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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.

116



Agronomy 2018, 8, 127

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).

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

95 dB 100 dB 105 dB Control 95 dB 100 dB 105 dB Control 95 dB 100 dB 105 dB Control

2.61 2.56

2.2

2.78

3.1 a
3.23 a

2.95 b

3.4 a
3.64

3.37 3.22

3.59

Sh
oo

t d
ry

 w
ei

gh
t (

g)

Sound level (dB)

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).

119



Agronomy 2018, 8, 127

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).

53

55

57

59

61

63

65

67

95 dB 100 dB 105 dB Control

59.33 ab

62.06 a
63.25 a

57.95 b

TS
 (g

 k
g 

-1
)

Sound level (dB)

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.
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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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106. Grajkowski, J.; Ochman, I.; Muliński, Z. Firmness and antioxidant capacity of highbush blueberry (Vaccinium

corymbosum L.) grown on three types of organic bed. Veg. Crop. Res. Bull. 2007, 66, 155–159. [CrossRef]
107. Blaker, K.M.; Plotto, A.; Baldwin, E.A.; Olmstead, J.W. Correlation between sensory and instrumental

measurements of standard and crisp-texture southern highbush blueberries (Vaccinium corymbosum L.
interspecific hybrids). J. Sci. Food Agric. 2014, 94, 2785–2793. [CrossRef] [PubMed]

108. NeSmith, D.S.; Draper, A.D.; Spiers, J.M. Palmetto’Southern Highbush Blueberry. HortScience 2004, 39,
1774–1775.

109. Pavlis, G.C. Blueberry fruit quality and yield as affected by fertilization. ISHS Acta Hortic. 2004, 353–356.
[CrossRef]

110. Ochmian, I.; Grajkowski, J.; Skupieñ, K. Effect of substrate type on the field performance and chemical
composition of highbush blueberry cv. Patriot. Agric. Food Sci. 2010, 19, 69–80. [CrossRef]

143



Agronomy 2018, 8, 174

111. Retamales, J.B.; Lobos, G.A.; Romero, S.; Godoy, R.; Moggia, C. Repeated applications of CPPU on
highbush blueberry cv. Duke increase yield and enhance fruit quality at harvest and during postharvest.
Chil. J. Agric. Res. 2014, 74, 157–161. [CrossRef]

112. Yu, P.; Li, C.; Takeda, F.; Krewer, G. Visual bruise assessment and analysis of mechanical impact measurement
in southern highbush blueberries. Appl. Eng. Agric. 2014, 30, 29–37. [CrossRef]

113. Stringer, S.J.; Draper, A.D.; Spiers, J.M.; Marshall, D.A.; Smith, B.J. ‘Pearl’Southern Highbush Blueberry.
HortScience 2013, 48, 130–131.

114. Lobos, G.A.; Callow, P.; Hancock, J.F. The effect of delaying harvest date on fruit quality and storage of
late highbush blueberry cultivars (Vaccinium corymbosum L.). Postharvest Biol. Technol. 2014, 87, 133–139.
[CrossRef]

115. Ehret, D.L.; Frey, B.; Forge, T.; Helmer, T.; Bryla, D.R. Effects of drip irrigation configuration and rate on yield
and fruit quality of young highbush blueberry plants. HortScience 2012, 47, 414–421.

116. Hicklenton, P.; Forney, C.; Domytrak, C. Use of row covers and post harvest storage techniques to alter
maturity and marketing period for highbush blueberries. ISHS Acta Hortic. 2002, 287–295. [CrossRef]

117. Sargent, S.A.; Berry, A.D.; Brecht, J.K.; Santana, M.; Zhang, S.; Ristow, N. Studies on quality of southern
highbush blueberry cultivars: Effects of pulp temperature, impact and hydrocooling. ISHS Acta Hortic. 2017,
1180, 497–502. [CrossRef]

118. Brazelton, D.M.; Wagner, A.L. Blueberry Plant named’CLOCKWORK’. 2013. Available online: https:
//patents.google.com/patent/US20130239264P1 (accessed on 15 August 2018).

119. Yang, W.Q.; Andrews, H.E.; Basey, A. Blueberry rootstock: Selection, evaluation, and field performance of
grafted blueberry plants. ISHS Acta Hortic. 2016, 1117, 119–124. [CrossRef]

120. Brazelton, D.M.; Wagner, A.L. Blueberry Plant Named ‘Cargo’ 2014. Available online: https://patents.
google.com/patent/US20130239260P1 (accessed on 15 August 2018).

