 5.72 0.06 0.02
Yearthree Forestpercentcat −26.59 7.68 0.02 0.01
Yeartwo Yearthree Grower −18.45 15.82 0.00 0.00

Yeartwo Grower −16.85 17.42 0.00 0.00
Grower −16.41 17.86 0.00 0.00

Yearthree Grower −14.01 20.26 0.00 0.00
Yeartwo Yearthree Grower Forestpercentcat −13.25 21.02 0.00 0.00

Yeartwo Grower Forestpercentcat −13.01 21.26 0.00 0.00
Grower Forestpercentcat −12.6 21.67 0.00 0.00

Yearthree Grower Forestpercentcat −9.38 24.89 0.00 0.00

AICc: Akaike information criterion corrected for small sample size.
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Table 4. Models compared for influences-on-bird-damage to grapes.

Model AICc Delta AICc Likelihood Akaike Weight

Yeartwo −85.19 0 1 0.39
Yeartwo Numberforestedges −82.91 2.28 0.32 0.12

Yeartwo Yearthree −82.42 2.77 0.25 0.10
Null −80.95 4.24 0.12 0.05

Numberforestedges −80.53 4.66 0.10 0.04
Yeartwo Yearthree Numberforestedges −79.9 5.29 0.07 0.03

Yearthree −79.01 6.18 0.05 0.02
Yearthree Numberforestedges −77.97 7.22 0.03 0.01

Yeartwo Grower −38.98 46.21 0.00 0.00
Grower −35.05 50.14 0.00 0.00

Yeartwo Grower Numberforestedges −27.64 57.55 0.00 0.00
Yeartwo Yearthree Grower −26.59 58.6 0.00 0.00

Yearthree Grower −25.59 59.6 0.00 0.00
Grower Numberforestedges −24.71 60.48 0.00 0.00

Yearthree Grower Numberforestedges −12.83 72.36 0.00 0.00
Yeartwo Yearthree Grower

Numberforestedges −12.04 73.15 0.00 0.00

Figure 2. Percent bird damage in Michigan Pinot noir vineyards. Error bars are standard deviations.
n = number of blocks sampled.

3.2. Bird Deterrent Tests

Bird damage to blueberries was not significantly different in blocks with tubemen compared to
paired blocks without tubemen, although there was a non-significant trend toward lower damage in
tubemen blocks (paired t-test, t = 1.64, df = 8, p = 0.07, Hedges’ g = 0.65; CI = −0.23–1.65, Figure 3).
Three pairs of blocks showed at least 15% lower damage in treatment blocks; however, there was
enough variation in outcomes in the other blocks to render the overall comparison between treatments
and controls not significantly different. Similarly, grape blocks with tubemen did not have bird damage
levels that were significantly different from the blocks that lacked tubemen (t-test, t = 0.25, df = 5,
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p = 0.41, Hedges’ g = 0.16; CI = −1.32–1.68; mean percent bird damage in control blocks was 4.7 ± 2.1
SD and in tubemen blocks was 4.3 ± 1.5 SD).

Bird damage was not significantly different in the halves of blocks treated with the methyl
anthranilate product, Avian Control®, compared to halves that were not treated (paired t-test, t = 0.83,
df = 3, p = 0.47, Hedges’ g = 0.49; CI = −1.04–2.29, Figure 4).

Figure 3. Blueberries per sampled branch per day lost to birds in control and tubemen blocks, 2013
and 2014.

Figure 4. Blueberries per sampled branch per day lost to birds in control halves of fields compared to
halves of fields treated with Avian Control® in 2015.

3.3. Fruit-Eating Bird Abundance and Activity.

The large degree of overlap of the credible intervals for 2012 and 2013 in both blueberries and
grapes indicates that fruit-eating bird abundance per count area did not differ between the years
(Table 5). The standard deviations were large, given the great variability in bird detections for the
point counts, with many zeros. Thus, the estimates are imprecise with wide credible intervals.

90



Agronomy 2018, 8, 295

Table 5. Estimates of fruit-eating bird abundance in Michigan blueberries and grapes. Means are per
point count area.

Credible Intervals
Crop Year Mean Standard Deviation 2.5% 97.5%

Blueberries 2012 22.12 14.61 10.24 54.95

2013 9.75 27.10 1.35 57.83

Grapes 2012 1.88 4.46 0.13 11.01

2013 4.30 9.22 0.27 27.34

Fruit-eating bird activity was not significantly different in paired blueberry blocks with and
without tubemen (paired t-test, t = 0.54, df = 12, p = 0.60). The mean bird visits to control blocks was
30.8 (SD = 55.4), while the mean bird visits to tubemen blocks was 20.3 (SD = 42.7). We could identify
the bird to species for 606 of 663 visits (91.4%). Of the visits by identified species, the four most common
fruit-eating species in the control blocks were, from most common, European starlings (Sturnus vulgaris,
40.7% of identified visits), American robins (Turdus migratorius, 22.4% of identified visits), common
grackles (Quisculus quiscula, 18.1% of identified visits), and song sparrows (Melospiza melodia, 7.1% of
identified visits). For the tubemen blocks, the four most common fruit-eating species were European
starlings (70.9% of identified visits), American robins (10.8% of identified visits), song sparrows (5.6% of
identified visits), and American goldfinches (Spinus tristis, 5.2% of identified visits).

Fruit-eating bird activity was not significantly different in halves of blueberry blocks with control
halves and halves treated with a methyl anthranilate spray (paired t-test, t = 0.70, df = 3, p = 0.53).
Of 51 visits by birds, 42 (82.4%) were identified to species. The three most commonly identified species
in the control halves of blocks were northern flickers (Colaptes auratus, 25.0% of identified visits),
tufted titmice (Baeolophus bicolor, 25% of identified visits), and American robins (18.8% of identified
visits). The only two identified species visiting the treatment halves were American robins and a brown
thrasher (Toxostoma rufum).

Sixty-four of 73 visits of fruit-eating birds to Pinot noir blocks over seven hours of observation
were by American robins, with a few other species comprising the remainder of the visits.

4. Discussion

This work corresponds with past work [4] demonstrating that the percent bird damage can
vary greatly from year to year in fruit crops, which is likely because bird consumption remains
relatively consistent over time, while the availability of fruit varies. In our previous work with tree
fruits, we found remarkably consistent numbers of sweet cherries either lost to or damaged by birds,
despite large differences in sweet cherry abundance from year to year (Table 6 in Lindell et al. [4]).
Thus, in high-yield years, bird damage is diluted over a greater abundance of fruit, resulting in lower
proportions of damage. In 2012, Michigan blueberry fields yielded 39 million kg; in 2013, this figure was
53 million kg, and in 2014, it was 45 million kg [24] (p. 35). The bird damage patterns reflect this varying
abundance of fruit over the years with a lower percent damage in 2013 and 2014 and the highest in 2012
(Figure 1). The pattern was similar in grapes; Michigan grape production was nearly 35 million kg in
2012, compared to 85 million kg in 2013 and 57 million kg in 2014 [24] (p. 37). Bird damage results from
these years show lower percent damage in 2013 compared to the other lower-yield years (Figure 2).
Work in other crops reinforces the general principle that greater crop abundance results in lower
percent damage by vertebrate pests; in a year with high food abundance, including crops and natural
forage, percent damage to sunflowers by deer and elk was low; the following year, with reduced food
abundance, percent crop damage increased [25]. Generally, absolute pest damage in a region should be
consistent from year to year, while local damage depends on the amount of crop available to pests [26].
For example, where corn and sunflower covered the largest acreage in North Dakota, bird damage
was lowest [27].
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Our fruit-eating bird abundance estimates provided some evidence for relatively consistent bird
numbers from year to year; the credible intervals for estimates for 2012 and 2013 broadly overlapped,
indicating no differences in bird numbers between years. However, the credible intervals were large,
reflecting the overdispersed data, i.e., a large number of point counts with no bird detections. We return
to this point at the end of the discussion. We also note that fruit-eating bird abundance may not be as
consistent from year to year in other regions where irruptive species such as the Bohemian waxwing,
Bombycilla garrulus, are important fruit consumers.

The lack of effect of grower on percent bird damage is somewhat surprising in that growers
manage their fields differently, based on experience and resources. We also anticipated that forest cover
near blocks would influence percent damage, as we found in sweet and tart cherries [4]. However,
the year effect is apparently large enough to outweigh any grower and forest land-cover effects.

Based on these results and previous work, growers should be able to predict when and where
fruit is most likely to be at risk from bird damage. Times and areas where fruit abundance is low are
likely to be high-risk situations for fruit. For example, orchards with varieties of fruit that ripen early
in the season will provide some of the few food sources available for fruit-eating birds, and thus be
particularly susceptible to bird damage (e.g., Eaton et al. [28]). Similarly, edges of fruit blocks adjacent
to non-fruit landcovers will be at higher risk than edges adjacent to other fruit blocks [4]. If growers
know it is likely to be a low-yield year, a higher proportion of their crop is likely to be taken by birds,
and so they should prepare to invest more in bird management.

Fruit growers believe that many bird deterrent techniques are only slightly or moderately effective
in deterring birds. The exception was netting, which was viewed by over 50% of growers surveyed as
very effective [5]. The present work indicates that inflatable tubemen do not consistently reduce fruit
damage. The comparison of bird damage per 2.5-acre sampling area in blueberries with and without
tubemen nearly reached the level of statistical significance (p < 0.07), indicating that tubemen may
reduce damage in some contexts (see also Steensma et al. [29]). Although the tubemen move somewhat
randomly, it is likely that birds habituate over time to their presence, as is the case with scare tactics
generally (e.g., Cook et al. [30] and Summers [31]). If growers use this technique, we recommend that
they use several tubemen for each five acres, place them on the edges of blocks, begin running them
before the fruit ripen, and change their positions every few days.

Similarly, the test with a methyl anthranilate spray did not result in detectable differences in bird
damage between the control and treatment halves of fields. Systematic tests of methyl anthranilate
sprays in fruit have generally not shown strong evidence of efficacy against birds (e.g., Avery et al. [11]),
which is potentially because any irritation caused by methyl anthranilate sprays is short-term and birds
can move away from treated fruit; thus, they do not learn to avoid it, because they are not exposed to
large dosages [32].

Several other bird deterrent techniques that have not been tested in this study show promise;
some only show promise in particular contexts. Natural predators can be attracted to fruit-production
regions through landscape enhancements, such as for example nest boxes [33]. We demonstrated that
box-nesting America kestrels, Falco sparverius, can be attracted to sweet cherry orchards and reduce
the abundance of fruit-eating birds [34]. Some varieties of blueberries will ripen during the kestrel
incubation and nesting periods, which is when the kestrels are most likely to provide protection from
pest birds; as a result, this technique may be useful in some blueberry production regions. Grapes
ripen after the kestrel nesting period, so this strategy is not well-suited for grapes. Deterrence by
natural predators has the additional advantage that it is preferred by consumers compared to other
deterrent techniques that are deemed less “natural”, and so growers may be able to garner better prices
if they advertise their use of natural predators [35,36].

Unmanned aerial systems (UAS) may also be valuable bird deterrent systems, although work to
date is very limited [37]. Since UAS are not simply passive scare devices, but could actually chase
fruit-eating birds (while respecting wildlife regulations), they may be more effective as deterrents.
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Other recent developments in bird management focus on disrupting input to birds’ sensory
systems, which is likely to be a fruitful direction for future research. “Sonic nets”, for example,
broadcast noise that interferes with birds’ communication channels, and have shown effectiveness in
deterring birds from airfields [38]. This technique may be useful in fruit crops, although no systematic
studies have yet been performed. Preliminary studies of laser scarecrows, where a laser beam sweeps
over a field, showed apparent reduced bird damage in sweet corn fields with the devices compared
to those without, although no statistical evidence was presented [39]. By imposing an actual cost
on birds through reducing their ability to detect predators and/or communicate with conspecifics,
these deterrent techniques may be less susceptible to habituation than deterrent techniques with no
cost. A recent review discusses conservation and management strategies for seabirds focused on
bird sensory systems that suggests some modalities (for example, olfaction) and life history traits
(for example, coloniality) that could be fruitful targets for research into bird deterrence [40]. In all cases
where birds could potentially cause significant crop damage, we recommend that growers consider an
integrated pest management approach, using several deterrent techniques. We also suggest growers
prepare and employ a management plan that is specific to their fields and considers risk factors for
bird damage and potential mitigation strategies [3] (pp. 211–218).

We end with two methodological recommendations. Bird activity is often quite variable
from place to place and time to time. A large number of our point counts resulted in no bird
detections. This overdispersion of data can result in large credible intervals for bird abundance
estimates. Thus, it is challenging to capture bird abundance, activity, and/or species composition
in “snapshot”-type sampling, such as 10 or 15-min point counts. For future work, we suggest
longer observation periods, such as the 30-min periods we used in concert with deterrent tests,
over standardized areas. This type of sampling is likely to result in more accurate measures of bird
abundance, activity, and species composition. Second, the effect sizes for our bird deterrent tests tended
to have large confidence intervals, despite our having a greater degree of site replication than many
previous studies. We suggest that before-and-after sampling (sampling birds or damage before and
after deployment of a deterrence strategy) would be a helpful addition to pairs of treatment and control
sites for tests of bird deterrence. Since birds are mobile and cover large areas, treatment and control
sites should be relatively large, limiting the number of sites that can be sampled. Before-and-after
sampling would have to be conducted over shorter time scales, for example over two-day periods
very close to harvest, to ensure some confidence that conditions, including the ripeness of the fruit,
are similar before and after the deployment of the strategy. Before-and-after sampling may allow
sampling of a larger number of blocks, with environmental conditions controlled, thus increasing
sample sizes and increasing the level of confidence in the results.

