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Abstract: The fruit ripening season for the rabbiteye blueberry often coincides with periods
of heavy rainfall in central–eastern China. The use of rain shelters to protect fruit from
rainfall damage has increased worldwide due to global climate anomalies. However, the
effects of rain-shelter cultivation on the photosynthesis and fruit characteristics of the
rabbiteye blueberry have not yet been fully explored. In the present study, 4-year-old
container-grown rabbiteye blueberry plants were covered with polyethylene (PE) film from
the berry coloration stage until fruit were harvested for three consecutive years in Nanjing,
China. The results showed that rain-shelter cultivation did not affect the air temperature
and relative humidity, but significantly reduced the photosynthetically active radiation
and UV radiation reaching the canopy zone. However, the rain shelter conditions did
not significantly decrease the net photosynthetic rate (Pn), stomatal conductance (Gs),
and transpiration rate (E) of the rabbiteye blueberry leaves. Additionally, the fruit yield
and berry weight of blueberries cultivated under the rain shelter were not significantly
affected. Furthermore, no significant differences were observed in total soluble solids,
acidity, and total flavonoids content between fruits grown under the rain shelter and in
the open field in all experimental years, but a significant decrease in total polyphenols and
anthocyanins content was observed in fruits grown under the rain shelter in years with less
rainfall. Our results suggest that simple rain shelter cultivation did not noticeably affect
the photosynthesis and fruit yield of container-grown rabbiteye blueberry in rainy areas of
central–eastern China, but its effects on the fruit quality vary depending on rainfall during
the fruit ripening period.

Keywords: Vaccinium virgatum Aiton; gas exchange; open-field cultivation; light conditions;
fruit cracking rate

1. Introduction
The rabbiteye blueberry (Vaccinium virgatum Aiton) is suitable for cultivation in central–

eastern China due to the warm climate and large area of acidic soils. One of the most
widely planted cultivars is ‘Brightwell’, characterized by its strong adaptability, high yield,
and good fruit quality [1]. The two main problems affecting rabbiteye blueberry cultivation
in this region are heavy clay soils and fruit ripening that coincides with the rainy season.
Heavy clay soils not only lead to high soil amendment costs, but also result in poor drainage
during the rainy season [2–4]. Heavy rainfall during the fruit ripening period not only
causes fruit drop and cracking [5], but also adversely affects fruit harvesting.

Plants 2025, 14, 1167 https://doi.org/10.3390/plants14081167

https://doi.org/10.3390/plants14081167
https://doi.org/10.3390/plants14081167
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://doi.org/10.3390/plants14081167
https://www.mdpi.com/article/10.3390/plants14081167?type=check_update&version=1


Plants 2025, 14, 1167 2 of 14

Innovative production systems have been explored due to the high soil amendment
costs and long periods of negative cash flow in traditional soil cultivation [6]. Container-
based production enables precise control of water and nutrient levels in the rhizosphere
and allows growers to cultivate blueberries on land with soil problems such as soil salinity,
infertility, and poor drainage [7–9].

Rain shelter cultivation is widely used for fruit production in rainy regions. However,
shelter covering modifies micrometeorological factors, such as light intensity, air tempera-
ture, and humidity, which could affect the physiological performance and plant growth
of the trees, thereby affecting fruit yield and quality. Many studies have shown that rain
shelter cultivation is beneficial in preventing fruit from cracking and clearly improves yield
and fruit quality in several fruits [10–14]. Due to differences in the structure and covering
material used, some studies have found that rain-shelter cultivation has no positive effect
or a negative effect on tree physiology, plant growth, fruit yield, or quality. Zhang et al. [15]
found that the net photosynthetic rate (Pn) in the leaves of sweet cherry plants was signifi-
cantly reduced due to the insufficient light provided by the rain shelter with approximately
55% transmittance. Pino et al. [16] reported that the plastic rain cover caused an increase
in air temperature and a decrease in relative humidity, while the environmental changes
observed under the rain cover did not affect the CO2 assimilation, but tended to reduce the
soluble solids content, anthocyanins, total phenolics, and carotenoid contents in the fruit of
sweet cherry plants. Similar findings were reported by Meng et al. [17] in a 2-year investiga-
tion of grape cultivation under a rain shelter. In blueberries, it has been demonstrated that
the yields of ‘Toro’, ‘Nui’, ‘Legacy’, and ‘Misty’ were significantly enhanced when grown
under plastic tunnels [18]. Similarly, Retamal-Salgado et al. [19] observed that blueberry
production under high tunnels can improve fruit precocity and increase fruit yield due to
higher temperatures and diffuse photosynthetically active radiation. These results differ
from those obtained by Ogden and van Iersel [20], who indicated that southern highbush
blueberry production in high tunnels affected the synchronization of flowering and pol-
lination, leading to a reduction in fruit set and yield. Matamala et al. [21] also reported
that the type of cover differentially affects yield and fruit quality in blueberries due to
the specific light and temperature conditions generated under these materials. Therefore,
previous findings suggest that the impact of shelter covering on the yield and fruit quality
of highbush blueberries varies depending on local climate, shelter types, cover material,
and cultivar. However, there is little information regarding the effects of shelter covering
on tree physiology and fruit characteristics of rabbiteye blueberries.