121. Brazelton, D.M.; Wagner, A.L. Blueberry Plant Named ‘Blue Ribbon’ 2014. Available online: https://patents.
google.com/patent/US20130239265P1 (accessed on 15 August 2018).

122. Brazelton, D.M.; Wagner, A.L. Blueberry Plant Named ‘Top Shelf’ 2014. Available online: https://patents.
google.com/patent/US20130239261P1 (accessed on 15 August 2018).

123. Moggia, C.; González, C.; Lobos, G.A.; Bravo, C.; Valdés, M.; Lara, I.; Graell, J. Changes in quality and
maturity of ‘Duke’ and ‘Brigitta’ blueberries during fruit development: Postharvest implications. Acta Hortic.
2018, 1194, 1495–1501. [CrossRef]

124. Patel, N. Blueberry Plant Named ‘Hortblue Poppins’ 2011. Available online: https://patents.google.com/
patent/USPP21881P3 (accessed on 15 August 2018).

125. Ballington, J.R.; Bland, W.T. Blueberry Plant Named ‘Heintooga’ 2017. Available online: https://patents.
google.com/patent/US20170188494P1 (accessed on 15 August 2018).

126. Strik, B.C.; Vance, A.J.; Finn, C.E. Northern Highbush Blueberry Cultivars Differed in Yield and Fruit Quality
in Two Organic Production Systems from Planting to Maturity. HortScience 2017, 52, 844–851. [CrossRef]

127. Rodríguez-Armenta, H.P.; Olmstead, J.W.; Lyrene, P.M. Characterization of backcross blueberry populations
created to introgress Vaccinium arboreum traits into southern highbush blueberry. ISHS Acta Hortic. 2016,
1180, 435–444. [CrossRef]

128. Ballington, J.; Rooks, S. Blueberry Named ‘Carteret’ 2007. Available online: https://patents.google.com/
patent/US20070143882 (accessed on 15 August 2018).

129. Ballington, J.; Rooks, S. Blueberry named ‘New Hanover’ 2007. Available online: https://patents.google.
com/patent/USPP19990P3 (accessed on 15 August 2018).

130. Ballington, J.R.; Rooks, S.D. Blueberry named ‘Robeson’ 2009. Available online: https://patents.google.com/
patent/USPP19756P3 (accessed on 15 August 2018).

131. Almutairi, K.; Bryla, D.R.; Strik, B.C. Potential of Deficit Irrigation, Irrigation Cutoffs, and Crop Thinning to
Maintain Yield and Fruit Quality with Less Water in Northern Highbush Blueberry. HortScience 2017, 52,
625–633. [CrossRef]

132. Strik, B.; Buller, G. Nitrogen fertilization rate, sawdust mulch, and pre-plant incorporation of sawdust-term
impact on yield, fruit quality, and soil and plant nutrition in ‘elliott’. ISHS Acta Hortic. 2014, 1017, 269–275.
[CrossRef]

133. NeSmith, D.S.; Prussia, S.; Tetteh, M.; Krewer, G. Firmness losses of rabbiteye blueberries (Vaccinium ashei
Reade) during harvesting and handling. ISHS Acta Hortic. 2000, 287–293. [CrossRef]

144



Agronomy 2018, 8, 174

134. Yang, W.Q.; Harpole, J.; Finn, C.E.; Strik, B.C. Evaluating berry firmness and total soluble solids of newly
released highbush blueberry cultivars. ISHS Acta Hortic. 2008, 863–868. [CrossRef]

135. Li, C.; Luo, J.; MacLean, D. A novel instrument to delineate varietal and harvest effects on blueberry fruit
texture during storage. J. Sci. Food Agric. 2011, 91, 1653–1658. [CrossRef] [PubMed]

136. NeSmith, D.S.; Draper, A.D. ‘Camellia’southern highbush blueberry. J. Am. Pomol. Soc. 2007, 61, 34–37.
137. NeSmith, D.S.; Nunez-Barrios, A.; Prussia, S.E.; Aggarwal, D. Postharvest berry quality of six rabbiteye

blueberry cultivars in response to temperature. J. Am. Pomol. Soc. 2005, 59, 13–17.
138. Døving, A.; Måge, F.; Vestrheim, S. Methods for Testing Strawberry Fruit Firmness Methods for Testing

Strawberry Fruit Firmness: A Review. Small Fruits Rev. 2008, 8851, 37–41. [CrossRef]
139. Ballington, J.R.; Ballinger, W.E.; Mainland, C.M.; Swallow, W.H.; Maness, E.P. Ripening period of Vaccinium

species in southeastern North Carolina [Blueberry, breeding for both early-and late-ripening Vaccinium
genotypes]. J. Am. Soc. Hortic. Sci. 1984, 109, 392–396.