5. Conclusions

Reducing bird damage to fruit remains a challenging issue. We found that the year was the most
important variable in explaining bird damage to blueberries and grapes, with high-yield years having
lower proportions of bird damage. Thus, in high-yield years, growers may not view bird management
as a priority. Two deterrent strategies, inflatable tubemen and a spray containing methyl anthranilate,
did not consistently reduce bird activity or damage. Attracting natural predators with nest boxes and
disrupting birds’ sensory systems are two promising bird deterrent strategies that should continue to
be investigated. Given birds’ mobility and variability in activity over time and space, before-and-after
sampling, along with pairs of treatment and control blocks, should be considered to increase sample
sizes in deterrent tests.
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Abstract: Work-related musculoskeletal disorders (MSDs) accounted for 32% of
days-away-from-work cases in private industry in 2016. Several factors have been associated
with MSDs, such as repetitive motion, excessive force, awkward and/or sustained postures,
and prolonged sitting and standing, all of which are required in farm workers’ labor. While numerous
epidemiological studies on the prevention of MSDs in agriculture have been conducted,
an ergonomics evaluation of blueberry harvesting has not yet been systematically performed.
The purpose of this study was to investigate the risk factors of MSDs for several types of blueberry
harvesting (hand harvesting, semi-mechanical harvesting with hand-held shakers, and over-the-row
machines) in terms of workers’ postural loads and self-reported discomfort using ergonomics
intervention techniques. Five field studies in the western region of the United States between 2017
and 2018 were conducted using the Borg CR10 scale, electromyography (EMG), Rapid Upper Limb
Assessment (RULA), the Cumulative Trauma Disorders (CTD) index, and the NIOSH (National
Institute for Occupational Safety and Health) lifting equation. In evaluating the workloads of
picking and moving blueberries by hand, semi-mechanical harvesting with hand-held shakers,
and completely mechanized harvesting, only EMG and the NIOSH lifting equation were used,
as labor for this system is limited to loading empty lugs and unloading full lugs. Based on the
results, we conclude that working on the fully mechanized harvester would be the best approach to
minimizing worker loading and fatigue. This is because the total component ratio of postures in
hand harvesting with a RULA score equal to or greater than 5 was 69%, indicating that more than
half of the postures were high risk for shoulder pain. For the semi-mechanical harvesting, the biggest
problem with the shakers is the vibration, which can cause fatigue and various risks to workers,
especially in the upper limbs. However, it would be challenging for small- and medium-sized
blueberry farms to purchase automated harvesters due to their high cost. Thus, collaborative efforts
among health and safety professionals, engineers, social scientists, and ergonomists are needed to
provide effective ergonomic interventions.

Keywords: blueberry harvesting; work-related musculoskeletal disorders; ergonomics intervention

1. Introduction

Work-related musculoskeletal disorders (MSDs) accounted for 32% (285,950 cases) of
days-away-from-work cases in private industry in 2016 and occurred at a rate of 29.4 cases per
10,000 full-time equivalent workers [1]. The term musculoskeletal disorder refers to injuries and
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disorders of the locomotor apparatus, i.e., muscles, tendons, bones, cartilage, blood vessels, ligaments,
and nerves. Work-related musculoskeletal disorders (MSDs) include all musculoskeletal disorders
that are induced or aggravated by work and the circumstances of its performance. These painful and
often disabling injuries generally develop gradually over weeks, months, and years. According to the
National Institute for Occupational Safety and Health (NIOSH), several epidemiological studies have
demonstrated evidence of a causal relationship between physical exertion at work and work-related
musculoskeletal disorders (MSDs) [2].

MSDs have been associated with repetitive motion, excessive force, awkward and/or sustained
postures, and prolonged sitting and standing, all of which are required in farm workers’ labor.
Furthermore, workers are often paid on a piece-rate system, providing an incentive to work at
high speed and skip recommended breaks. This results in labor-intensive practices and high rates of
musculoskeletal disorders among farmers and farm workers [3–7].

While numerous epidemiological studies on the prevention of MSDs in Agriculture have been
conducted [4,6,8–10], an ergonomics evaluation of manual blueberry harvesting has not yet been
systematically performed. The highbush blueberry industry in the United States has experienced rapid
growth in the past three decades, producing 231 megatons of blueberries per year, accounting for about
57% of the annual production of highbush blueberries worldwide [11]. Furthermore, as consumers
become increasingly aware of healthful eating and of blueberries’ convenience, flavor, and ease of
consumption in various snacks, salads, and baking, North America, including the U.S., Canada, and
Mexico, will continue to have the most developed fresh blueberry market in the world, as shown in
Figure 1.

Figure 1. World highbush blueberry production: Growth predictions (source: Cort Brazelton—North
American Blueberry Council 2014. Reproduced with permission from North American
Blueberry Council).

With such rapid growth in the production and consumption of blueberries in the last 10 years, there
has been an increased need for laborers to maintain the bushes and harvest the fruit. These workers
are exposed to a high musculoskeletal workload caused by weight, work posture, and repetitive
motion. Although over-the-row (OTR) mechanical harvesters are available on the market, much of the
blueberry harvesting is still done by hand, since the cost of OTR machines is too high for small- and
medium-sized blueberry farms, and since blueberries harvested with OTR machines are likely to be
bruised or damaged, making them un acceptable for extended cold storage and the long transport to
distant consumers [12,13].

98



Agronomy 2018, 8, 266

Previous studies on the harvesting of blueberries have focused on harvest efficiency and the
quality and quantity of blueberries rather than the labor conditions of the farm worker. In order to
improve harvest efficiency, several researchers have sought to develop and evaluate new methods for
harvesting blueberries by comparing hand harvesting and semi-machine harvesting with hand-held
shakers and OTR machines [11,14,15]. An ergonomic analysis of new machines for mechanical
harvesting with a lower cost option (e.g., harvesting blueberries from the ground with hand-held
pneumatic shakers and catching fruit using a portable catching frame) was recently described by
Takeda et al. [11]. The purpose of this study was to investigate the risk factors of MSDs for each type
of blueberry harvesting method (hand-picking, semi-mechanical harvesting, and handling of trays on
fully mechanized harvesters) in terms of workers’ postural loads and self-reported discomfort using
ergonomics intervention techniques.

2. Materials and Methods

We conducted five field studies in three western states (California, Oregon, and Washington)
of the United States between 2017 and 2018. Since some companies only permitted data collection
via video recording and direct observation, we did not have access to such detailed demographic
information as age, education level, smoking status, work experience, and anthropometry data for all
participating workers. For hand harvesting, five measurements were used to evaluate workload. First,
muscle activity was measured using electromyography (EMG) (Thought Technology Ltd, Montreal
West, QC, Canada). The electrode sensors were attached to participants’ arms, shoulders, and lower
back (Figure 2). Second, Rapid Upper Limb Assessment (RULA) was conducted to estimate the
postural risks of work-related upper limb injury. Third, subjective perceived exertion was measured
with a Borg CR10 scale to evaluate the workload of harvesting blueberries on the neck, shoulder,
arm, hand, and low back. Fourth, the NIOSH lifting equation was used to calculate the risk factor
of lifting. Finally, the Cumulative Trauma Disorders (CTD) index was used to compute the potential
risk for cumulative trauma disorders caused by repetitive movement. For semi-machine harvesting
with hand-held shakers, four measurements were used to evaluate workloads, including EMG, RULA,
CTD index, and the NIOSH lifting equation. Lastly, for the completely mechanized harvesting system,
only EMG and the NIOSH lifting equation were used, as labor for this system is limited to loading
empty lugs and unloading full lugs.

Figure 2. Muscle activity measurement map.
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2.1. Blueberry Harveating Method

Highbush blueberries destined for the fresh market have been harvested by hand to maximize
quality and postharvest shelf-life. In contrast, nearly all blueberries destined for the process and
frozen market is harvested by over-the-row (OTR) machines such as the Oxbo 7440 berry harvester
(Oxbo International, Lynden, WA, USA). However, many growers have reported difficulty obtaining
sufficient labor for hand harvest operations and the cost of labor is steadily increasing. As a result,
some blueberries sold on the fresh market are now harvested by OTR machines, in which fruit is
detached with fully mechanized shakers and the workers on these machines handle flats, fill them
with berries rolling off the conveyor belt, and then stack filled flats onto a pallet. The third option
for harvesting blueberries is to use hand-held, pneumatic, and electric shakers and collect detached
berries using a portable catch frame [11] or mechanized fruit conveyance system.

2.1.1. Hand Harvesting

Blueberries do not ripen simultaneously in the cluster. The workers harvesting blueberries by
hand wear a shoulder or waist belt harness on which a pail or bucket can be hooked. When one or
more berries in a cluster become ripe, the workers clasp the cluster with one or both hands with the
palm of the hand underneath the cluster. Ripe berries are teased off the cluster by rolling the thumb or
the index finger over them individually until they detach from the pedicel. When several berries are
collected in the palms of the hands, the fruit is gently placed in the container. A worker normally picks
about 25–30 kg per hour, and expert pickers pick up to 50 kg per hour and work about 6–7 h per day.
A flat or pail of blueberries weighs about 7 to 10 kg, depending on the size of box. Thus, each worker
picks between 20 and 50 pails per day. When the containers are filled with blueberries, the workers lift,
lower, or carry them to the weighing station located at the edge of the field. Depending on the length of
the row, workers walk out of the field carrying three or four containers, each weighing between 7 and
10 kg, for as much as 200 m (see Figure 3). Once the fruit is weighed and transferred to flats, workers
carry the empty picking containers back through the row to harvest more blueberries. Examples of
carrying postures are shown in Figure 3. The total number of carrying trips can be between 10 and
20 times per day for each worker.

 

Figure 3. Examples of carrying posture.
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2.1.2. Semi-Mechanical Harvesting with Hand-Held Shakers

For the semi-mechanical harvesting method, a long-handled, pneumatically-operated olive
harvester (Campagnola, Bologna, Italy) was used to harvest blueberries from a platform on a modified
over-the-row harvester (Model 7240, Oxbo International, Lynden, WA, USA). The olive harvester (10)
consisted of a 1.2-m-long aluminum tube with a grip in the mid-section and the trigger handle grip
at the end. At the other end of the tube, an attachment consisting of an air motor/piston housing to
which two reciprocally moving heads with four 20-cm-long plastic tines were mounted. The tips of
tines had a lateral displacement of about 5 cm. The speed at which the air motor rotated and actuated
the piston’s in-and-out motion, which caused the two heads to move left and right, was controlled
with air pressure. For this study, the olive shakers were operated at about 450 KPa, which caused the
heads with tines to move back and forth at ~1.2 Hz. Workers held the olive shaker with two hands
with the hand at the opposite end from the shaker head controlling the on/off trigger. The long handle
allowed workers to operate the shaker in the standing position with the handle oriented horizontally
across at waist to chest height. It was also possible to raise the shaker head even above the worker’s
head to harvest blueberries at the top of 2-m-tall blueberry plants or to lean forward or bend the knees
and point the shaker downward to harvest blueberries located close to the ground.

2.1.3. Over-the-Row Machine Harvesting (OTR)

Over-the-row blueberry harvesters are large machines designed to travel over rows of blueberry
plants, one row at a time [11]. They typically have an inverted “U”-shaped frame tunnel large enough
to move over large blueberry plants with sufficient clearance at the top. For this study, two harvesters
(Oxbo 7440 and 8040, Oxbo International, Lynden, WA, USA) were used. Both harvesters detach
blueberries with a rotary shaker mounted on each side of the tunnel. In both machines, detached
berries are collected by catch plates on each side of the tunnel and roll onto a conveyor belt on each
side of the harvester. Model 8040 is a single-drop harvester which transfers the fruit through a cleaning
system to the back of machine, where it falls into a flat placed on a shelf. There are two workers on the
platform on each side of the harvester. The first worker places an empty flat on the shelf underneath
the end of the conveyor belt, waits for the flat to fill with blueberries, stops the belt by closing the
hydraulic line, removes the filled flat from the shelf, and hands it to a second worker. The second
worker takes the flat and stacks. Model 7440 is a top-load berry harvester designed to handle high
fruit volume. The harvested fruit rolls onto a conveyor belt on each side of the harvester that moves
the fruit to the back, where the fruit is transferred to an elevator bucket that moves the fruit to the
platform at the top of the harvester. There the fruit is transferred to a horizontal conveyor belt, first
going under a leaf/trash suction blower. The cleaned fruit is then transferred to another belt which
moves the fruit horizontally. At the end of the conveyor belts, the fruit drops into a flat. Workers
stationed on the top platform move empty flats that are stacked on pallets, and places them under the
end of the conveyor belt to collect falling fruit in the flat. When the flat is full then the first worker
lifts the filled flat and hands it to another worker. This worker then moves the filled flat to another
pallet for stacking. There are shallow and deep flats used to collect machine-harvested blueberries.
Shallow flats weigh about 4 kg when filled with blueberries. Deep flat weights 7 kg when filled with
blueberries. For shallow trays, workers make six columns of flats on a pallet. As many as 12 flats are
stacked, reaching a height of 1.4 m. When deep trays are used, workers also create six columns and the
filled flats are stacked eight high, reaching a height of 1.8 m.

2.2. Ergonomics Intervention Techniques

2.2.1. Borg Category Ratio Scale (CR10)

The Borg category ratio scale (CR10) was used to determine workers’ health and discomfort at
work [16]. Borg CR10 is a subjective scale in which participants self-rate their level of physical pain or
discomfort for various parts of the body on a scale from 0 to 10, where 0 represents no pain at all and
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10 represents maximum pain. In the literature, numerous studies have validated the Borg scale with
quantitative measurements of physiological responses (e.g., metabolic acidosis, ventilation, oxygen
intake, heart rate, and respiration frequency) [17–19].

2.2.2. Rapid Upper Limb Assessment (RULA)

McAtamney and Corlett [20] developed the Rapid Upper Limb Assessment (RULA) to examine
the level of risk of upper limb disorders for individual workers. RULA evaluates worker exposure to
the position, force, and repetitive movement of different work postures that contribute to repetitive
strain injuries (RSIs). It is a widely used measurement because it is easy and provides a quick
assessment without requiring special equipment. RULA encompasses the postures of several body
parts, including the wrists, arms, neck, shoulders, trunk, and legs, and accounts for force as well
as repetition in those postures. The assessment consists of two sections, Section A and Section B.
In Section A, scores are entered for the shoulders, arms, and wrists, while scores for the legs, neck,
and trunk are entered in Section B. The posture scores from Sections A and B are then combined with
the muscle use score and force score to obtain the grand score, which represents the level of MSD
risk. The MSD risk score ranges from l to 7, where a score of 1 or 2 indicates an acceptable risk, 3 or
4 indicates low risk and may warrant further investigation, 5 or 6 indicates medium risk and requires
investigation and change, and a score of 7 indicates high risk and requires immediate investigation
and change.