The objective of the present research was to investigate the effect of rain cover on
the microclimate, plant physiology, fruit yield, and quality of the rabbiteye blueberry,
‘Brightwell’, grown in central–eastern China.

2. Results
2.1. Soil Moisture Conditions

As observed in most periods during the film covering in 2020, the soil moisture content
under the rain-shelter cultivation was lower than that in the open-field cultivation, but the
difference was not statistically significant (Figure 1).
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Figure 1. Changes in the soil water content under rain-shelter and open-field cultivation (control) 
during film covering period in 2020. ns: no significance. Means ± SD (n = 3). 

2.2. Photosynthetic Characteristics 

Compared with leaves of plants cultivated in the open field, the net photosynthetic 
rate (Pn), transpiration rate (E), stomatal conductance (Gs), and the intercellular CO2 
concentration (Ci) in the leaves of plants cultivated under the rain shelter were not sig-
nificantly decreased in the month when the rain cover was installed (July), or in the 
month before the rain cover was installed (May), or in the month after the rain cover was 
removed (September) (Figure 2). 
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Figure 1. Changes in the soil water content under rain-shelter and open-field cultivation (control)
during film covering period in 2020. ns: no significance. Means ± SD (n = 3).

2.2. Photosynthetic Characteristics

Compared with leaves of plants cultivated in the open field, the net photosynthetic
rate (Pn), transpiration rate (E), stomatal conductance (Gs), and the intercellular CO2 con-
centration (Ci) in the leaves of plants cultivated under the rain shelter were not significantly
decreased in the month when the rain cover was installed (July), or in the month before
the rain cover was installed (May), or in the month after the rain cover was removed
(September) (Figure 2).
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Figure 2. Comparison of the net photosynthetic rate (Pn), transpiration rate (E), stomatal con-
ductance (Gs), and the intercellular CO2 concentration (Ci) in leaves of rabbiteye blueberry under
rain-shelter and open-field cultivation in 2020. For each month, “ns” indicates no statistical difference.
Means ± SD (n = 3).
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2.3. Fruit Drop and Cracking Rate

Shelter covering significantly reduced the fruit drop and cracking rates of the blue-
berries in all 3 years of the study (Figure 3). Additionally, the fruit drop and cracking
rates were significantly higher in years with more precipitation (2020 and 2021) than in
years with less precipitation (2019). Moreover, the interaction effect of treatments and
experimental years was significant (p < 0.05).
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Figure 3. Fruit drop and cracking rates of rabbiteye blueberry under rain-shelter and open-field
cultivation in 2019–2021. For each year, different letters indicate significantly different between
treatments (p < 0.05). Means ± SD (n = 3).

2.4. Fruit Weight and Yield

As the years of planting increased, the fruit yield showed a significant downward
trend. However, no significant differences were observed in fruit yield between trees grown
under the rain shelter and in the open field in all experimental years. The fruit yield under
rain-shelter cultivation was 1.6% lower than that of the control treatment in years with less
precipitation (2019), while the fruit yield from the sheltered trees was 1.7% and 1.4% higher
in 2020 and 2021, respectively, than those from the open-field trees (Figure 4A). There was
no significant interaction between treatment and experimental years (p > 0.05).
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Figure 4. Fruit yield (A) and berry weight (B) of rabbiteye blueberry under rain-shelter and open-field
cultivation in 2019–2021. For each year, “ns” indicates no statistical difference. Means ± SD (n = 3).
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In the three experimental years, the berry weight of the fruit grown under the rain-
shelter treatment was lower than that of the open-field treatment; however, there was no
significant difference between the two treatments (Figure 4B). No significant interaction
was found between treatments and experimental years in berry weight (p > 0.05).

2.5. Fruit Quality

In 2019, trees grown in open-field conditions had significantly higher total polyphe-
nols (4.52 ± 0.32 GAE mg/g) and total anthocyanins (209.51 ± 12.18 C3GE mg/100 g)
compared to those grown under rain-shelter cultivation (4.09 ± 0.23 GAE mg/g and
185.09 ± 8.76 C3GE mg/100 g, respectively). However, there were no significant differences
in total soluble solids and total flavonoids between the two treatments in 2019. In 2020
and 2021, no significant differences were observed between the two cultivation modes for
any of the measured parameters, including total soluble solids, acidity, total polyphenols,
total flavonoids, and total anthocyanins (Table 1). Additionally, there was no significant
interaction between treatments and experimental years (p > 0.05).

Table 1. The fruit interior quality of rabbiteye blueberry under rain-shelter and open-field cultivation
in 2019–2021.