140. Boches, P.; Bassil, N.V.; Rowland, L. Genetic diversity in the highbush blueberry evaluated with microsatellite
markers. J. Am. Soc. Hortic. Sci. 2006, 131, 674–686.

141. Hancock, J.F.; Lyrene, P.; Finn, C.E.; Vorsa, N.; Lobos, G.A. Blueberries and cranberries. In Temperate Fruit
Crop Breeding; James, F.H., Ed.; Springer: Berlin, Germany, 2008; pp. 115–150.

142. Goldy, R.G.; Lyrene, P.M. In vitro colchicine treatment of 4× blueberries, Vaccinium sp. [Polyploid induction,
genotype effect]. J. Am. Soc. Hortic. Sci. 1984, 109, 336–338.

143. Chavez, D.J.; Lyrene, P.M. Effects of self-pollination and cross-pollination of Vaccinium darrowii (Ericaceae)
and other low-chill blueberries. HortScience 2009, 44, 1538–1541.

144. Ehlenfeldt, M.K.; Draper, A.D.; Clark, J.R. Performance of southern highbush blueberry cultivars released by
the US Department of Agriculture and cooperating state agricultural experiment stations. Horttechnology
1995, 5, 127–130.

145. Coville, F.V. Improving the wild blueberry. In Yearbook of Agriculture; U.S. Department of Agriculture;
U.S. Government Printing Office: Washington, DC, USA, 1937; pp. 559–574.

146. Sharpe, R.H.; Sherman, W.B. “Floridablue and Sharpblue”: Two new blueberries for central Florida. Circ. Fla
Coop Ext. Serv. Inst. Food Agric. Sci. Univ. Fla 1976, 240, 6.

147. Fillion, L.; Kilcast, D. Consumer perception of crispness and crunchiness in fruits and vegetables.
Food Qual. Prefer. 2002, 13, 23–29. [CrossRef]

148. Aalders, L.E.; Hall, I.V. A study of variation in fruit yield and related characters in two diallels of the lowbush
blueberry, Vaccinium angustifolium Ait. Can. J. Genet. Cytol. 1975, 17, 401–404. [CrossRef]

149. Erb, W.A.; Draper, A.D.; Galletta, G.J.; Swartz, H.J. Combining ability for plant and fruit traits of interspecific
blueberry progenies on mineral soil. J. Am. Soc. Hortic. Sci. 1990, 115, 1025–1028.

150. Scalzo, J.; Sguigna, V.; Mezzetti, B.; Stanley, J.; Alspach, P. Variation of fruit traits in highbush blueberry
seedlings from a factorial cross. ISHS Acta Hortic. 2010, 79–83. [CrossRef]

151. Scalzo, J.; Stanley, J.; Alspach, P.; Mezzetti, B. Preliminary evaluation of fruit traits and phytochemicals in
a highbush blueberry seedling population. J. Berry Res. 2013, 3, 103–111. [CrossRef]

152. Connor, A.M.; Luby, J.J.; Tong, C.B.S.; Finn, C.E.; Hancock, J.F. Genotypic and environmental variation in
antioxidant activity, total phenolic content, and anthocyanin content among blueberry cultivars. J. Am. Soc.
Hortic. Sci. 2002, 127, 89–97.

153. Finn, C.E.; Hancock, J.F.; Mackey, T.; Serce, S. Genotype× environment interactions in highbush blueberry
(Vaccinium sp. L.) families grown in Michigan and Oregon. J. Am. Soc. Hortic. Sci. 2003, 128, 196–200.

154. Isik, F.; Holland, J.; Maltecca, C. Genetic Data Analysis for Plant and Animal Breeding; Springer: New York,
NY, USA, 2017; Volume 1, ISBN 3319551779.