2.2.3. Cumulative Trauma Disorders (CTD) Risk Assessment Model

The original version of the Cumulative Trauma Disorders (CTD) risk assessment model assesses
the risk of CTDs in the upper extremities [21]. A simplified version of the CTD risk index appears
in Niebel and Freivalds [22]. This version reduces the analysis complexity and time required for the
assessment and is therefore more appropriate for evaluation in field study. This version assesses
four factors: frequency, posture, force, and miscellaneous. The frequency factors index is calculated
based on the number of hand motions per day scaled by the allowable limit of 10,000 daily hand
motions. The posture factor is determined from grip types and the degree of deviation from the natural
posture of the upper limbs. The force factor index is calculated based on percent maximum voluntary
contraction (MVC) used in a given task and then scaled by 15 percent. Miscellaneous factors include
the use of gloves, the presence of sharp edges on work contact surfaces, vibration exposure, and cold
temperatures. These four factors are then weighted and summed to obtain a final CTD risk index as a
job risk measure with a critical value of 1.

2.2.4. NIOSH Lifting Analysis

The National Institute for Occupational Safety and Health (NIOSH) published the Revised NIOSH
lifting equation for evaluating the physical demands of two-handed manual lifting tasks based on
biomechanical, psychophysical, physiological, and epidemiological factors in 1993 [23]. The NIOSH
lifting equation has been used in several research studies to quantify biomechanical stressors from
manual lifting and lowering tasks and has become the most commonly used job analysis method in
the past two decades [24–27]. The lifting equation consists of two steps: (1) calculate the recommended
weight limit (RWL, i.e., the maximum acceptable load), and (2) calculate the lifting index (LI, i.e.,
the relative estimate of the level of physical stress and MSD risk associated with lifting tasks) for
a specified manual lifting task. The RWL is calculated depending on lifting conditions, e.g., hand
location in relation to the body, vertical travel distance of hands, degree of symmetry in posture,
frequency of lifting, work-rest duration pattern, and type of hand coupling:

RWL = 51 ×
(

10
H

)
× (1 − 0.0075 × |V − 30|)×

(
0.82 × 1.8

D

)
× FM × 1 − 0.0035 × A)× CM (1)

102



Agronomy 2018, 8, 266

where the factors in the equation are:

H = horizontal load distance,
V = vertical load distance,
D = vertical displacement of the load,
FM = frequency multiplier,
A = asymmetric factor, and
CM = coupling multiplier.
LI is the ratio of the current load weight to the recommended load weight limit:

LI =
Load Weight

RWL
(2)

An LI value of less than 1.0 indicates safe lifting without an increased risk of low back pain (LBP).
An LI > 1 has been shown to be associated with LBP in previous studies [28,29]. Thus, the goal is to
design all lifting jobs such that they result in an LI value of less than 1.0.

2.3. Video Recording Observation and Data Processing

Twelve farm workers (male: 11, female: 1) were observed during the harvesting process via video
recording. For each worker, five-minute samples were recorded at randomly selected periods during
the harvesting process. The video was captured at one-second intervals. About 3000 images per worker
were captured. These images were categorized into groups for posture analysis. Figure 4 shows the
example of categorized harvesting postures and the component ratio of each posture group. In Figure 4,
the postures are defined as follows: for hand harvesting, high (H-A), middle (H-B), low (H-C), stretch
(H-D), and squat (H-E); for semi-machine harvesting, push in high position (M-A), pull in high position
(M-B), push in low position (M-C), pull in high position (M-D), and standing (M-E). EMG signals were
obtained using disposable surface electrodes (Thought Technology TTL T3404; an active diameter of
1.0 cm and an inter-electrode distance of 2.4 cm). The electrodes were placed in the direction of the
muscle fibers on the worker’s skin after standard skin preparation. The EMG signals of each muscle
were amplified and automatically converted into root mean square (RMS) values via a MyoScan-Pro
sensor (Thought Technology Ltd, Montreal West, QC, Canada). The EMG signals for each participant’s
biceps brachialis (BB), anterior deltoid (AD), and L5 level on the trunk were normalized by:

EMGn,m(%MVC) =
EMGtask
EMGmax

× 100 (3)

where EMGn,m stands for the RMS EMG of each muscle for each participant and EMGmax is
the maximum RMS EMG signal of each muscle obtained for all recorded postures for each
participant. EMGtask represents the actual electromyographic activity of a specific muscle during
the blueberry harvestings.
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Figure 4. Examples of categorized harvesting postures and component ratios of each posture group: For
hand harvesting, high (H-A), middle (H-B), low (H-C), stretch (H-D), and squat (H-E); for semi-machine
harvesting, push in high position (M-A), pull in high position (M-B), push in low position (M-C), pull
in high position (M-D), and standing (M-E).

3. Results

3.1. Demographic Result

Half of the subjects did not exercise regularly, and more than five had low education levels (i.e.,
through lower secondary school). Details of the blueberry harvester demographic data are shown in
Table 1.

Table 1. Demographic information (SD = Standard deviation).

Characteristics N (%)

Gender
Male 11

Female 1

Age in years (mean ± SD) 31.3 ± 15.8

Educational level
Primary school 5

Lower secondary school 4
Upper secondary school 3

Smoking Status Yes 3
No 9

Years smoking (mean ± SD) 3.0 ± 2.0

Exercise frequency
None 6
Some 3
Often 3

On average, each blueberry farm laborer had worked 6.9 years at a rate of 8.3 h per day with a
total of 17.9 min spent on breaks. Our analysis showed that half of the subjects experienced fatigue
during daily work activities, and that most experienced the highest level of discomfort in the shoulder
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area. Table 2 shows the blueberry harvesters’ physical ergonomic factors in their labor based on
the questionnaire.

Table 2. Physical ergonomic factors of worker (n = 12, SD = Standard deviation).

Characteristics N (%)

Working experience (mean ± SD) years 6.9 ± 7.5

Working days in a month (mean ± SD) days 26 ± 6.3

Working hours in a day (mean ± SD) hours 8.3 ± 1.6

Break duration (mean ± SD) minutes 17.9 ± 9.9

Experiencing work fatigue Yes 6
No 6

Frequency of work fatigue
Sometimes 6
Frequently 5

Always 1

Body parts with greatest discomfort

Shoulder 8
Arm 4
Hand 2

Low back 6
Leg 6
Foot 6

3.2. Hand Harvesting

Regarding CTD risk assessment, both the mean of the frequency factor of 2.24 (SD: 0.12) and
the posture factor of 1.43 (SD: 0.06) exceeded the safety threshold of 1.0, leading to a total risk value
mean of 1.30 (SD: 0.05), which also exceeded 1.0. Table 3 shows the RULA scoring during blueberry
harvesting. Score A represents wrist and arm scores and Score B refers to neck, trunk, and leg scores.
Based on a Score A of 6 and a Score B of 7, posture H-A showed a RULA score of 7, the highest score
among the evaluated postures, indicating that this harvesting posture needs further analysis and that
immediate change should be implemented. Posture B displayed a RULA score of 3, the lowest RULA
score among the evaluated postures, indicating that this harvesting posture needs to be changed or
performed less frequently. Overall, the total component ratio of postures with a RULA score equal to
or greater than 5 was 69%, indicating that more than half of the postures used during hand harvesting
were medium risk and called for engineering and/or work method changes to reduce or eliminate
MSD risk.

Table 3. Rapid Upper Limb Assessment (RULA) analysis results.

Posture Component Ratio (%) Score A Score B Grand Score

H-A 23 6 7 7
H-B 31 4 3 3
H-C 12 6 5 6
H-D 26 6 3 5
H-E 8 5 5 6

EMG was measured for five different positions including high (H-A), middle (H-B), low (H-C),
lifting task, and normal standing posture. Overall, the low back and shoulders were commonly used
for hand picking, while all muscles were used for lifting, as shown in Figure 5. The lifting task required
the greatest muscle activity. For the harvesting task, the middle position required muscle activity like
that of the standing position, resulting in similar EMG values between these two positions. The high
position produced muscle activity three times higher than that of the standing posture. These results
were consistent with the RULA postural analysis.
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Figure 5. Muscle activity of five body regions by posture.

The mean Borg scale scores of the workers’ perceived rate of discomfort is shown in Figure 6.
The Borg scale scores showed a similar trend to that of the RULA analysis and EMG results. The low
back exhibited the greatest mean Borg scale score (3.8), followed by the shoulder (3.5), neck (3.3),
arm (3), and hand (2.7).

Figure 6. Subjective workload rating (Borg CR10).

Examples of the lifting postures are shown in Figure 7 and the results of the NIOSH lifting
equations are shown in Table 4. The lifting task of picking up a bucket from the ground resulted in an
LI value greater that in the NIOSH lifting equation, indicating that this lifting posture may increase
the risk of developing lifting-related low back pain. This high LI value was due to the VM (Vertical
Multiplier factor) since the worker needed to bend their trunk and knees to pick up the bucket from
the ground without the aid of a raised pallet, which may contribute to low back pain.
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Figure 7. Example of lifting posture during hand harvesting.

Table 4. NIOSH lifting equation results for lifting task show in Figure 7.

Results Values

Recommend Weight Limit (RWL) 5.56 kg
Lifting Index (LI) 1.26

3.3. Semi-Machine Harvesting with Hand-Held Shakers

For semi-mechanical harvesting with hand-held power shakers, the result of CTD risk assessment
for all postures was less than 1, indicating an acceptable risk of CTD for all tasks in the semi-machine
harvesting process. Even though the posture factors exceeded the safety threshold of 1.0 with a mean
value of 1.1 (SD: 0.14), the frequency factors were below the safety threshold of 1.0 with a mean value
of 0.67 (SD: 0.07). Therefore, the total risk value was 0.73 (SD: 0.07). Table 5 shows the RULA scoring
for semi-machine blueberry harvesting. Postures M-A and M-D each exhibited the highest possible
RULA score of 7, mostly due to a side-bend of the trunk and an abducted shoulder posture. Since all
postures showed a RULA score greater than 3, the machine design and/or worker posture should be
adjusted to reduce or eliminate MSD risk.

Table 5. RULA analysis results.

Posture Component Ratio (%) Score A Score B Grand Score

M-A 26 5 6 7
M-B 26 4 4 4
M-C 27 6 4 6
M-D 11 6 6 7
M-E 10 4 4 4

For semi-machine harvesting with hand-held shakers, EMG values were measured for two
positions: high (M-A and M-B) and low (M-C, M-D, and M-E). EMG results showed that both the
high and low positions commonly required the right bicep to control the shaker, as shown in Figure 8.
The low position required the left deltoid to push and pull the shaker, while the high position required
the right deltoid to control the shaker and the left bicep to push and pull the shaker. Since the low
posture closely resembled standing posture, low back EMG values showed little difference between
high and low postures.
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Figure 8. Muscle activity of five body regions by posture.

Example of the lifting posture are shown in Figure 9, with workers handling flats being filled
with blueberries by an Oxbo 7240 harvester. The results of the NIOSH lifting equation are shown in
Table 6. The lifting task at both origin and destination showed NIOSH equation values of less than 1,
indicating a nominal risk to healthy employees.

 

Figure 9. Example of lifting posture for handling flats filled with blueberries on an Oxbo 7240
blueberry harvester.

Table 6. NIOSH lifting equation results for lifting task.

Results Values

Recommend Weight Limit (RWL) 11.88 kg
Lifting Index (LI) 0.80

3.4. OTR Machines

The lifting of full lugs weighing 8.2 kg (18 lb.) was studied in workers operating the Oxbo 7440
and the Oxbo 8040 machines. An example of the lifting posture is shown in Figure 10 and the results
of the NIOSH lifting equations are shown in Table 7. The Oxbo 7440 could be unloaded either from the
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back of the conveyor system or from the side. The same was the case for the Oxbo 8040. In all cases the
NIOSH lifting index (LI) was less than 1, and thus acceptable for an 8-hour day.

 
Figure 10. Example lifting postures: (A) Oxbo 7240 Back, (B) Oxbo 7440 Side, (C) Oxbo 8040 Side,
and (D) Oxbo 8040 Back.

Table 7. National Institute for Occupational Safety and Health (NIOSH) lifting equation results for
lifting task during over-the-row (OTR) harvesting.

Oxbo 7440 Back
Recommend Weight Limit (RWL) 9.52 kg

Lifting Index (LI) 0.14

Oxbo 7440 Side
Recommend Weight Limit (RWL) 11.80 kg

Lifting Index (LI) 0.69

Oxbo 8040 Side
Recommend Weight Limit (RWL) 9.12 kg

Lifting Index (LI) 0.89

Oxbo 8040 Back
Recommend Weight Limit (RWL) 12.7 kg

Lifting Index (LI) 0.64

EMG data is shown with respect to working conditions in Figure 11 and with respect to specific
muscles in Figure 12. The Oxbo 8040 showed the worst EMG values with respect to working conditions,
but the peaks (slightly over 40% MVC) were only for short periods of time. Greatest muscle loading
was as expected for the arms and shoulders, but because peak values marginally exceeded 40% MVC
and only for short periods of time, the loading posture associated with OTR machines was acceptable
for an 8-hour day.

Figure 11. Muscle activity of five body regions by working condition (R.: Right; L.: Left).
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Figure 12. Muscle activity of five body regions by muscle (R.: Right; L.: Left).

4. Discussion

In this study, we conducted field research at several sites to investigate the risk factors of MSDs
for each type of blueberry harvesting in terms of workers’ postural loads and self-reported discomfort
using ergonomics intervention techniques. Hand harvesting and semi-machine harvesting with
hand-held shakers are difficult to analyze for fatigue, as there are many approaches with no clear
limits. RULA values for hand picking ranged from 3 in the middle posture to 6 and 7 for low and high
postures, respectively. Because the component ratio was over 50% in high and stretch position (H-A
and H-D), we can conclude that this working posture contributes to workers’ shoulder pain. The high
scores of H-A and H-D suggest a need for redesign, but there is not much that can be done with
hand harvesting. In addition, the RULA measurement assesses posture, but offers no clear insights
on fatigue.