Year Treatment Total Soluble
Solids (%) Acidity (%) Total Polyphenols

GAE mg/g
Total Flavonoids

mg QE/g
Total Anthocyanins

C3GE mg/100 g

2019 Open field 12.4 ± 0.6 a - 4.52 ± 0.32 a 3.74 ± 0.40 a 209.51 ± 12.18 a
Rain shelter 12.2 ± 0.5 a - 4.09 ± 0.23 b 3.55 ± 0.36 a 185.09 ± 8.76 b

2020 Open field 11.3 ± 0.4 a 0.37 ± 0.03 a 3.46 ± 0.33 a 3.85 ± 0.34 a 171.95 ± 12.60 a
Rain shelter 11.4 ± 0.6 a 0.38 ± 0.03 a 3.45 ± 0.21 a 3.79 ± 0.28 a 173.35 ± 12.86 a

2021 Open field 11.9 ± 0.4 a 0.44 ± 0.04 a 2.86 ± 0.37 a 3.93 ± 0.25 a 177.82 ± 23.08 a
Rain shelter 11.9 ± 0.5 a 0.42 ± 0.03 a 2.83 ± 0.31 a 3.96 ± 0.35 a 176.09 ± 21.66 a

Data are presented as means ± SD. For each year, different letters indicate significantly different between
treatments (p < 0.05).

3. Discussion
3.1. Effects of Shelter Covering on the Micrometeorological Conditions

Shelter covering has been confirmed to alter the microclimate around the plant canopy,
with changes in air temperature, relative humidity, wind speed, and light intensity. These
effects are mainly dependent on the rain shelter structure and covering materials [19,22–24].
The simple rain shelter used in the present study is a roof-type structure covered with a
1.8 m wide plastic film on the top and there is no covering on the sides. Therefore, there
was no significant difference in the average daily air temperature and relative humidity
between the rain-shelter and open-field treatments. However, the photosynthetically active
radiation and ultraviolet radiation under the rain shelter were significantly decreased due
to the radiation being intercepted by the plastic film covering.

3.2. Effects of Shelter Covering on the Photosynthetic Characteristics of Rabbiteye Blueberry Leaves

Shelter covering unavoidably decreases the radiation reaching the crop canopy, thus
presumably leading to a reduction in photosynthetic capacity [15]. Depending on the
cultivar and growing stage, the saturating light level for the photosynthesis of the blue-
berries was estimated to be 600 to 800 µmol·m−2·s−1 [25–29]. In the present study, the net
photosynthetic rate tended to be lower in the leaves of blueberries under the rain shelter,
which was largely due to lower irradiation under the rain shelter with 73% transmittance.
However, the light intensity under the rain shelter was still higher than the light saturation
point of the blueberries, which ensured that the blueberry leaves could achieve the highest
photosynthesis for adequate growth and development. Therefore, there was no significant
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difference in the photosynthetic rate between the two treatments. Additionally, the low
light environment may cause the stomata to close or remain partially closed, lowering
stomatal conductance [30], which thereby contributed to the decrease in transpiration rate
of blueberry plants cultivated under rain shelter cultivation (Figure 2). However, it is worth
mentioning that there was also no significant difference in these photosynthetic parameters
between the two cultivation modes. This indicated that the synthesis and accumulation of
photosynthetic products are basically similar between the two treatments.

3.3. Effects of Shelter Covering on the Fruit Yield of Rabbiteye Blueberry

Rain shelters have been proven to be a preferable means of protecting fruit against
heavy rain episodes during the period of maturity, thereby significantly reducing the fruit
drop and cracking rates, and increasing fruit yields [13,31–33]. Our results also showed
that rain shelters markedly reduced the fruit drop and cracking rate (Figure 3) Since no
significant differences were observed in soil moisture content between the two treatments,
the higher rate of fruit drop and cracking in open-field cultivation may be attributed to
the higher probability of fruit being exposed to rain [34]. This was also supported by the
fact that the fruit drop and cracking rates were significantly higher in years with more
precipitation (2020 and 2021) than in years with less precipitation (2019).

In the present study, no significant differences were observed in fruit yield or berry
weight between trees grown under the rain shelter and those grown in open-field conditions
in all experimental years. Possible reasons for this include the following: (1) Given the
extremely low rate of rain-induced fruit drop and cracking in all experimental years, their
impact on yield can be considered negligible. (2) Although the light intensity under the rain
shelter was significantly lower than that in the open-field control treatment, no significant
differences were observed in the photosynthetic capacity of the blueberry leaves between
the two treatments.

3.4. Effects of Shelter Covering on the Fruit Quality of Rabbiteye Blueberry

Most related studies have shown that rain-shelter cultivation increases the soluble
solids content of fruits [10,13,24,35], while other studies indicated that the soluble solids
content varied depending on the fruit cultivars [16]. However, the results of this study
showed that no significant differences were noted in the total soluble solids content be-
tween fruits grown under the rain shelter and those grown in open-field conditions in
the three experimental years. Similar findings were reported by Gao et al. [23] in a 2-year
investigation of grape cultivation under rain-shelter conditions. Our present study revealed
that rain-shelter cultivation did not affect the acidity content of the rabbiteye blueberry
fruits. Previous studies have also reported similar results in grape [23] and cherry [13]. It
was speculated that shelter covering had no detectable effect on the other meteorological
factors except for light intensity, and there was no significant difference in the photosyn-
thetic assimilation ability between the rain-shelter treatment and the open-field control.
Therefore, the synthesis and accumulation of sugars and acids are basically the same in the
two cultivation modes.