155. Hamblin, M.T.; Buckler, E.S.; Jannink, J.-L. Population genetics of genomics-based crop improvement
methods. Trends Genet. 2011, 27, 98–106. [CrossRef] [PubMed]

156. Visscher, P.M.; Brown, M.A.; McCarthy, M.I.; Yang, J. Five years of GWAS discovery. Am. J. Hum. Genet. 2012,
90, 7–24. [CrossRef] [PubMed]

157. Jannink, J.-L.; Lorenz, A.J.; Iwata, H. Genomic selection in plant breeding: From theory to practice.
Brief. Funct. Genom. 2010, 9, 166–177. [CrossRef] [PubMed]

158. Ferrão, L.F.V.; Benevenuto, J.; de Bem Oliveira, I.; Cellon, C.; Olmstead, J.; Kirst, M.; Resende, M.F.R.;
Munoz, P. Insights into the genetic basis of blueberry fruit-related traits using diploid and polyploid models
in a GWAS context. Front. Ecol. Evol. 2018, 6, 107. [CrossRef]

145



Agronomy 2018, 8, 174

159. Wang, W.; Cai, J.; Wang, P.; Tian, S.; Qin, G. Post-transcriptional regulation of fruit ripening and disease
resistance in tomato by the vacuolar protease SlVPE3. Genom. Biol. 2017, 18, 47. [CrossRef] [PubMed]

160. Salentijn, E.M.J.; Aharoni, A.; Schaart, J.G.; Boone, M.J.; Krens, F.A. Differential gene expression analysis of
strawberry cultivars that differ in fruit-firmness. Physiol. Plant. 2003, 118, 571–578. [CrossRef]

161. Roje, S. S-Adenosyl-l-methionine: Beyond the universal methyl group donor. Phytochemistry 2006, 67,
1686–1698. [CrossRef] [PubMed]

162. Paul, V.; Pandey, R.; Srivastava, G.C. The fading distinctions between classical patterns of ripening in
climacteric and non-climacteric fruit and the ubiquity of ethylene—An overview. J. Food Sci. Technol. 2012,
49, 1–21. [CrossRef] [PubMed]

163. Van de Poel, B.; Bulens, I.; Oppermann, Y.; Hertog, M.L.A.T.M.; Nicolai, B.M.; Sauter, M.; Geeraerd, A.H.
S-adenosyl-L-methionine usage during climacteric ripening of tomato in relation to ethylene and polyamine
biosynthesis and transmethylation capacity. Physiol. Plant. 2013, 148, 176–188. [CrossRef] [PubMed]

164. Singh, R.; Rastogi, S.; Dwivedi, U.N. Phenylpropanoid Metabolism in Ripening Fruits. Compr. Rev. Food Sci.
Food Saf. 2010, 9, 398–416. [CrossRef]

165. Moffatt, B.A.; Weretilnyk, E.A. Sustaining S-adenosyl-L-methionine-dependent methyltransferase activity in
plant cells. Physiol. Plant. 2001, 113, 435–442. [CrossRef]

166. Tang, X.; Lowder, L.G.; Zhang, T.; Malzahn, A.A.; Zheng, X.; Voytas, D.F.; Zhong, Z.; Chen, Y.; Ren, Q.; Li, Q.
A CRISPR–Cpf1 system for efficient genome editing and transcriptional repression in plants. Nat. Plants
2017, 3, 17018. [CrossRef] [PubMed]

167. Puchta, H. Applying CRISPR/Cas for genome engineering in plants: The best is yet to come. Curr. Opin.
Plant Biol. 2017, 36, 1–8. [CrossRef] [PubMed]

168. Jaganathan, D.; Ramasamy, K.; Sellamuthu, G.; Jayabalan, S.; Venkataraman, G. CRISPR for Crop
Improvement: An Update Review. Front. Plant Sci. 2018, 9. [CrossRef] [PubMed]

169. Peng, A.; Chen, S.; Lei, T.; Xu, L.; He, Y.; Wu, L.; Yao, L.; Zou, X. Engineering canker-resistant plants through
CRISPR/Cas9-targeted editing of the susceptibility gene CsLOB1 promoter in citrus. Plant Biotechnol. J. 2017,
15, 1509–1519. [CrossRef] [PubMed]

170. Shi, J.; Gao, H.; Wang, H.; Lafitte, H.R.; Archibald, R.L.; Yang, M.; Hakimi, S.M.; Mo, H.; Habben, J.E. ARGOS8
variants generated by CRISPR-Cas9 improve maize grain yield under field drought stress conditions.
Plant Biotechnol. J. 2017, 15, 207–216. [CrossRef] [PubMed]

© 2018 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/).

146



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Agronomy Editorial Office
E-mail: agronomy@mdpi.com

www.mdpi.com/journal/agronomy





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03921-095-4