For semi-machine harvesting with hand-held shakers, the RULA numbers were also high, coming
in between 4 and 7, but this was due to excessive repetition of the reaching motion. Once the standing
positions on the vehicle and the length of shaker are adjusted, then working posture and RULA scores
will improve. The EMG value of various muscles indicate the forces utilized. For hand picking,
EMG values for the high posture slightly exceeded 40% MVC, which is higher than the recommended
15% for static contractions. The shakers required 30–50% MVC, but because this work is performed
dynamically rather than in a static position, the recommended value of 15% MVC does not apply.

The best solution is to consider the Threshold Value Level [30] approach in conjunction with the
Hand Activity Level (HAL). Two factors, force and HAL, determine whether the TLV is acceptable.
The red region shown in Figure 13 represents hand harvesting, which has very high hand activity
levels and lower EMG values but results in unacceptable fatigue values. The green region in Figure 13
represents the shakers, which have medium frequency and slightly higher EMG values but overall
are still in the acceptable region for fatigue. The biggest problem with the shakers is the vibration,
which can lead to fatigue and various risks for workers, especially in the upper limbs. Reducing the
vibration with gel pads or gloves would decrease the risk to workers, as found in 2016 in the North
Carolina studies that used simple foam as a stop-gap approach. However, according to a previous
study [31], since anti-vibration gloves only extend the vibration exposure over time and therefore
do not completely prevent the wearer from developing Hand-Arm Vibration Syndrome (HAVS),
more research is required to conduct ergonomic interventions with reliable vibration data, not only
with that obtained by subjective perceptions. In addition, according to a previous study conducted by
Takeda et al. [11], hand-held shaker devices have not been widely adopted among blueberry growers
due to harvest inefficiency and fatigue after prolonged use. Furthermore, Calvo et al. [32] pointed
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out that vibrating tools used in manual olive harvesting exceed the admitted limits of occupational
repetitive action (OCRA) scores. Thus, workers who use vibrating tools in unnatural body postures
are at risk for disorders of the upper limbs.

Figure 13. Threshold Level Values for Shakers and Hand Harvesting.

OTR harvesting eliminates repetitive hand motions and transfers all the work to simple lifting,
for which there are clear approaches, such as the NIOSH lifting guidelines, to be used. In all
cases, the lifting index was below 1 and therefore acceptable for an 8-hour day. This indicates
that the automated harvester would be the best approach in minimizing worker loading and fatigue.
However, it would be challenging for small- and medium-sized blueberry farms to purchase automated
harvesters due to their high cost. Thus, collaborative efforts among health and safety professionals,
engineers, social scientists, and ergonomists are needed to provide effective ergonomic interventions,
including mechanical worker aid devices and tools as well as engineering and administrative controls
such as programmed rest breaks, job rotation, and worker training.

Our study presents some features and limitations that should be noted. The first limitation of
this study is the limited data to obtain reliable demographic results. Since most harvesters were
migrants, the manager did not allow the collection of demographic data. The second limitation of this
study is that it does not provide a solution that would eliminate risk factors of MSDs for hand and
semi-machine harvesting. For example, this study does not suggest how to redesign the shaker to
reduce vibration problems or how to train workers to adopt proper harvesting posture. However, the
purpose of this study was to identify the risk factors of each type of blueberry harvesting. Thus, this
limitation should not change the conclusions of this study. Further research will be required to find
solutions for aid devices and tools as well as adequate training to reduce MSDs.
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Abstract: All living organisms perceive mechanical signals, regardless of their taxonomic
classifications or life habits. Because of their immobility, plants are influenced by a variety
of environmental stresses, such as mechanical stress, during their growth and development.
Plants develop physiological behaviors to adapt to their environment for long-term development
and evolution. Sound-induced stress—an abiotic stress factor—is an example of mechanical stress
and is caused by sound waves generated by different sources. This stress has a negative effect
on the development and growth of plants. The strawberry plants evaluated in this study were
exposed to three different sound intensity levels (95, 100, 105 dB) at a constant frequency of 1000 Hz.
In strawberry plants, stress induced by sound waves is thought to trigger increased production
of secondary metabolites as a defense mechanism. To determine the effect of sound applications,
the fresh and dry weights of the roots and shoots were measured in strawberry plants, and the
pH, total soluble solids (Brix), titratable acidity, vitamin C, total sugar, total acid, and total phenols
were analyzed in the fruits. Results show that the sound stress, which was produced at a constant
frequency (1000 Hz) and different sound levels (95, 100, 105 dB), affects the growth parameters of the
plant and several quality parameters of the fruit.

Keywords: abiotic stress; fruit quality parameters; ascorbic acid; biomass; sound waves;
frequency; dB

1. Introduction

Worldwide, strawberry (Fragaria × ananassa) is commonly consumed either in its fresh form or
after it is processed. Strawberry reaches its full size and ripens within 30 days; it is a non-climacteric
fruit. This growth period is dependent on light, temperature, soil composition, and some cultivation
conditions [1]. In addition to being a fruit that is consumed for its taste, strawberry contains
carbohydrates, vitamin C, and some antioxidant compounds (e.g., phenolics and flavonoids) [2].
Secondary plant metabolites are compounds with no fundamental roles in the life processes of plants,
but they are important for the plant’s ability to interact with its environment for adaptation and
defense [3].

The ability to sense and respond to physical stimuli is of key importance to all living things.
Light, temperature, and chemical signals are among the environmental stimuli detected by living
organisms. Some of these stimuli are related to physical–mechanical stimuli (i.e., differences in
mechanical forces or pressures detected by a living cell). Due to the force of gravity straining
self-loading and inner growth, and mechanical loads of snow, ice, fruit, wind, rainfall, touch, sound,
and hydration (turgor pressure) may be perceived by a cell. All living organisms perceive mechanical
signals, regardless of their taxonomic classifications or life habits (sessile vs. motile). Because of their
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immobility, plants are influenced by environmental stress, such as mechanical stress, during their
growth and development [4–7]. Plants develop physiological behaviors to adapt to the environment
for long-term development and evolution. In previous studies, it was reported that plants are capable
of responding to wind, touch, electric fields, magnetic fields, and ultraviolet rays [8,9]. Sato et al. [10]
reported that, under mechanical stress, chloroplasts in plant cells were re-localized by an active motor
system. Erner and Jaffe [11] reported that the contents of ethylene (C2H4) and abscisic acid (ABA)
were increased in plants. They also reported that the gibberellin (GA) and indoleacetic acid (IAA)
contents were decreased under mechanical stress. Secondary plant metabolites are compounds with no
fundamental roles in the life processes of plants; however, they are vital elements in plants’ interaction
with the environment for adaptation and defense mechanisms.

Sound waves and sonication act as forms of abiotic stress on plants [12]. It is well known that
plants absorb and resonate some sound frequencies from the external realm [13–15]. Sound waves
had significant dual effects on the root development of Actinidia chinensis plantlets (p < 0.05). The root
activity, total length, and the number of roots were increased by the stimulation from sound waves;
however, the cell membrane permeability decreased Increasing ATP content in cells means that
anabolism is strengthened. At 1 kHz and 100 dB, the soluble protein content and SOD activity were
reported to increase. On the other hand, when sound wave stimulation exceeded 1 kHz and 100 dB,
these indices were reduced [16–18].

2. Sound Waves and Sound Magnitude

Sound is a mechanical vibration wave that travels in a medium that consists of certain materials.
According to physicists, ‘sound’ is the molecular diffusion of an energy source in air medium.
Sound consists of vibrations in the air that are sensed by our brains after traveling as waves in a
medium and stimulating our ears. Sound waves take the form of sinus waves. The distance between
two peaks is the wavelength, and the number of wave peaks measured within 1 s is the frequency
(Figure 1a,b). In other words, the frequency of a wave depends on the frequency of the vibrations
of the particles in the medium (e.g., air) through which the wave travels. Frequency is computed
by measuring the vibrations in time. The number of vibrations in 1 s is expressed in units of Hertz
(1 Hertz = 1 cycle/s).

  
(a) (b) 

Figure 1. (a) Low-frequency sinus wave; (b) high-frequency sinus wave.

The term ‘sound magnitude level’ refers to the logarithm of an energy-physical magnitude.
A decibel measures the perceived sound level; it is the noise level unit. The basic sound magnitude
parameter for the sound magnitude level is I0, which is the hearing limit at 1000 Hz:

LI = 10·Log
I
I0
·(dB) (1)

The magnitude of sound is in proportion to the square of the sound pressure (I ~ p2), and the
level of the sound pressure is found with the equation:

Lp = 10· log
p2

p2
0
= 20· log

p
p0

·(dB) (2)
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Here, the basic sound pressure p0 at 1000 Hz is accepted as 2 × 10−5 Pa at the hearing limit.
Sound measurement devices directly show the sound pressure level in decibel units using these
equations. The sound power level, on the other hand, is the measurement of the sound power diffusing
in any direction from the source and is expressed in a logarithmic manner, as in the case of sound
magnitude level.

Using a reference power of 1 picowatt/m2, i.e., 10−12 W/m2, the SPL (sound power level) is
calculated as:

SPL = 10· log(
WSource

WReference
) (3)

WSource = The total power diffused by the source
WReference = 10−12 W/m2 [19].

Strawberry is a fruit that is consumed worldwide and is cultivated in open and greenhouse
systems. It was determined in previous studies conducted on a variety of fruits and vegetables
that stress conditions cause increased production of secondary metabolites as a defense mechanism.
However, since a plant’s development is negatively affected when it is exposed to abiotic and biotic
stresses, these stresses cause losses in yield. To date, no studies have investigated the effect of sound
waves on the quality parameters of the strawberry fruit. Under stress conditions, plants increase
production of compounds such as phenolic compounds and ascorbic acid to protect themselves.
Therefore, the concentrations of nutritional compounds (which accumulate because of sound stress)
are expected to increase under stress. In this study, we aimed to increase the quality parameters in the
strawberry via sound waves at 1000 Hz and three different frequencies (95, 100, and 105 dB) without
harming the plant. The effects of sound stress on the strawberry fruit’s total soluble solids, titratable
acidity, total sugars, total acids, pH total phenolic, and ascorbic acid were measured.

3. Materials and Methods

In the present study, a sound amplifier that was capable of transmitting sounds at different
decibel values, along with a decibel indicator, was used. A signal generator that was capable of being
adjusted was used as a frequency oscillator for creating the 1000 Hz frequency. Three 2 × 2 m chambers
that were prepared specifically for the experiment and whose four sides could be opened were used.
Furthermore, a sound level meter (noise measurement device) was used as a sound measurement
device. Also, speakers that could produce 360◦ sound were used. The glass was 4 mm thick in the
chambers. Between the glass was a 10.5 mm space.

Strawberry plants (Fragaria × ananassa Duch. cv Festival) in 4 L pots of turf + perlite (1:1) were
used as the plant material. Hoagland nutrient solution ((M): Ca(NO3)2·4H2O, 3.0 × 10−3; K2SO4,
0.90 × 10−3; MgSO4·7H2O, 1.0 × 10−3; KH2PO4, 0.2 × 10−3; H3BO3, 1.0 × 10−5; 10−4 M FeEDTA,
MnSO4·H2O, 1.0 × 10−6; CuSO4·5H2O, 1.0 × 10−7; (NH)6Mo7O24·4H2O, 1.0 × 10−8; ZnSO4·7H2O,
1 × 10−6) was used to water the plants [20]. The plants were placed in the sound chambers for the
purpose of measuring the effect of sound stress.

A total of four special sound chambers were used to conduct the study. The chambers were placed
in a plastic greenhouse at Research Fields of Cukurova University, Karaisalı Vocational High School
(36◦59′ N, 35◦18′ E, 20 m above sea level), Adana, Turkey. A randomized complete block experimental
design was applied in the study (3 replicates, 10 plants in each replicate). Then, different sound waves
were directed at the pots. The speaker was 65 cm from each pot (Figure 2). Sound magnitudes of 95,
100, and 105 dB were directed at the pots in the sound chambers. For 30 days, the sound waves were
delivered once per day for 1 h in the morning, between 10:00 and 11:00 a.m. The plants were in closed
chambers when the sound waves were emitted.

It has been stated by specialists that being exposed to sound exceeding 85 dB might be dangerous.
For this reason, dB values above 85 dB were selected. To compare results, control plants were placed in
a chamber in which no sound applications were made.
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The experiment was designed as a randomized complete block experimental design with
3 replicates, 10 plants in each replicate. A total of four chambers were used. The chambers could only
detect the sound within, as the chambers were built in such a way that no other sound could enter.
IBM SPSS Statistics 20 software was used for data analysis. The mean values of the fruit parameters
for the three sound frequencies were compared using an ANOVA test. The effects of sound on the fruit
parameters were considered significant at p ≤ 0.05.

 POWER 

SIGNAL GENERATOR 

AMPLIFIER 

Figure 2. Illustration of the trial design.

3.1. Measurements and Analyses in Strawberry Plants and Fruits

The trial was started on 16 April 2014 and finalized on 16 May 2014. The fresh and dry weights of
the roots in strawberry plants and the fresh and dry weights of the green parts were measured every
10 days for a total of three measurement points throughout the trial. The pH, total soluble solids (Brix),
titratable acidity, vitamin C, total sugar, total acid, and total phenol contents of the fruits were analyzed.
For the purpose of preparing ultrapure water (18.2 MΩ cm), the Millipore System (Millipore Corp.,
Bedford, MA, USA) was used. The chromatography reagent standards and solvents were obtained
from Sigma Chemical, Co. (St. Louis, MO, USA).

3.2. Determination of Total Soluble Solids (TSS) and Titratable Acidity (TTA)

A hand-type refractometer (ATAGO ATC-1, Tokyo, Japan) was used to determine the total soluble
solids in the juice of each sample. For the purpose of determining the total titratable acidity levels,
the acid–base titration method was applied. The juice (1 mL) and distilled water (50 mL) were added
to a conical bottle to titrate with aqueous NaOH (0.1 N) to obtain pH 8.1. Total acid content was
determined in citric acid equivalents and is reported as the mean value of triplicate analyses.