In the present study, the total polyphenols and anthocyanins contents were signifi-
cantly lower in blueberry fruits grown under rain-shelter conditions in the year with less
precipitation (2019), which might be a consequence of the reduction in solar radiation under
the rain shelter being more obvious in sunny days than in rainy days or cloudy days. These
results aligned with previous studies indicating that higher solar radiation benefited the
synthesis of these compounds [16,17]. However, the opposite results were reported by
Schmitz-Eiberger and Blanke [36] and Tian et al. [13], which was probably attributable
to the increase in temperature under the shelter [37]. Similar findings were observed by
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Li et al. [10], who reported that rain-shelter cultivation increased the concentrations of
almost all the anthocyanin components detected in the ripening grape berries. This promo-
tion was possibly achieved by enhancing the supply of photosynthetic assimilates from
the grape leaves since the senescence of the leaves under the rain-shelter cultivation was
delayed. In contrast, during 2020 and 2021, when precipitation was higher, no significant
differences were found between the two treatments for either the total polyphenols or the
anthocyanin content. This indicates that higher rainfall may mitigate the differences in fruit
quality between open-field and rain-shelter cultivation.

Overall, the results suggest that the impact of rain-shelter cultivation on rabbiteye
blueberry fruit quality is influenced by the amount of rainfall during the maturation period.
Lower rainfall years may amplify the differences between cultivation methods, while higher
rainfall years may result in more uniform fruit quality regardless of the cultivation methods.

4. Materials and Methods
4.1. Experimental Site

The experimental field was located at the Institute of Botany, Jiangsu Province and
Chinese Academy of Sciences (32◦3′29′′ N, 118◦49′46′′ E), Nanjing, China. The experimental
area is characteristic of a typical subtropical monsoon climate with an average annual air
temperature of 15.7 ◦C and mean annual precipitation of 1021 mm. The precipitation
is mainly concentrated from June to September. The average frost-free period is about
237 days.

4.2. Plant Cultivation and Experimental Design

On 17 March 2016, 6-month-old cuttings of ‘Brightwell’ rabbiteye blueberry (V. virgatum)
were transplanted into 15 L plastic pots, with one plant per pot.

Each pot was filled with a mixture of soil, peat, and perlite in a ratio of 60%:20%:20%
(by volume), which is widely used in current practices by blueberry growers in southern
China. Plants were grown in the open field and were watered about twice a week to
maintain soil moisture near field capacity. A dry-blend (15N-15P-15K) fertilizer was
applied at 10 g per plant once a month, from May to October 2016. In the years thereafter,
the fertilizer rate and regime were adjusted according to plant growth stages following
commercial practices.

The experiment was carried out from 2019 to 2021. Thirty-six similarly growing
plants were selected and arranged in six rows. The experimental plants were spaced 1.2 m
within rows and 2.5 m between rows. Three rows were chosen for the open-field treatment
(control), and the remaining three rows were used for the rain-shelter treatment. Each
treatment was replicated three times with six plants per replicate.

The rain-shelter frame was designed as a roof-type structure with a 6 m length, a
1.8 m width, and a 2.2 m height above the ground (Figure 5). The shelters were covered
with a colorless polyethylene (PE) film with a thickness of 0.10–0.12 mm and 75% light
transmittance. The PE film was set up before berry coloration in early June and removed
after fruit harvest.
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Figure 5. Photos of rabbiteye blueberry cultivated under rain-shelter and open-field conditions.

4.3. Field Management

During the experimental period, the blueberry plants were drip irrigated by an auto-
matic irrigation timer, with one dripper (2 L·h−1) per pot. Irrigation was applied in four
cycles daily from 06:00 to 15:00 at 3 h intervals. The duration of each cycle was adjusted
throughout the growing season to maintain drainage at ≥20% of total water input to ensure
that plants grew normally. Plants grown in the open field were not irrigated on days with
≥5 mm rainfall. A dry-blend (15N-15P-15K) fertilizer was applied monthly at 30 g per
plant, from March to October in each year. Pruning, weed control, and pest and disease
management followed standard commercial practices

4.4. Environmental Conditions

To understand the changes in environmental conditions under the rain-shelter and
the open-field treatments, environmental parameters were monitored during film covering
period. The air temperature and relative humidity (RH) were measured by using automatic
sensors (ZDR-20; Zeda Instruments Co., Ltd., Hangzhou, China) at 30 min intervals. The
sensors were installed in the center of the experimental row and at 1.8 m height. The
photosynthetically active radiation (PAR) and UV radiation measurements were taken at
09:00, 11:00, 13:00, 15:00 and 17:00 on sunny and cloudy days. The PAR was measured
using a quantum sensor (LI-250A; Li-Cor, Lincoln, NE, USA). UV-A and UV-B radiation
were measured by using ultraviolet radiometer (UV-A, UV-B; Photoelectric Instrument
Factory of Beijing Normal University, Beijing, China). Precipitation data were obtained
from an automatic weather station (NL-5G; Zhejiang Top Cloud-agri Technology Co., Ltd.,
Hangzhou, China) located in the experimental field. No significant difference was observed
in the average daily air temperature and relative humidity between the rain-shelter and
open-field treatments (Figure 6). Compared with the open field, the PAR, UV-A radiation,
UV-B radiation under the rain-shelter treatment was dramatically reduced by 27%, 32%,
35%, respectively, on sunny days. Similarly, the radiation levels under the rain shelter
were significantly lower on cloudy days than those in the open field (Table 2). As shown
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in Figure 2, the total precipitation was 182.4 mm, 718.8 mm, and 485.2 mm during the
film-covering period in 2019, 2020, and 2021, respectively (Figure 7).
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Figure 6. The average daily air temperature and relative humidity under rain-shelter and open-field
cultivation (control) during film-covering period in 2019–2020.

Table 2. Photosynthetically active radiation (PAR), UV-A radiation, and UV-B radiation under
rain-shelter and open-field cultivation (control) on a sunny day and a cloudy day in 2020.

Weather Condition Treatment Photosynthetically Active
Radiation (µmol·m−2·s−1)

UV-A Radiation
(W·m−2)

UV-B Radiation
(W·m−2)

Sunny day Open field 1163.66 ± 21.79 a 12.19 ± 0.16 a 0.88 ± 0.05 a
Rain shelter 850.49 ± 16.06 b 8.29 ± 0.08 b 0.57 ± 0.01 b

Cloudy day Open field 234.21 ± 11.05 a 3.00 ± 0.08 a 0.27 ± 0.01 a
Rain shelter 178.55 ± 10.93 b 2.23 ± 0.04 b 0.20 ± 0.01 b

Data are presented as means ± SD. For each weather condition, means followed by different lowercase letters
differ statistically at p < 0.05.
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4.5. Soil Moisture Content Measurement

Soil moisture content in pots was measured once a week during the 2020 film covering
period using a portable TDR soil moisture sensor (WET-2, Delta-T Devices Ltd., Burwell, UK).

4.6. Photosynthetic Characteristics Measurement

In 2020, photosynthetic activity was determined on fully expanded leaves from 09:30
to 11:00 on clear days using a portable photosynthesis system (LI-6800F; Li-Cor, Inc.,
Lincoln, NE, USA). The photosynthetically active radiation (PAR) level in the leaf chamber
was set to 1200 µmol·m−2·s−1 and the reference CO2 concentration was maintained at
400 µmol·mol−1 during the measurements.

4.7. Fruit Yield and Berry Quality Measurements

The three plants in the middle of each row were used for data collection to avoid
border effects. In total, nine plants (three plants per replicate and three replicates per
treatment) were selected for yield and berry quality determinations. Ripe fruit from each
plant was harvested and weighed weekly during the harvest season each year to determine
total berry yield per plant.
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During peak production time, 60 berries from each plant were randomly selected
to estimate average single-berry weight. In 2019, the fruit’s soluble solid content (SSC)
was determined using ten ripe berries from each plant with a refractometer (WYT; Optical
Instrument Co., Ltd., Chengdu, China). In 2020–2021, SSC (expressed as ◦Brix) and acidity
were measured using a pocket Brix-Acidity meter (PAL-BIXACID F5, Atago Co., Ltd.,
Tokyo, Japan).

Then, 50 g of ripe berries from each plant were ground into a homogenate and 2.5 g of
homogenate was mixed with 15 mL acidified ethanol (60% EtOH: 0.1M HCl, 85:15 v/v),
and extracted using ultrasonic-assisted extraction for 20 min at room temperature. The
extract was centrifuged at 4000 rpm for 15 min. The supernatant was collected and the
residual tissue was re-extracted two additional times under the same conditions. The three
obtained supernatants were combined, diluted to 50 mL with pH 3.0 60% ethanol. The
extracts were kept at 4 ◦C in the dark until analysis.

The total phenolic content was evaluated using the Follin–Ciocalteu colorimetric
method [38]. A 0.1 mL sample of the extract was diluted to a final volume of 5 mL with
distilled water. The mixture was then oxidized with 0.5 mL Follin–Ciocalteu reagent. After
5 min, the reaction mixture was neutralized by 1.5 mL 75 g·L−1 Na2CO3. The absorbance
was measured at 760 nm after incubation for 90 min at room temperature in the dark. Using
a standard curve prepared with gallic acid, the total phenolic content was calculated and
expressed as milligram of gallic acid equivalent (GAE) per gram of fresh weight (FW).

The total flavonoid content was measured using a colorimetric method [39]. A 1 mL
sample of the extract was mixed with 1.4 mL of distilled water. Then, 0.3 mL of 5% NaNO2

was added and 0.3 mL of 10% AlCl3 was added 5 min later. After 6 min, 2 mL of 1 M NaOH
was added and allowed to stand for 15 min. The reaction solution was mixed thoroughly,
and the absorbance was measured at 510 nm. The total flavonoid content was calculated
and expressed as milligram of quercetin equivalents (QE) per gram of fresh weight (FW).