3.3. Extraction of Sugars and Acids (TS and TA)

One gram of the sample was weighed and powdered with liquid nitrogen. The sample was
added to 20 mL of aqueous ethanol (80%, v/v) and the solution placed in a screw-cap Eppendorf
tube and then in an ultrasonic bath where it was sonicated for 15 min at 80 ◦C. It was then filtered
through filter paper (the extraction was repeated three more times). The filtered extracts were mixed
and evaporated in a boiling water bath until dry. Distilled water (2 mL) was used to dissolve the
precipitation, and the resulting solution was filtered using Whatman nylon syringe filters (0.45 μm
pore size, 13 mm diameter) before HPLC analysis. For organic acid extraction, liquid nitrogen was used
to powder the homogenate (1 g of frozen sample), which was then weighed. Then, it was mixed with
20 mL aqueous metaphosphoric acid (3%) at room temperature for 30 min with a shaker. The mixture
was then filtered and its volume was increased to 25 mL using the same solvent. It was then used for
HPLC analysis [21].
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3.4. HPLC of Organic Acid and Sugars

There is a built-in degasser, pump, and controller coupled to a photodiode array detector
(Shimadzu SPD 10A vp) in the high-performance liquid chromatographic apparatus (Shimadzu LC
10A vp, Kyoto, Japan). The device also has an automatic injector with a 20 μL injection volume and
is interfaced with a computer with Class VP Chromatography Manager Software (Shimadzu, Japan).
The separation process was performed with a 250 × 4.6 mm i.d., 5 μm, reverse-phase Ultrasphere ODS
analytical column (Beckman, Fullerton, CA, USA). The column was run at room temperature with a
flow rate of 1 mL min−1. The process was performed with a 0.1 a.u.f.s. sensitivity (wavelengths between
200 and 360 nm). The elution was isocratic with 0.5% aqueous metaphosphoric acid. The retention
times of the components were compared using an in-house PDA library to identify the components
that had authentic standards under analytical conditions and UV spectra. Between injections, there was
a 10 min equilibrium time. The Shimadzu LC-10 A vp device was used for separating the sugar on a
150 × 4.6 mm i.d., 5 μm, reverse-phase Nucleosil NH2 analytical column (Shimadzu, Tokyo, Japan) at
room temperature with a 1 mL min−1 flow rate [21].

3.5. Determination of Total Phenolic Content (TPC) and Ascorbic Acid (AA) in Strawberry Fruits

In order to determine the total phenolic content (TPC), the Folin–Ciocalteu method was employed.
After homogenization with a T18, IKA Homogenizer, Germany, 5 g of the frozen fruits with 25 mL
ethanol was centrifuged at 3500× g for 3 min. Filter paper was used to filter the supernatant.
Then, 2 mL of 10% Folin–Ciocalteu reagent was added to 0.4 mL of the extract. After this, it was left
idle for 2–3 min. Finally, 1.6 mL (7.5%) of Na2CO3 solution was added to the mixture, which was
incubated for 1 h in the dark, after which is was measured at 765 nm in a spectrophotometer (UV-1201,
Shimadzu, Kyoto, Japan) against a blank solution (0.4 mL water + 2 mL Folin–Ciocalteu reagent +
1.6 mL Na2CO3). Using the gallic acid standard, the total phenolic content was computed as 1 mg gallic
acid equivalent (GAE) 100 g−1. The results are reported as mg/gallic acid equivalents per gram/dry
weight. The Merck RQflex reflectometer was employed to analyze the ascorbic acid content (AA) in
the samples by adopting the protocol for the juice of red fruit. The results are given as mg ascorbic
acid/100 g fresh sample [21].

4. Results and Discussion

4.1. Results of the Weight Measurements in Strawberry Plants in Fresh and Dry Roots and Shoots

Table 1 shows that the difference between the fresh and dry weight values of the roots was
statistically significant for all three measurement dates. As the sound level increased, the root growth
regressed. For the measurement that was made 10 days after the initial sound application, the lowest
root weight was determined to belong to plants subjected to 105 dB sound, followed by those exposed
to the 100 dB level. The highest fresh and dry root weight values were found to be in the control
plants. The fresh and dry root weights of plants at the 95 dB level were equal to those of the control
plants. For the root weight measurements that were made 20 days after the initial sound application,
it was determined that the lowest fresh and dry values were in the plants that received sound at the
105 dB level, and the highest values were measured in the control plants. With respect to fresh weight
measurements, the sound levels fall into different statistical groups; for dry weight measurements,
only the application at 105 dB is significantly different from the others. Similar results were obtained
for the measurements that were made 30 days after the initial sound application. For the fresh root
weight, the control plants and the plants at the 95 dB level had similar values and fall into the same
statistical group. The weight decreased at 100 dB, the control group plants are included in the group
with the plants at 95 dB; the treatment at 105 dB, having the lowest root weight values, is in its own
group as it was significantly different from all other applications (Table 1).
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Table 1. Fresh and dry weight changes in the roots and shoots. Measurements were made at 10-day
intervals in plants that were exposed to different sound levels.

10 Days after the Sound Treatment 20 Days after the Sound Treatment 30 Days after the Sound Treatment

Sound
Intensity

Treatments

RFW
(g)

RDW
(g)

SFW
(g)

SDW
(g)

RFW
(g)

RDW
(g)

SFW (g)
SDW

(g)
RFW
(g)

RDW
(g)

SFW
(g)

SDW
(g)

95 dB 7.94 a 1.10 a 10.92 2.61 9.50 ab 1.38 a 17.84 ab 3.10 a 12.50 a 1.72 a 21.25 a 3.64
100 dB 5.77 b 0.85 b 10.33 2.56 8.98 b 1.32 a 16.32 b 3.23 a 9.32 b 1.40 ab 19.18 b 3.37
105 dB 4.74 b 0.64 b 9.13 2.20 6.30 c 0.78 b 15.05 b 2.95 b 8.86 c 0.96 b 18.52 b 3.22
Control 7.34 a 1.15 a 11.15 2.78 10.57 a 1.43 a 19.52 a 3.40 a 13.03 a 1.77 a 22.92 a 3.59

The means in the columns followed by different letters are significantly different (p < 0.05); RFW: root fresh weight;
RDW: root dry weight; SFW: shoot fresh weight; SDW: shoot dry weight.

The measurement results in Table 1 for fresh and dry weights of shoots show there was no
statistically significant difference in these values between the applications for the measurements made
10 days after the onset of the sound application. However, like the root weights, the sound magnitude
negatively affected shoot weight, the control plants had the highest values, and weight decreased at
105 dB. In the second measurement, made 20 days after the initial sound application, the difference
between the applications was found to be statistically significant in terms of shoot fresh and dry
weight values. For the root fresh weight results, while 100 and 105 dB treatments are in the same
statistical group with the lowest values, the control plants, with the highest values, falls into a separate
group, showing a significant difference compared to the 100 and 105 dB level applications. The 95 dB
sound application is in an intermediary group. For the measurements made 30 days after the initial
sound application, the fresh shoot weight results were determined to be significant at a statistical
level. The control plants had the highest fresh weight values, and the plants at 95 dB had the second
highest. The lowest shoot fresh weights were found in plants at the 100 dB and 105 dB levels; they were
significantly different from the other two applications (control and 95 dB). For the last measurement
date, the differences between the applications were not found to be significant at a statistical level in
terms of shoot dry weight values. However, it was determined that the shoot dry weight values were
lower in the plants that were exposed to sounds at high levels (Table 1 and Figure 3).
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Figure 3. Shoot dry weight changes. Measurements were made at 10-day intervals in plants that were
exposed to different sound levels. The means of different letters are significantly different (p < 0.05).
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At 105 dB, as the sound level increased, the rate of the decrease in root dry weights was 44–46%
for all measurement dates compared with the control plants. The decrease in root dry weight values
at the 100 dB sound level was determined to occur at a rate of 8–26% compared to the control plants.
The shoot dry weight values at 105 dB decreased at a rate of 10.3–21% compared to the control plants.
The shoot dry weight values at the 100 dB sound level decreased at a rate of 5–8% compared to the
control plants (Figure 3). The 95 dB level is included in the same group as the controls for most
measurements, although 95 dB did not cause much weight loss in the roots and shoots.

Energy metabolism (for example, sugar, lipid, and photosynthesis) is influenced as abiotic stress
increases [22–25]. For this reason, it is possible that metabolic responses to abiotic stress are gradual
and complex. Abiotic stress also influences various cellular processes like growth, photosynthesis,
carbon partitioning, carbohydrate–lipid metabolism, osmotic homeostasis, protein synthesis, and gene
expression [26–28].

On the other hand, DNA damage occurs due to UVBR, and photosynthesis, secondary metabolites,
and the synthesis of phenolic compounds are reduced [29–31].

4.2. Results of the Analysis of Strawberry Plants

When we consider the results of the analysis made 30 days after the initial sound applications at
different levels (in Table 2), we see that pH values were similar for all applications, ranging between 3.36
and 3.39. Similarly, total soluble solids (TSS) and titratable acidity (TTA) values were not significantly
affected by the sound applications at different levels. The TTS results were similar, ranging between
8.2 and 8.4. The TTA results were between 7.35 and 7.42. Although there were differences in total acid
(TA) for different applications, this difference was not at a statistically significant level. As the sound
level increased, the acid rates in the fruits increased. While the total acid was 21.36 in the fruits at the
105 dB sound level, this value was 19.55 in the control plants (Table 2).

Table 2. Measurements of several quality parameters of the fruits taken from plants 30 days after
exposure to different sound levels

Sound Intensity
Treatments

pH TSS (%)
TTA

(g kg−1)
TS

(g kg−1)
TA

(g kg−1)
TPC

(mg 100 g−1 Gallic Acid)
AA

(mg 100 g−1)

95 dB 3.36 8.4 7.37 59.33 ab 19.82 279.5 b 28.3 b
100 dB 3.38 8.3 7.41 62.06 a 20.62 282.0 ab 31.8 a
105 dB 3.39 8.4 7.42 63.25 a 21.36 288.0 a 32.7 a
Control 3.36 8.2 7.35 57.95 b 19.55 275.5 b 27.4 b

The means in the columns followed by different letters are significantly different (p < 0.05); TSS: total soluble solids;
TS: total sugars; TTA: titratable acidity; TA: total acids; TPC: total phenolic content; AA: ascorbic acid.

It was determined that different sound levels caused statistically significant differences in total
sugar (TS), total phenol content (TPC), and ascorbic acid (AA). Total sugar increased for the applications
of 105 and 100 dB sound levels, falling into the same statistical group with values of 62.06 and 63.25.
The control group fruits, falling into a separate group, were determined to have 57.95 total sugar.
Plants exposed to the 95 dB sound level had total sugar that falls into the intermediary group with a
value of 59.33. Total phenol content also increased with the sound magnitude; the phenol contents
of the fruits at 105 dB was determined to be 288.0 and is included in a separate group. Total phenol
content was 275.5 in the control group plants, which was the lowest value, and it was 279.5 for plants
at the 95 dB sound level; these values are in the same statistical group. Total phenol content was 282.0
for the application at 100 dB, which is in the intermediary group. Ascorbic acid (AA) results were
similar to the patterns for TPC. While the ascorbic acid of the control plants was 27.4, which is the
lowest value, it was 28.3 at 95 dB; the control and 95 dB treatment are in the same group. The ascorbic
acid values for the 100 dB and 105 dB sound levels were 31.8 and 32.7, respectively. These are the
highest values, and these two applications were found to be in the same group (Table 2).
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Total sugar (TS), total phenol content (TPC), and ascorbic acid (AA), which were detected at
statistically significant levels in the fruit analyses, increased with the increasing sound magnitudes.
Total sugar increased at a rate of 9% in strawberry fruits at 105 dB compared to the control group,
and it increased at a rate of 7% at 100 dB (Figure 4). Total phenol content increased at a rate of 4.5% at
105 dB and at a rate of 2.4% at 100 dB. Ascorbic acid increased at a rate of 19% at 105 dB compared to
the control group and at a rate of 16% at 100 dB (Table 2 and Figure 5).
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Figure 4. Total sugars (TS) in strawberry fruits 30 days after exposure to different sound waves.
The means of different letters are significantly different (p < 0.05).
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Figure 5. Total ascorbic acid (AA) in strawberry fruits 30 days after exposure to different sound waves.
The means of different letters are significantly different (p < 0.05).

The diversity in the structure and function of secondary metabolites makes them necessary
because they are of critical importance to the survival of plants under stress conditions [32].
Many environmental stresses (high/low temperature, drought, alkalinity, salinity, UV stress,
and pathogen infection) have the potential for damaging plants [3]. In laboratory conditions,
production of secondary metabolites was induced anew by using elicitation [3,33]. Several researchers
applied various elicitors to improve secondary metabolite production in cultures of plant cells,
tissues, and organs [34]. Nutrient stress has an important influence on phenolic levels in plant
tissues [3,34]. Pathogen attack, UV irradiation, high-intensity light, wounds, nutrient deficiency,
temperature, herbicide treatment, and other environmental stress factors increase the accumulation
of phenylpropanoid [35–37]. The effects of some secondary plant products on growing conditions
are high in terms of the metabolic pathways that are responsible for accumulation of the related
natural products.
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Sugar accumulation is a common result of abiotic stress (e.g., glucose, fructose, and sucrose
accumulate, along with other osmolytes, during cold treatment [38–40]). It was traditionally
believed that osmolyte accumulation protected plant cells (either by osmotic adjustment or by
stabilizing membranes and proteins); however, in time, another role of osmolytes was proposed
to be the regulation of redox or sugar signaling. These influences might, for instance, involve
hexokinase-dependent signaling or interactions between trehalose synthesis and sugar and ABA
signaling [41,42]. It was been reported that ABA synthesis and signaling are important components
in sugar signaling. In plants, sugars play important roles as both nutrients and signal molecules.
Both glucose and sucrose are recognized as pivotal integrating regulatory molecules that control gene
expression related to plant metabolism, stress resistance, growth, and development [43–45]. It was
recently proposed that soluble sugars, especially when they are present at higher concentrations,
might act as reactive oxygen species (ROS) scavengers themselves [46]. All abiotic stresses generate
ROS, potentially leading to oxidative damage affecting crop yield and quality. In addition to the
well-known classical antioxidant mechanisms, sugars and sugar-metabolizing enzymes have entered
the picture as important players in the defense against oxidative stress [47].

Abiotic stress may be used in preharvest activities to improve the quality and yield of products [48].
For instance, vitamin C may be improved in plants that are exposed to high-intensity light or in plants
that have less frequent irrigation [49].

The environment affects the ascorbic acid concentration in the fruits and leaves [50,51]. The level
of synthesis controls the regulation of ascorbate levels in cells [52,53]. Recycling and degradation
(Pallanca and Smirnoff, Green and Fry [53,54]) and transport of this molecule in cells or between organs
(Horemans, Foyer, and Asard [55]) are also controlled by the synthesis. During the stress response
and the adaptation to stress, the recycling pathway is important. Reduced ascorbate, an antioxidant,
is oxidized into an unstable radical (monodehydroascorbate) in oxidative stress conditions; the oxidized
molecules then dissociate into ascorbate and dehydroascorbate.

Alessandra Ferrandino and Claudio Lovisolo [56] claimed that abiotic stress modified the growth
and development in all plant organs of grapevine plants. At the berry level, the response to abiotic
stress drives the accumulation of secondary metabolites in berry pulps, seeds, and skins as a defense
against cell damage. Viticultural trials may be designed to control plant stress response to increase
secondary metabolite concentrations.

Exposure of plants to unfavorable environmental conditions (e.g., heavy metals, drought,
nutrient deficiency, salt stress) can increase the production of reactive oxygen species (ROS).
To protect themselves against these toxic oxygen intermediates, plants employ antioxidant defense
systems [57]. To control the levels of ROS and to protect cells under stress conditions, plant tissues
contain several enzymes that scavenge ROS (SOD, CAT, peroxidases, and glutathione peroxidase),
detoxify LP products (glutathione-S-transferases, phospholipid-hydroperoxide glutathione peroxidase,
and ascorbate peroxidase), and a network of low molecular mass antioxidants (ascorbate, glutathione,
phenolic compounds, and tocopherols) [57]. Secondary metabolites are involved in protective functions
in response to both biotic and abiotic stress conditions. As determined in a recent study, environmental
factors increase the concentrations of phytochemicals [58]. Stress predominates among all the
factors that enhance the concentrations of phytochemicals in fruits and vegetables. This makes
sense when it is considered that all stress types (biotic/abiotic) are conducive to oxidative stress in
plants [59], and oxidative signaling controls synthesis and accumulation of secondary metabolites [60].
Plants produce phenolic compounds as a defensive mechanism to biotic/abiotic stresses [61].

In the strawberry plant in the fruit development stage, sound frequency stress promoted
metabolite accumulation, which resulted in an improvement in fruit quality.

5. Conclusions

In the present study, different sound waves with different decibel values at a constant frequency
were applied, and they caused decreases in the weight of roots and the green parts of the strawberry
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plants. However, these different sound waves also caused some increases in several quality parameters
in the fruits at a statistically significant level. This increase, which also enhances the value of the fruit
and is important for human health, is positive. Salinity, drought, high temperature, and irreversible
abiotic stress factors reduce the growth and development of the plants, causing major losses in terms of
yield; plants even die under continuous stress. In further studies, greenhouse trials may be performed
at sound levels that do not affect plant development and yield at significant levels but increase fruit
quality. In this way, sound applications that do not damage the soil and plant but increase the quality
parameters in a positive manner may be recommended for greenhouse cultivation. In the present
study, the weight losses were found to be greater in plants at the 105 dB sound level. At 95 dB, on the
other hand, the results were close to those of the control group plants which were not exposed to
sound. For this reason, 1000 Hz and 100 dB sound levels may be used for the strawberry plant to
increase the quality of its fruits. However, in the future, it should be investigated whether it affects the
yield in greenhouse designs.

Author Contributions: H.O. and O.A. conceived and designed the experiments; H.O. performed parts of physics
and sound system of the experiments; O.A. performed the parts related to plants and O.A. analyzed the data;
O.A. contributed reagents/materials/analysis tools; H.O. and O.A. wrote the paper.

Funding: We thank Cukurova University Scientific Research Projects Directorate for their financial support.
And also, we thank to Ebru Kafkas and her laboratory team for strawberry fruits analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Klein, B.P.; Perry, A.K. Ascorbic acid and vitamin A activity in selected vegetables from different geographical
areas of the United States. J. Food Sci. 1982, 47, 941–945. [CrossRef]

2. Robards, K.; Prenzler, P.D.; Tucker, G.; Swatsitang, P.; Glover, W. Phenolic compounds and their role in
oxidative processes in fruits. Food Chem. 1999, 66, 401–436. [CrossRef]

3. Akula, R.; Ravishankar, G.A. Influence of abiotic stress signals on secondary metabolites in plants.
Plant Signal. Behav. 2011, 6, 1720–1731. [CrossRef] [PubMed]

4. Ozkurt, H.; Altuntas, O. The Effect of Sound Waves at Different Frequencies upon the Plant Element
Nutritional Uptake of Snake Plant (Sansevieria trifasciata) Plants. Indian J. Sci. Technol. 2016, 9, 48–55.
[CrossRef]

5. Ozkurt, H.; Altuntas, O.; Bozdogan, E. The Effects of Sound Waves upon Plant Nutrient Elements Uptake of
Sword Fern (Nephrolepis exaltata) Plants. J. Basic Appl. Sci. Res. 2016, 6, 9–15.

6. Jaffe, M.J.; Leopold, A.C.; Staples, R.C. Thigmo responses inplants and fungi. Am. J. Bot. 2002, 89, 375–382.
[CrossRef] [PubMed]

7. Baluška, F.; Šamaj, J.; Wojtazek, P.; Volkmann, D.; Menzel, D. Cytoskeleton–plasma membrane–cell wall
continuum in plants. Emerging links revisited. Plant Physiol. 2003, 133, 483–491. [CrossRef] [PubMed]

8. Mary, M.; Braam, J. The Arabidopsis TCH4 xyloglucan endotransglyco-sylase. Plant Physiol. 1997, 115,
181–190.

9. Sistrunk, M.L.; Antosiewicz, D.M.; Purugganan, M.M.; Braam, J. Arabidopsis TCH3 encodes a novel Ca2+

binding protein and shows environmentally induced and tissue-specific regulation. Plant Cell 1994, 6,
1553–1565. [CrossRef] [PubMed]

10. Sato, Y.; Kadota, A.; Wada, M. Mechanically induced avoidance response of chloroplasts in fern protonemal
cells. Plant Physiol. 1999, 121, 37–44. [CrossRef] [PubMed]

11. Erner, Y.; Jaffe, M.J. Thigmomorphogenesis: The involvement of auxin and abscisic acid in growth retardation
due to mechanical perturbation. Plant Cell Physiol. 1982, 23, 935–941.

12. Wang, L.; Weller, C.L. Recent advances in extraction of nutraceuticals from plants. Trends Food Sci. Technol.
2006, 17, 300–312. [CrossRef]

13. Hou, T.Z.; Li, M.D. Experimental evidence of a plant meridian system: IV. The effects of acupuncture on
growth and metabolism of Phaseolus vulgaris L. beans. Am. J. Chin. Med. 1997, 25, 135–142. [CrossRef]
[PubMed]

123



Agronomy 2018, 8, 127

14. Hou, T.Z.; Luan, J.Y.; Wang, J.Y.; Li, M.D. Experimental evidence of a plant meridian system: III. The sound
characteristics of Phylodendron (Alocasia) and effects of acupuncture on those properties. Am. J. Chin. Med.
1994, 22, 205–214. [CrossRef] [PubMed]

15. Hou, T.Z.; Re, Z.W.; Li, M.D. Experimental evidence of a plant meridian system: II. The effects of needle
acupuncture on the; temperature changes of soybean (Glycine max). Am. J. Chin. Med. 1994, 22, 103–110.
[CrossRef] [PubMed]

16. Yang, X.C.; Wang, B.C.; Duan, C.R.; Dai, C.Y.; Jia, Y.; Wang, X.J. Brief study on physiological effects of sound
field on actinidia Chinese callus. J. Chongqing Univ. 2002, 25, 79–84. (In Chinese)

17. Yang, X.C.; Wang, B.C.; Duan, C.R. Effects of sound stimulation on energy metabolism of Actinidia chinensis
callus. Colloids Surf. B Biointerfaces 2003, 30, 67–72.

18. Yang, X.C.; Wang, B.C.; Ye, M. Effects of different sound intensities on root development of Actinidia Chinese
plantlet. Chin. J. Appl. Environ. Biol. 2004, 10, 274–276. (In Chinese)

19. Taş, F. Internal Acoustic Research and Improvement Methods in a Commercial Vehicle. Ph.D. Thesis, Istanbul
Technical University, Istanbul, Turkey, 2010.

20. Hoagland, D.R.; Arnon, D.I. The water culture method for growing plants without soil. In Circular California
Agricultural Experiment Station; University of California: Berkeley, CA, USA, 1938; pp. 347–461.
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Abstract: Blueberry (Vaccinium spp.) has been recognized worldwide as a valuable source of
health-promoting compounds, becoming a crop with some of the fastest rising consumer demand
trends. Fruit firmness is a key target for blueberry breeding as it directly affects fruit quality,
consumer preference, transportability, shelf life, and the ability of cultivars to be machine harvested.
Fruit softening naturally occurs during berry development, maturation, and postharvest ripening.
However, some genotypes are better at retaining firmness than others, and some are crispy,
which is a putatively extra-firmness phenotype that provides a distinct eating experience. In this
review, we summarized important studies addressing the firmness trait in blueberry, focusing on
physiological and molecular changes affecting this trait at the onset of ripening and also the genetic
basis of firmness variation across individuals. New insights into these topics were also achieved
by using previously available data and historical records from the blueberry breeding program at
the University of Florida. The complex quantitative nature of firmness in an autopolyploid species
such as blueberry imposes additional challenges for the implementation of molecular techniques in
breeding. However, we highlighted some recent genomics-based studies and the potential of a QTL
(Quantitative Trait Locus) mapping analysis and genome editing protocols such as CRISPR/Cas9 to
further assist and accelerate the breeding process for this important trait.

Keywords: firmness; Vaccinium; ripening; cell wall; crispy; quantitative genetics; breeding; molecular
markers; genome editing

1. Introduction

Blueberry has been recognized worldwide for its health benefits due to its high content and wide
diversity of polyphenolic compounds [1,2]. Polyphenolic compounds, especially anthocyanins, have been
shown to have anti-oxidant, anti-inflammatory, anti-proliferative, anti-obesity, and neuroprotective
properties [3]. Such health-related awareness has been driving an increase in demand for blueberries,
which became one of the crops with the highest production trends. From 1996 to 2016, worldwide
production has grown by 72.11% [4]. Currently, the United States of America is the largest producer,
being responsible for around 48% of the world’s production in 2016 [4].

Most of the blueberry production is destined for the fresh market sector, which requires
high-quality berries and postharvest longevity [5]. In order to maintain the fresh market standards,
blueberries are usually hand-picked. However, hand-harvest labor accounts for 50% (or even more) of
the production costs and raises concerns about its long-term availability [5–7]. In addition, fresh fruit
handling by ill workers has been linked to foodborne illnesses in consumers [8]. Mechanical harvesting
can mitigate the need of hand-harvest labor, decrease production costs, and foster further expansion of
this healthy fruit. Wide adoption of machine harvesting for the fresh market is, however, currently
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limited to only a few commercial blueberry cultivars. Fruit firmness is one of the main determinant
traits required to withstand the physical impacts during machine harvesting [6,7,9–11].

Blueberries are shipped to long-distance markets all over the world and softening and bruising
fruits are among the most common defects causing shipment rejections [10,12]. Hence, firm berries are
also critical for transportability and shelf-life longevity [10,11]. Moreover, a firm texture is one of the
consumers’ most appreciated features, being associated with the general concept of fruit freshness and
quality [13–15]. Taken all together, fruit firmness is a key target for blueberry breeding as it benefits
all stakeholders.

Firmness naturally declines during berry development, maturation, and postharvest
ripening [12,16,17]. Understanding the biological mechanisms underlying fruit softening is essential
to manipulate it without affecting other desirable aspects of ripening, such as color, flavor, aroma,
or nutritional value [18]. Despite the natural softening during ripening, some plant genotypes appeared
best at retaining firmness by the merit of having high initial firmness values [9]. Intraspecific (Vaccinium
corymbosum L.) and interspecific (wild relatives) phenotypic variation has been reported, constituting
breeding resources for firmness improvement [6,19]. In addition to firmness, a potentially separate
phenomenon has been identified in blueberry: fruit crispiness. Crispy fruits are firmer and have higher
bursting energy than standard fruits. Hence, crispiness is a distinct textural attribute that is also of
high interest for the blueberry industry.

In this review, we presented recent advances in blueberry research regarding firmness changes
during berry development and ripening. We summarized the extent of phenotypic variability of
the firmness trait described in blueberry and its genetic parameters. New insights into these topics
were achieved by using previously available data and historical records from the blueberry breeding
program at the University of Florida. We also emphasized the first study attempting to implement
marker-assisted selection (MAS) for this trait, through genome-wide association studies (GWAS). Finally,
we discussed perspectives to further implement QTL mapping and genome editing technologies, such as
CRISPR in blueberry.

2. Physiological, Cellular, and Molecular Changes Affecting Fruit Firmness

2.1. Fruit Anatomy and Growth during Ripening

Blueberries, as many berries of the Vaccinium genus, are false berries, because they are berry-like,
but develop into a fruit without a stone from a single fertilized superior ovary [20]. Anatomically,
the blueberry fruit develops from an inferior ovary. The endocarp is composed of five carpels with
ten locules and five lignified placentae to which around 10–65 seeds are attached. The endocarp is
surrounded by the mesocarp, which is composed of parenchyma cells along with rings of vascular
bundles, with some stone cells unevenly distributed [15,21]. The epicarp originates from the flower
calyx. Delimited by a ring of vascular bundles, the hypodermal layer contains the anthocyanin
pigmentation. Above this, there is a single layer of epidermis without stomates. The epidermis is
covered by a cuticle and an epicuticular waxy bloom that overshadows the purple-black skin of
blueberry fruits, creating the characteristic light-blue color [22].