The total anthocyanin content of the blueberry extract was determined using the
spectrophotometric pH differential method [40]. In brief, 1.0 mL of sample was mixed with
10 mL of 0.025 M potassium chloride (pH 1.0), and the absorbance was measured at 520 nm.
A second 1.0 mL aliquot was mixed with 10 mL of 0.4 M sodium acetate (pH 4.5), and the
absorbance at 520 nm was measured. The total anthocyanin content was calculated using
the following formula:

Total anthocyanin content (mg·g−1) = (A pH 1.0 − A pH 4.5) × V × MW × DF/(ε × l × m)

where A pH 1.0 is the absorbance of the sample diluted with pH 1.0 buffer solution, A pH 4.5 is
the absorbance of the sample diluted with pH 4.5 buffer solution, V is the total volume of the
blueberry extract (mL), DF is the dilution factor (11), MW is the average molecular weight
of anthocyanins (433.2 g·mol−1), ε is the extinction coefficient (31,600 L·mol−1·cm−1), l is
the path length (1 cm), and m is the fresh weight of fruits used for extraction (g).

4.8. Statistical Analysis

The statistical analysis was performed using SPSS 16.0 software (SPSS Inc., Chicago,
IL, USA), and significant differences between the treatments were assessed by Dun-
can’s Multiple Range Test at the 0.05 level. All the presented data are expressed as the
mean ± standard deviation (SD).

5. Conclusions
In conclusion, the rain-shelter cultivation did not affect the air temperature and relative

humidity, but significantly reduced the level of photosynthetically active radiation and
UV radiation reaching the canopy zone. However, the rain-shelter conditions did not
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significantly reduce the photosynthetic capacity of rabbiteye blueberry leaves. Therefore,
the fruit yield and berry weight under rain-shelter cultivation were not significantly affected.
Additionally, there were no significant differences in fruit quality parameters between these
two cultivation treatments, except for a significant decrease in total polyphenols and
anthocyanin content in fruits grown under the rain-shelter in years with less precipitation.
The results of this study suggested that rain-shelter cultivation does not negatively affect
photosynthetic characteristics and fruit yield of rabbiteye blueberries, but it could be
detrimental to some quality parameters in years with less rainfall.
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2. Garbowski, T.; Bar-Michalczyk, D.; Charazińska, S.; Grabowska-Polanowska, B.; Kowalczyk, A.; Lochyński, P. An overview of

natural soil amendments in agriculture. Soil Tillage Res. 2023, 225, 105462. [CrossRef]
3. Retano, A. Evaluating Alternative Soil Amendments for Organic Northern Highbush Blueberry Cultivation in Sub-Optimal Soils.

Master’s Thesis, Oregon State University, Corvallis, OR, USA, 8 December 2023.
4. Obia, A.; Mulder, J.; Hale, S.E.; Nurida, N.L.; Cornelissen, G. The potential of biochar in improving drainage, aeration and maize

yields in heavy clay soils. PLoS ONE 2018, 13, e0196794. [CrossRef] [PubMed]
5. Winkler, A.; Blumenberg, I.; Schürmann, L.; Knoche, M. Rain cracking in sweet cherries is caused by surface wetness, not by

water uptake. Sci. Hortic. 2020, 269, 109400. [CrossRef]
6. Singerman, A.; Burani-Arouca, M.; Williamson, J.G.; England, G.K. Establishment and Production Costs for Southern Highbush

Blueberry Orchards in Florida: Enterprise Budget and Profitability Analysis; University of Florida, Institute of Food and Agricultural
Sciences: Gainesville, FL, USA, 2016; pp. 1–14.

7. Voogt, W.; Van Dijk, P.; Douven, F.; Van Der Maas, R. Development of a soilless growing system for blueberries
(Vaccinium corymbosum): Nutrient demand and nutrient solution. Acta Hortic. 2014, 1017, 215–221. [CrossRef]

8. Fang, Y.; Nunez, G.H.; Silva, M.N.D.; Phillips, D.A.; Munoz, P.R. A review for southern highbush blueberry alternative production
systems. Agronomy 2020, 10, 1531. [CrossRef]

9. Fang, Y.; Nunez, G.; Fisher, P.; Munoz, P.R. Effect of container size, substrate composition, and genotype on growth and fruit
quality of young southern highbush blueberry in a container-based intensive production system. Sci. Hortic. 2022, 302, 111149.
[CrossRef]

10. Li, X.X.; He, F.; Wang, J.; Li, Z.; Pan, Q.H. Simple rain-shelter cultivation prolongs accumulation period of anthocyanins in wine
grape berries. Molecules 2014, 19, 14843–14861. [CrossRef]

11. Lim, K.H.; Gu, M.; Kim, B.S.; Kim, W.S.; Cho, D.H.; Son, J.H.; Park, S.; Choi, K.J.; Jung, S.K.; Choi, H.S. Tree growth and fruit
production of various organic Asian pear (Pyrus pyrifolia Nakai) cultivars grown under a rain-shelter system. J. Hortic. Sci.
Biotechnol. 2015, 90, 655–663. [CrossRef]

12. Claire, D.; Watters, N.; Gendron, L.; Boily, C.; Pépin, S.; Caron, J. High productivity of soilless strawberry cultivation under rain
shelters. Sci. Hortic. 2018, 232, 127–138. [CrossRef]