Berry growth commonly exhibits a double sigmoid growth curve, with a lag stage between two
phases of active growth [23,24]. The first growth stage occurs after syngamy and is characterized by
a rapid cell division, leading to a rapid expansion of the pericarp. In the second stage (lag stage),
embryo and endosperm tissues mature, while the development of the pericarp is retarded with no
evident increase in berry size and no changes in color. In the third stage, a second rapid pericarp
development takes place due to cell enlargement until the berry is fully ripe. Changes in size are
accompanied by changes in color (from green, pink, to blue), and biochemical changes such as increases
in pH, sugar composition, soluble solid content, volatiles, and texture. The fruit development and
ripening process usually takes 45–90 days, depending on the cultivar and external factors [25].
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2.2. Ripening-Associated Physiological Changes

Physiological changes associated with ripening are a major determinant of berry firmness, as the
fruit softens as it matures. The ripening process is coordinated by a complex network of endogenous
hormones. For many fleshy fruit plant species, the phytohormone ethylene is the main ripening
agent [26]. Climacteric fruits show a concomitant increase in respiration and ethylene biosynthesis
upon initiation of ripening [27]. Ethylene perception and signal transduction can affect fruit color,
sugar and acid content, and firmness [28]. This process is however not linear: it varies over time
and the abovementioned ripening changes can be disjointed [28,29]. Currently, there is no consensus
on whether blueberry is a climacteric fruit or not. Some studies suggested that blueberry is indeed
a climacteric fruit [30,31], with also increased anthocyanin accumulation upon ethylene application
in some cultivars [32]. Chiabrando and Giacalone (2011) [33] proposed that 1-methylcyclopropene
(1-MCP), a compound that hinders cellular ethylene perception, has the potential for controlling
ripening in blueberry. Fruits from the cultivar “LateBlue” showed reduced post-harvest weight loss
and lower total soluble solid content after 1-MCP treatment, indicating a slower ripening effect [33].
In line with these findings, Wang et al. (2018) [34] also showed that an ethylene absorbent treatment
prevented ethylene production, inhibited cell wall degrading enzymes, and reduced softening of
blueberry fruit. However, conversely, other studies suggested that 1-MCP application has no inhibition
effect on ripening of post-harvested blueberries [35,36], and might decrease fruit firmness [37,38].

In non-climacteric fruits, where no burst in ethylene production is observed, abscisic acid (ABA)
seems to have a stronger role during fruit ripening [27]. However, similarly to what has been
reported for ethylene, studies addressing the effects of ABA in blueberry fruit firmness also showed
contradictory results. Sun et al. (2013) [39] reported that ABA application was able to promote fruit
softening; whereas Buran et al. (2012) [40] observed the opposite phenomenon.

As of now, the role of ethylene and ABA phytohormones in blueberry fruit ripening, as well as the
question if blueberry is a climacteric or non-climacteric fruit remains unclear. However, it is noteworthy
how multiple studies have reported different effects of ethylene, as inhibitor or promoter of fruit
ripening, and also cultivar-specific responses, suggesting the need for more studies in this field and
that distinct mechanisms might exist among blueberry genotypes.

2.3. Molecular and Architectural Changes in Plant Cell during Fruit Ripening

Ripening is also accompanied by compositional and architectural changes in the plant cell, mainly
at the primary cell wall and middle lamella through the action of carbohydrate active enzymes,
ultimately affecting fruit firmness [41]. Plant cell wall is a complex matrix of polysaccharides, mainly
composed of pectin, hemicellulose, and cellulose. The cellulose microfibrils are cross-linked through
hydrogen bonds with hemicellulose, thereby forming a complex network that provides tensile strength
to the primary cell wall [42]. The pectin matrix is interwoven with the cellulose-hemicellulose network
in the primary cell wall and also composes the middle lamella, being a major physical mediator of cell
adhesion and separation [43].

Noncellulosic sugars have been implied in regulating firmness as they provide physical support by
connecting at cellulose myofibrils in cell walls [44]. In particular, depolymerization, and solubilization
of hemicellulose and pectin are the processes generally associated with cell wall disassembly and
fruit softening during ripening [41,45–48]. In blueberry, hemicellulosic polymers undergo a significant
depolymerization and a moderate solubilization throughout all five stages of ripeness analyzed,
indicating that hemicellulose modification might be the main cell wall alteration during blueberry
ripening [49]. The pectin matrix also shows increased solubilization mostly at the initial and
intermediate stages of ripening and little reduction in polymer size occurred [49]. Pectin solubilization
was also observed during blueberry post-harvest storage [17]. Interestingly, calcium application has
been reported to enhance firmness and post-harvest quality of blueberries [50,51]. Angeletti et al.
(2010) [51] speculated that the increase in calcium content might decrease pectin solubilization,
while not affecting hemicellulose in blueberry. In many ripe fruits, most of the cell-to-cell adhesion is
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conferred by calcium-pectate cross-links in the middle lamella, producing a semi-rigid gel that increases
cell wall stiffness and hinders cell wall disassembly [41,43,52,53]. In general, the role of calcium in
cell wall solidity and post-harvest quality is well established in a number of crops, such as apple
(Malus domestica Borkh) [54–56], grape (Vitis vinifera L.) [57–59], and strawberry (Fragaria × ananassa
Duchesne) [60–62], and seems to be relevant also in blueberry.

The degradation of cell wall polysaccharides depends on the action of enzymes with distinct spectra
of activities. A panel of enzymes involved in carbohydrate synthesis, modification, and breakdown
are collectively named as carbohydrate-active enzymes (CAZymes). The CAZy database is currently
the most comprehensive database (http://www.cazy.org) for CAZyme proteins [63]. Hence, to further
investigate the role of CAZymes during blueberry ripening, we retrieved the putative encoding genes by
sequence similarity of the predicted blueberry proteome with the CAZy database and the transcriptional
profile of five stages of berry fruit development (pad, cup, green, pink, and ripe fruits) from Gupta et al.
(2015) [64]. Distinct patterns of expression were observed for the genes into the six classes of CAZymes
throughout the fruit development process (Figure 1). Up-regulated CAZymes encoding genes in pink
and ripe fruits in relation to early stages are highlighted as they can be involved in cell wall disassembly,
allowing cell expansion and fruit growth, but later cause fruit softening.

Figure 1. Cont.
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Figure 1. RNA-seq transcriptional profile of CAZymes during five stages of berry fruit development
and ripening. The predicted blueberry proteome was screened for CAZYmes [65] using Hmmscan
from the HMMER v3.1b2 package (http://hmmer.org/) and the dbCAN HMM profile database [66].
The hmmscan-parser script provided by dbCAN was used to select significant matches. CPM (counts
per million mapped reads) values from five developmental berry stages of a RNA-seq experiment
were retrieved from Gupta et al. (2015) [64] from the bitbucket repository (https://bitbucket.org/
lorainelab/blueberrygenome). The CPM mean value of each gene was calculated from three replicates
of each stage available. The log2-transformed CPM mean values were used to plot the gene expression
of CAZymes across the five stages. The R package “gplots” with “heatmap.2” function was used to
generate the heatmaps using the parameter “dendrogram = c(“row”)” to cluster genes according to
hierarchical clusters. Classes and modules of CAZymes are represented by GH (glycoside hydrolases),
GT (glycosyl transferases), PL (polysaccharide lyases), CE (carbohydrate esterases), AA (auxiliary
activities), and CBM (carbohydrate-binding modules) (For more details, see: http://www.cazy.org/).
Genes up-regulated at pink and/or ripe stages in relation to early stages are highlighted and the family
number reported.

Glycoside hydrolases (GHs) catalyze the hydrolysis of glycosidic bonds between carbohydrates or
between a carbohydrate and a non-carbohydrate moiety. Among the up-regulated GHs families,
we found five beta-glucosidases (GH family 17) blueberry encoding genes (Figure 1). GH 17
family members have been associated with cell wall degradation and remodeling, hydrolysis of
phytohormones (such as ABA), pathogen resistance, and in aromatic acid biosynthesis pathways [67].
In banana (Musa spp.), more than a two-fold enhanced expression of genes in the GH 17 family was
detected in the ripe fruits compared to unripe ones [67]. Others interesting GH enzymes detected were
endo-1,4-β-glucanases (GH7, GH9), exo-1,4-β-glucanases (GH1), endo-xyloglucan transferase (GH16),
and endo-1,4-β-xylanase (GH11) that probably act on hemicellulose depolymerization or hydrolyzing
the crosslinks between microfibrils, thereby disassembling the cellulose–xyloglucan network [68,69].
Exo-β-galactosidases from GH family 35 has also been associated with depolymerization of pectins.
These enzymes can cause cell wall loosening during growth, and cell wall degradation during ripening
and senescence [67,70]. Up-regulated invertase (GH32) and amylase (GH14) generate reducing
sugar monomers, which may be responsible for the increased sweetness during fruit ripening [71].
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In blueberry, cold storage was shown to maintain firmness probably due to the reduced activities of
such enzymes at lower temperatures [36].

Polysaccharide lyases (PLs) cleave uronic acid-containing polysaccharide chains. Three pectate
lyase (PL1 family) genes were up-regulated during blueberry ripening (Figure 1). PL1 enzymes
degrades de-esterified pectin in the primary wall. In tomato (Solanum lycopersicum L.), the silencing of
a PL-encoding gene inhibited pectin solubilization and depolymerization, maintaining the firmness
without affecting other aspects of ripening [18,72]. In line with this, a gene in the carbohydrate esterase
(CEs) class, encoding a pectin methylesterase (CE8), was also up-regulated in blueberry (Figure 1).
CE8 enzymes alter the pectin structure by catalyzing the demethyl esterification of pectin, which then
becomes cleavable by pectate lyases [18]. Glycosyltransferases (GTs), which catalyze the transfer of
sugar moieties forming glycosidic bonds, have been associated with cell wall polysaccharide synthesis
(GT2, GT8, GT61, GT65, GT75), sucrose synthesis (GT4), and anthocyanin modification and formation
of glycosylated volatile compounds during fruit development and ripening [73,74]. Enzymes with
auxiliary activities (AAs) that act in conjunction with CAZymes and genes with a carbohydrate-binding
module were also found up-regulated at pink and blue stages of blueberry ripening (Figure 1).

In addition to changes in cell wall composition and disassembly, reduction in turgor pressure
during ripening can also cause shrinkage and loss of firmness. Reduction in the turgor is likely due
to the accumulation of osmotic solutes in the apoplast and to water loss by the fruit [41] and has
been reported in stored blueberries [75]. Recent studies have also shown the roles of the stem scar
size/transpiration and cuticular wax composition and thickness in water loss and maintenance of
the post-harvest firmness in blueberry [22,76,77]. Among the blueberry fruit cuticular triterpenoid
composition, the ursolic acid content at harvest was positively correlated to weight loss and softening
after storage, offering an interesting target for further studies [77]. The importance of containing water
loss is also supported by the fact that coating fruits with oily films, which create a semi-permeable
barrier around the fruit, prevented firmness decay [78,79].

The findings reported herein offer some insights into the molecular bases of fruit softening during
ripening and postharvest storage of blueberries. Further functional validation of the differentially
expressed CAZymes can provide good candidates for the implementation of genome editing tools
aiming at firmness maintenance.

2.4. Fruit Tissue and Cellular Differences Underlying Firmness Variation

Several components of fruit tissues have been reported to contribute to firmness and texture
variation across genotypes, including cell type, size, shape, packing, cell-to-cell adhesion, extracellular
space, and cell wall thickness [15,80,81]. In blueberry, differences regarding the number and organization
of lignified cells with thick secondary cell walls, such as stone cells in the mesocarp, have been
hypothesized to strengthen the surrounding flesh tissue and contribute to fruit firmness variation among
genotypes [81,82]. Sensorial studies of genotypes ranging from soft to crisp suggested that the crisp
texture may be related to the blueberry skin toughness rather than the flesh [83]. Histological analyses
of cell type, area, and structure of the outermost cell layers of genotypes varying in textural attributes
showed that crispy genotypes had a smaller average cell area compared with standard-textured
genotypes in mature fruits and no difference in the frequency of stone cells in the layers beneath
the epidermis was detected [15].

3. Genetics and Breeding of Blueberry Firmness

3.1. Measuring Firmness

Firmness has also been a key breeding target for many fruit crops such as apple,
pear (Pyrus communis L.), peaches (Prunus persica L. Batsch), etc. Historically, firmness in these crops
has been measured using a hand-held penetrometer [84–88] (e.g., Magness-Taylor’s and Effe-gi testers)
and, more recently, an Instron-mounted probe (Instron Corporation, Norwood, MA USA) [89–92].
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A number of attempts has been undertaken to upscale firmness measurement in these crops through
imaging and acoustic studies, with partially successful results [93–98]. However, these methods were
not translated to blueberry, possibly due to the constraints imposed by the small size of the blueberry
fruit compared to pear or apple.

In blueberry, fruit firmness has been traditionally evaluated by chewing texture, with the
assignment of a subjective and qualitative score ranging from “soft” to “firm” [99]. More recently,
automated equipment allowed the objective and quantitative evaluation of fruit firmness. FirmTech
instruments (FirmTech I and II, Bioworks, Wamego, KS, USA) are the most commonly used for
blueberry and firmness is a measure of the compression force (g) required to deflect the surface of
the fruit one millimeter. A texture analyzer instrument (Texture Technologies Corporation, Scardale,
NY, USA) has also been increasingly used and might give more precise results than FirmTech, especially
when trying to dissect skin and pulp firmness. However, these equipment present differences
in probe sizes and shapes, making the standardization challenging [83,100–103]. Hence, in this
review, we only included measurements obtained with FirmTech instruments as more data were
available [6,14,37,80,88–138].

Regarding the firmness trait evaluation, an issue that has not been addressed yet is how many
berries should be sampled to accurately represent a genotype. Each study has used a distinct number of
samples, ranging from five to hundreds of berries. Assuming that sample size is an important element
for research design and validation, we assessed how the mean firmness varied across different sample
sizes considering four cultivars (Figure 2). We collected 200 berries from each genotype and performed
1000 resamplings considering 12 different sample sizes. The mean and variance values computed
for the 200 berries were considered our “true” population parameters. As expected, small sample
sizes resulted in higher variance in the mean firmness values of a genotype than large sample sizes
(Figure 2a). The fraction of the confidence intervals (CI = 90%) that encompassed the “true” population
mean ranged across the sample sizes for all cultivars (Figure 2b) and, the smaller the sample size,
the more values out of the CI were generated. For a sample size of five berries and for all cultivars,
we observed that around 25% of the estimates did not lie in the confidence interval of 90%, which means
that in a breeding population composed of 1000 individuals around of 250 measures of firmness would
be inaccurate, hence affecting downstream analyses. By sampling 25 berries, the amount of outlier
estimates dropped to about 10% considering the confidence interval and it is also a sample size
operationally feasible, since FirmTech devices are able to run 25 berries per round of analysis.