13. Tian, T.T.; Qiao, G.; Deng, B.; Wen, Z.; Hong, Y.; Wen, X.P. The effects of rain shelter coverings on the vegetative growth and fruit
characteristics of Chinese cherry (Prunus pseudocerasus Lindl.). Sci. Hortic. 2019, 254, 228–235. [CrossRef]

https://doi.org/10.17660/ActaHortic.2023.1357.46
https://doi.org/10.1016/j.still.2022.105462
https://doi.org/10.1371/journal.pone.0196794
https://www.ncbi.nlm.nih.gov/pubmed/29750796
https://doi.org/10.1016/j.scienta.2020.109400
https://doi.org/10.17660/ActaHortic.2014.1017.27
https://doi.org/10.3390/agronomy10101531
https://doi.org/10.1016/j.scienta.2022.111149
https://doi.org/10.3390/molecules190914843
https://doi.org/10.1080/14620316.2015.11668728
https://doi.org/10.1016/j.scienta.2017.12.056
https://doi.org/10.1016/j.scienta.2019.04.030


Plants 2025, 14, 1167 13 of 14

14. Zhang, Q.; Pang, X.M.; Chen, X.M.; Ye, J.H.; Lin, S.X.; Jia, X.L. Rain-shelter cultivation influence rhizosphere bacterial community
structure in pear and its relationship with fruit quality of pear and soil chemical properties. Sci. Hortic. 2020, 269, 109419.
[CrossRef]

15. Zhang, H.M.; Hou, Q.D.; Tu, K.; Qiao, G.; Li, Q.; Wen, X.P. The Effects of Rain-shelter Cultivation on the Photosynthetic
Characteristics and Chlorophyll Fluorescence of Sweet Cherry (Prunus avium L.). Erwerbs-Obstbau 2021, 63, 359–368. [CrossRef]

16. Pino, S.; Palma, M.; Sepúlveda, Á.; Sánchez-Contreras, J.; Moya, M.; Yuri, J.A. Effect of rain cover on tree physiology and fruit
condition and quality of ‘Rainier’, ‘Bing’ and ‘Sweetheart’ sweet cherry trees. Horticulturae 2023, 9, 109. [CrossRef]

17. Meng, J.F.; Ning, P.F.; Xu, T.F.; Zhang, Z.W. Effect of rain-shelter cultivation of Vitis vinifera cv. Cabernet Gernischet on the phenolic
profile of berry skins and the incidence of grape diseases. Molecules 2013, 18, 381–397. [CrossRef]

18. Renquist, S. An evaluation of blueberry cultivars grown in plastic tunnels in Douglas County, Oregon. Int. J. Fruit Sci. 2005, 5,
31–38. [CrossRef]

19. Retamal-Salgado, J.; Bastías, R.M.; Wilckens, R.; Paulino, L. Influence of microclimatic conditions under high tunnels on the
physiological and productive responses in blueberry ‘O’Neal’. Chil. J. Agric. Res. 2015, 75, 291–297. [CrossRef]

20. Ogden, A.B.; Van Iersel, M.W. Southern highbush blueberry production in high tunnels: Temperatures, development, yield, and
fruit quality during the establishment years. HortScience 2009, 44, 1850–1856. [CrossRef]

21. Matamala, M.F.; Bastías, R.M.; Urra, I.; Calderón-Orellana, A.; Campos, J.; Albornoz, K. Rain cover and netting materials
differentially affect fruit yield and quality traits in two highbush blueberry cultivars via changes in sunlight and temperature
conditions. Plants 2023, 12, 3556. [CrossRef]

22. Rana, G.; Katerji, N.; Introna, M.; Hammami, A. Microclimate and plant water relationship of the overhead table grape vineyard
managed with three different covering techniques. Sci. Hortic. 2004, 102, 105–120. [CrossRef]

23. Gao, Y.; Li, X.X.; Han, M.M.; Yang, X.F.; Li, Z.; Wang, J.; Pan, Q.H. Rain-shelter cultivation modifies carbon allocation in the
polyphenolic and volatile metabolism of Vitis vinifera L. Chardonnay grapes. PLoS ONE 2016, 11, e0156117. [CrossRef] [PubMed]

24. Liu, Z.; He, N.; Chen, C.; Cheng, M.; Tan, M.; He, J.; Dong, Z.; Zhao, Q. Effects of Diffuse Light Film Rain Shelter on the Growth
and Fruit Quality of Fresh Grape. Russ. J. Plant Physiol. 2023, 70, 119. [CrossRef]

25. Teramura, A.H.; Davies, F.S.; Buchanan, D.W. Comparative photosynthesis and transpiration in excised shoots of rabbiteye
blueberry. HortScience 1979, 14, 723–724. [CrossRef]

26. Moon, J.W.; Fiore, J.A.; Hancock, J.F. A comparison of carbon and water vapor gas exchange characteristics between a diploid and
highbush blueberry. J. Am. Soc. Hortic. Sci. 1987, 112, 134–138. [CrossRef]

27. Kumudini, S. Effect of radiation and temperature on cranberry photosynthesis and characterization of diurnal change in
photosynthesis. J. Am. Soc. Hortic. Sci. 2004, 129, 106–111. [CrossRef]

28. Petridis, A.; van der Kaay, J.; Chrysanthou, E.; McCallum, S.; Graham, J.; Hancock, R.D. Photosynthetic limitation as a factor
influencing yield in highbush blueberries (Vaccinium corymbosum) grown in a northern European environment. J. Exp. Bot. 2018,
69, 3069–3080. [CrossRef]

29. Long, J.; Tan, T.; Zhu, Y.; An, X.; Zhang, X.; Wang, D. Response of blueberry photosynthetic physiology to light intensity during
different stages of fruit development. PLoS ONE 2024, 19, e0310252. [CrossRef]

30. Sun, Y.; Zhang, Y. Effects of environmental conditions on the transpiration rate and stomatal conductance of fruit crops under
rain shelter. J. Agric. Sci. 2016, 10, 15–23.