Figure 2. Cont.
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Figure 2. Number of berry samples to estimate the firmness value of a genotype. (a) Boxplot of the mean
firmness values considering different sample sizes for four SHB cultivars. Briefly, 200 mature berries
of each cultivar were collected and measured for firmness using the FirmTech II device (BioWorks
Inc., Victor, NY, USA). To describe the effect of the sample size on the mean value, 1000 resamplings
were carried out considering 12 different sample sizes (5–199) and the mean firmness value was
computed at each sampling round. (b) Fraction of the confidence intervals that encompassed the
“true” mean parameter, computed assuming that 200 berries are enough to well-represent a genotype,
across different sample sizes and four different cultivars. We performed the same resampling process
but recording the parameters that laid in a confidence level of 90%.

3.2. Phenotypic Variation and Breeding Improvement in Fruit Firmness

Heritable phenotypic variation is critical for breeding selection to be effective. Enough phenotypic
variation for firmness has been observed within breeding populations, among blueberry cultivars,
and wild species [6,19,139]. Herein, we performed a survey of firmness values for a wide range of
cultivars, representing the main cultivated blueberry types. Cultivated blueberry belongs to section
Cyanococcus of the genus Vaccinium into the Ericaceae Family and comprises distinct species and hybrids
with specific ploidy, plant architecture, and chilling hour requirements. The main blueberry type used
for commercial production is a tetraploid highbush (2n = 4X = 48), with Vaccinium corymbosum L. as
the primary species in its genetic background. Highbush blueberries are further classified according to
their chilling requirements as Northern Highbush Blueberry (NHB) and Southern Highbush Blueberry
(SHB) [140,141]. NHB is native to Eastern North America and is the most widely planted type in
temperate climates (600–1200 h of chilling between 0 to 7 ◦C). SHB was originally developed by
the introgression of an evergreen Florida native species (Vaccinium darrowii Camp) into the NHB
background, leading to reduced chilling requirements (100 to 600 h) and, therefore, being adapted
to warmer climates such as southern US [142–144]. Rabbiteye blueberry is another commercially
important species, hexaploid Vaccinium ashei Reade, which tolerates a range of soil and warm climatic
conditions and are also planted in the Southern US. Lowbush blueberry is another tetraploid species
(Vaccinium angustifolium Aiton), whose wild fruits are harvested commercially in New England.
The cultivated half-high blueberry (HH) was originated from a cross between NHB and lowbush and
also requires lower temperatures to flower.

In this survey, we collected berry firmness data from scientific papers that used the FirmTech
instrument, except for those reporting experimental treatments such as insect damage, extreme growth
conditions, etc. (see Supplementary Materials for more details). The mean firmness value of each
cultivar was plotted according to their respective release year (Figure 3). High diversity of firmness
values can be observed between and within blueberry types (Figure 3a). As the NHB breeding began
earlier (1906), more NHB cultivars are displayed. The first released NHB cultivars, “Harding” and
“Rubel”, were actually selected from the wild. “Pioneer” was the first cultivar released after breeding
efforts in 1920 [145]. SHB breeding programs are more recent and the first cultivar “Sharpblue” was
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released in 1975 [146]. The NHB cultivar “Herbert” presented the lowest firmness value, while the
SHB cultivar “Sweetcrisp” presented the highest firmness value among all blueberry types (Table 1).

Figure 3. (a) Blueberry cultivar firmness values by year of release. Plot was created using historical
data recorded by the blueberry breeding program at the University of Florida and data from previous
blueberry publications (for details, see Supplementary Material); (b) Linear regression on the firmness
values as a function of the year of cultivar release with a slope of 0.84; (c) Linear regression on the
firmness values as a function of the year of cultivar release for NHB (slope of 0.72) and SHB (slope of
1.71), separately.
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Table 1. Summary of firmness measurements for distinct types of cultivated blueberry. For more
detailed information, see Supplementary Materials.

Type * n Mean St. Dev Maximum Minimum

SHB 50 183 35.18 256 (Sweetcrisp) 124 (Georgiagem)
HH 3 128 19.79 151 (Polaris) 115 (St. Cloud)

NHB 74 145 31.22 240 (Hortblue Poppins) 80 (Hebert)
Rabbiteye 9 157 27.87 184 (Climax) 106 (Robeson)

* Southern Highbush (SHB), Northern Highbush (NHB), Half-high (HH), and Rabbiteye cultivars.

The positive regression slope in Figure 3b showed a general trend towards firmness improvement
throughout the years, i.e., on average, modern cultivars are firmer than first-released genotypes.
This general trend is expected, as firmness is a key target trait in blueberry breeding programs and
also suggested that significant genetic gain has been achieved. In Figure 3c, we can also observe
a trend towards higher firmness values of SHB in relation to NHB, although SHB also exhibit
slighter higher variation (Table 1). Some studies suggested that cultivars with a higher percentage
of V. darrowii (evergreen blueberry) and V. ashei (rabbiteye) ancestry often possessed higher firmness
values, which would be the case of SHB; while cultivars with V. angustifolium (lowbush) ancestry
presented softer fruits than the average, as also observed for HH blueberries in Figure 3a [6,99,139].
However, such conclusions can be misleading since the firmness values retrieved herein were collected
under distinct experimental conditions and locations, using varying numbers of berries and equipment
versions (see Supplementary Materials).

It is also noteworthy that cultivars considered crispy, such as “Sweetcrisp” (SHB), “Keecrisp”
(SHB), “Indigocrisp” (SHB), “Hortblue Poppins” (NHB), showed the highest firmness values
(Figure 3a). Blaker et al. (2014) [107] had also found a correlation among compression and bioyield force
measures with sensory scores for bursting energy, flesh firmness, and skin toughness, distinguishing
crisp from standard-texture SHB genotypes. We should also mention that in food science jargon
crunchiness and crispiness are two different phenomena based on sensory, acoustic and vibrational
cues [147]. However, no study has formally addressed whether blueberry cultivars are crispy
or crunchy.

3.3. Quantitative Genetics of Firmness Trait in SHB Blueberry Breeding

Blueberry breeding programs have relied on pedigree information and cross-pollination breeding
methods to increase the mean phenotypic performance in selected populations [141]. Phenotypic
recurrent selection has been used as a primary breeding strategy in blueberry, where elite parents are
selected at each generation for intercrossing, the progenies are evaluated over the course of multiple
years in the field, and a cultivar consists of a superior individual cloned by cutting propagation.
During this process, quantitative genetics constitute the fundamental basis to guide breeding efforts.
Many agronomically important traits, including firmness, display a continuous phenotypic variation in
a given population, likely governed by the joint action of numerous genes and environmental factors.
The continuous distribution of such complex traits resulted in phenotypes that do not show simple
Mendelian inheritance, requiring a quantitative genetics framework of analyses. Quantitative models
dissect the observed phenotypic value of an individual into genetic and environmental components in
order to estimate the heritable and non-heritable portions of the variation.

Quantitative genetic studies in blueberry have focused on three main challenges: (I) identify the
elite genotypes to be used as parents in future crosses [19,148–151]; (II) estimate genetic parameters
such as heritability, phenotypic and genetic correlations, and predict the expected change in a trait in
response to selection—the breeder’s equation [19,148] and (III) estimate the genotype-by-environment
(G×E) interaction [13,19,152,153]. Genetics studies in blueberry have been reported for distinct traits;
however, to our knowledge, only Cellon et al. (2018) [19] have investigated the firmness trait. In order
to guide the selection of firmer genotypes and estimate genetic parameters, Cellon et al. (2018) [19]
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found moderate-to-high values of heritability for this trait with large variability across the years
(0.43 in 2014 and 0.70 in 2015). The presence of variability across the years indicated genotype-by-year
interaction, while the magnitude of the heritability values suggested potentially rapid gains in response
to selection.

Phenotypic expression of quantitative traits is influenced by environmental conditions, leading to
variations across locations and years that, ultimately, impact the ranking of the genotypes. Despite
its relevance, there are few studies addressing G×E for the firmness trait in the blueberry literature.
Motivated by this, we performed an initial assessment of G×E interaction in SHB using the dataset
recorded by the breeding program at the University of Florida for six cultivars, planted in four
locations, from 2011 to 2017 (Figure 4a). Based on an analysis of variance (ANOVA), the G×E
interaction effect was statistically significant (p < 0.05). The interaction plot suggests that the crispy
cultivars, “Indigocrisp” and “Sweetcrisp”, are more stable across the environments than the non-crispy
ones (Figure 4b). This preliminary screening suggests that G×E interaction impacts fruit firmness.
From a theoretical point of view, ignoring the heterogeneity caused by different environments can bias
the prediction of breeding values and negatively affect the estimates of genetic variances. For practical
purposes, such effect directly affects the selection of elite materials and decreases genetic gains along
breeding cycles [154].

Figure 4. Genotype-by-environment interaction in SHB using the historical data recorded by the
breeding program at the University of Florida. (a) Average of firmness for six cultivars, evaluated
across four locations, during seven years; (b) Interaction plot showing the changes in firmness profile
for six cultivars across four locations.

3.4. Genomics Tools for Fruit Firmness Improvement

Genomics-based strategies are increasingly being used to assist crop improvement. Advances
in next-generation sequencing (NGS) and genotyping technologies have enabled high-throughput
and relative low-cost identification of single-nucleotide polymorphisms (SNPs). By using thousands
of markers spread throughout the genome, genome-wide association studies (GWAS) and genomic
selection (GS) methods are becoming popular in many crop species [155]. GWAS is a methodology
that investigates genetic variants in a large and genetically diverse population, testing each SNP for
association to phenotypes of interest [156]; while GS uses all markers simultaneously to predict the
breeding value of individuals [157]. Despite the potential of these approaches to accelerate breeding
programs, there are remarkably few studies attempting to implement GWAS or GS models in blueberry.

A recent GWAS in SHB was the first attempt to identify the genetic basis of firmness
variation in a breeding population [158]. SNP-firmness associations were detected for tetraploid
(five associations) and diploid (three associations) gene action models only under a less stringent
threshold (q-value of 0.1). Out of those, two missense variants were identified, one at a gene
encoding a ubiquitin-like-specific cysteine proteinase (CUFF.36470.1) and another at a gene encoding
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a S-adenosyl-L-methionine-dependent methyltransferase (SAM-MTase) (CUFF.1480.1). Cysteine
proteinases have been shown to act as post-transcriptional regulators of ripening-related proteins
in tomato [159] and cysteine proteinases were also differentially expressed between firm and soft
strawberry cultivars [160]. SAM-MTases catalyze transmethylation reactions in various biomolecules,
acting in the biosynthesis pathway of ethylene and polyamines, which also have important roles during
the ripening process and may affect fruit firmness [161–165]. Hence, some of the significant SNPs were
detected within biologically plausible candidate genes affecting the trait [158]. However, individual
markers explained a small portion of the phenotypic variation (less than 3.46%). These results
suggested that firmness is indeed a quantitative trait, whose phenotypic expression depends on
the cumulative actions of many genes with small effects and their interaction with environment.
However, assuming that firmness and crispiness are correlated traits, these results might conflict
with the results of Blaker (2013) [83], where crispiness segregation pattern fit the expected ratio for
a monogenic trait. Ferrão et al. (2018) [158] also raised the concern that controlling for population
structure in the GWAS model can strongly reduce the statistical power to detect associations when
phenotypes are correlated with relationship. In this scenario, a QTL mapping would be a more suitable
approach for detecting loci with large effects.

Another breakthrough in the plant breeding field is the CRISPR/Cas9 (and related variants)
technologies. CRISPR/Cas9 is a molecular system composed of an endonuclease capable of precisely
cutting a targeted genomic DNA by matching a pre-designed guide RNA (gRNA). Extensive
research has shown that this system can be customized to inactivate, edit, or insert a gene of
interest [166–168]. This technology is especially useful for monogenic traits. A successful example
was the CRISPR-mediated knock-out of a canker-susceptibility gene in citrus, generating a resistant
plant [169]. This technique can also be used for improving polygenic traits, however, with less evident
effects [170]. To our knowledge, no study has been published applying CRISPR technologies in
blueberry to date. Editing the blueberry genome for improving firmness faces two major challenges:
(I) detect a candidate region with large effects on fruit firmness to be edited and (II) optimize tissue
culture protocols for the species to get high editing efficiency.

We also reinforce that the absence of a high-quality reference genome for blueberry imposes
additional challenges for the implementation of genomics tools. The current available genome is very
fragmented, with 11,797 scaffolds and N50 of 269,026 in the 2015 version, and many predicted genes
are incomplete [64]. Improving the genome contiguity by using long reads (e.g., PacBio or Nanopore
sequencing) and scaffolding tools (e.g., linkage map, optical map, Hi-C, 10X Genomics Chromium,
linked-reads), as well as sequencing different types of blueberries will benefit the entire blueberry
research community.

4. Conclusions and Perspectives

High fruit firmness values are important for the whole blueberry industry chain. Among the
main benefits, firmness is a key trait for the wide implementation of machine harvesting for fresh
market, which will reduce financial and labor concerns. Considerable genetic gains have been achieved
throughout the history of blueberry breeding, with modern cultivars being, on average, firmer than
first-released genotypes. Despite the importance of this trait, the number of genetic and molecular
studies reported in the literature is still modest. Recent insights through RNA-seq and GWAS analyses
highlighted the role of cell wall degrading enzymes, cysteine proteinase, and SAM-MTase in fruit
firmness variation across developmental stages and across genotypes. For the implementation of
marker-assisted selection in order to accelerate the breeding process, new experimental designs are
required. We highlighted the more accurate measurements of the trait by using higher number of berry
samples per genotype, a broader population panels for GWAS and/or a QTL mapping approach to
detect loci with large effects on firmness variation, investigate the potential of GS to predict firmness;
and establish CRISPR protocols for the species. More studies in these areas have the potential to unlock
an era of faster and more efficient breeding tools for this healthy and high-value fruit crop.
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