31. Usenik, V.; Zadravec, P.; Štampar, F. Influence of rain protective tree covering on sweet cherry fruit quality. Eur. J. Hortic. Sci. 2009,
74, 49–53. [CrossRef]

32. Khadivi-Khub, A. Physiological and genetic factors influencing fruit cracking. Acta Physiol. Plant. 2015, 37, 1718. [CrossRef]
33. Ruisa, S.; Feldmane, D.; Skrivele, M.; Rubauskis, E.; Kaufmane, E. The Effect of Rain Protective Covering on Sweet Cherry Fruit

Quality. Acta Hortic. 2017, 1161, 143–147. [CrossRef]
34. Baba, T.; Hasegawa, R.; Nakaba, S.; Funada, R.; Ban, T. Analysis of factors causing fruit cracking of blueberry fruit by water

absorption and identifying the region of water uptake. Hortic. Res. 2015, 14, 231–239. [CrossRef]
35. Chen, X.M.; Zhang, Q.; Zeng, S.M.; Chen, Y.; Guo, Y.Y.; Huang, X.Z. Rhizosphere soil affects pear fruit quality under rain-shelter

cultivation. Can. J. Plant Sci. 2020, 100, 683–691. [CrossRef]
36. Schmitz-Eiberger, M.A.; Blanke, M.M. Bioactive components in forced sweet cherry fruit (Prunus avium L.), antioxidative capacity

and allergenic potential as dependent on cultivation under cover. LWT-Food Sci. Technol. 2012, 46, 388–392. [CrossRef]
37. Wang, S.Y. Effect of pre-harvest conditions on antioxidant capacity in fruits. Acta Hortic. 2006, 712, 229–305. [CrossRef]
38. Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M.; Lester, P. Analysis of total phenols and other oxidation substrates and

antioxidants by means of Folin-Ciocalteu reagent. Methods Enzym. 1999, 299, 152–178.

https://doi.org/10.1016/j.scienta.2020.109419
https://doi.org/10.1007/s10341-021-00598-y
https://doi.org/10.3390/horticulturae9010109
https://doi.org/10.3390/molecules18010381
https://doi.org/10.1300/J492v05n04_04
https://doi.org/10.4067/S0718-58392015000400004
https://doi.org/10.21273/HORTSCI.44.7.1850
https://doi.org/10.3390/plants12203556
https://doi.org/10.1016/j.scienta.2003.12.008
https://doi.org/10.1371/journal.pone.0156117
https://www.ncbi.nlm.nih.gov/pubmed/27218245
https://doi.org/10.1134/S1021443723600745
https://doi.org/10.21273/HORTSCI.14.6.723
https://doi.org/10.21273/JASHS.112.1.134
https://doi.org/10.21273/JASHS.129.1.0106
https://doi.org/10.1093/jxb/ery118
https://doi.org/10.1371/journal.pone.0310252
https://doi.org/10.1079/ejhs.2009/968072
https://doi.org/10.1007/s11738-014-1718-2
https://doi.org/10.17660/ActaHortic.2017.1161.24
https://doi.org/10.2503/hrj.14.231
https://doi.org/10.1139/cjps-2018-0249
https://doi.org/10.1016/j.lwt.2011.12.015
https://doi.org/10.17660/ActaHortic.2006.712.33


Plants 2025, 14, 1167 14 of 14

39. Jia, Z.S.; Tang, M.C.; Wu, J.M. The determination of flavonoid contents in mulberry and their scavenging effects on superoxide
radicals. Food Chem. 1999, 64, 555–559.

40. Ravanfar, R.; Moein, M.; Niakousari, M.; Tamaddon, A. Extraction and fractionation of anthocyanins from red cabbage: Ultrasonic-
assisted extraction and conventional percolation method. J. Food Meas. Charact. 2018, 12, 2271–2277. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11694-018-9844-y

	Introduction 
	Results 
	Soil Moisture Conditions 
	Photosynthetic Characteristics 
	Fruit Drop and Cracking Rate 
	Fruit Weight and Yield 
	Fruit Quality 

	Discussion 
	Effects of Shelter Covering on the Micrometeorological Conditions 
	Effects of Shelter Covering on the Photosynthetic Characteristics of Rabbiteye Blueberry Leaves 
	Effects of Shelter Covering on the Fruit Yield of Rabbiteye Blueberry 
	Effects of Shelter Covering on the Fruit Quality of Rabbiteye Blueberry 

	Materials and Methods 
	Experimental Site 
	Plant Cultivation and Experimental Design 
	Field Management 
	Environmental Conditions 
	Soil Moisture Content Measurement 
	Photosynthetic Characteristics Measurement 
	Fruit Yield and Berry Quality Measurements 
	Statistical Analysis 

	Conclusions 
	References

