South African Journal of Botany 160 (2023) 260272

journal homepage: www.elsevier.com/locate/sajb

Contents lists available at ScienceDirect

South African Journal of Botany

~ SOUTH AFRICAN
JOURNAL OF BOTANY
OLRALOF BOTAM

Growing highbush blueberries (Vaccinium corymbosum L.) in a protected
environment—How much does a microclimate matter?

Check for
updates

Tina Smrke®*, Dominik Vodnik®, Robert Veberic?, Helena Sircelj”, David Lenarcic®,

Jerneja Jakopic®

2 University of Ljubljana, Biotechnical Faculty, Department of Agronomy, Chair for Fruit Growing, Viticulture and Vegetable Growing, Jamnikarjeva 101, SI-1000

Ljubljana, Slovenia

b University of Ljubljana, Biotechnical Faculty, Department of Agronomy, Chair for Applied Botany, Ecology, Plant Physiology and Informatics, Jamnikarjeva 101, SI-

1000 Ljubljana, Slovenia

ARTICLE INFO ABSTRACT

Article History:
Received 12 April 2023
Revised 26 June 2023
Accepted 11 July 2023
Available online xxx

Edited by L Sebastiani

Keywords:

Vaccinium corymbosum L.

Duke

High tunnel

Hail net

Photosynthesis
Fluorescence

Phenolics
Photosynthetic pigments

In a two-year experiment, the aim of our study was to evaluate the physiological and chemical response of
highbush blueberry (Vaccinium corymbosum L.) ‘Duke’ plants to changed microclimatic conditions that may
occur during production in a protected environment—in this case, high tunnels and a hail net. Measurements
were performed from 7.00 a.m. to 7.00 p.m. on days with different weather conditions in 2020 and 2021. In
the second year of the experiment, both photosynthetic pigments and phenolics were measured in the
leaves. The air temperature, relative humidity, photosynthetic photon flux density (PPFD), substrate temper-
ature, and water content were dramatically altered by the protected environment. Along with an increased
air temperature and VPDI (leaf vapor pressure deficit), significant reductions in net photosynthesis (Pn), sto-
matal conductance (gs), and Fv’/Fm’ (actual PS II efficiency) were detected under both protected environ-
ments, with higher values under the high tunnel. Elevated zeaxanthin and AZ/VAZ concentrations were
detected in the leaves from 7.00 a.m. to 12.00 p.m., after which these concentrations reduced and continued
to do so until the evening. Significance was also observed between high-tunnel and hail-net conditions. Indi-
vidual and total phenolic concentrations in the leaves did not significantly change during the daytime, but
significantly higher values were detected under the hail net. Our results indicate that, regarding photosyn-
thetic pigments and phenolics, modified microclimatic conditions, i.e. elevated air temperature and reduced
light quantity under different types of protected environments strongly affect the physiological status of

highbush blueberry ‘Duke’ plants and the chemical composition of leaves.
© 2023 The Authors. Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

severe droughts, heavy rain, frequent hailstorms, and spring frosts
(Houston et al., 2018). In order to protect the plants and fruit from

The northern highbush blueberry (Vaccinium corymbosum L.) orig-
inates from the eastern and mid-western parts of the USA, where
winters are severe and summers are moderate (Lobos and Hancock,
2015). However, in the last two decades, the world production vol-
ume of blueberries dramatically increased due to their potential
health benefits and consequently higher consumption by the con-
sumer (Retamales and Hancock, 2018). Production areas, along with
others spread into environments with warmer climates (Lobos and
Hancock, 2015). In addition, global warming caused the average air
temperatures to increase in recent decades, which is associated with
changes in weather patterns and extreme weather events, such as
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unexpected weather conditions, different types of protected environ-
ments, such as high tunnels and hail nets, are gaining more interest
among growers in intensive blueberry production. They protect the
fruit from bird attacks, and high tunnels protect developing leaves
and flowers from spring frosts, therefore allowing production to
expand towards cooler areas (Lobos and Hancock, 2015), despite pas-
sive ventilation and heating (Lamont, 2009). Protection under a high
tunnel is enabled by a layer of polyethylene covering the high tunnels
and generates changes in environmental conditions, such as air tem-
perature, relative humidity, and light (Retamal-Salgado et al., 2015).
According to recent studies, under a high tunnel, air temperatures
under the high tunnel are from 3.2 to 10.4 °C higher (Li and Bi, 2019),
the relative humidity is from 10% to 20% lower (Retamal-Salgado et
al., 2015), and light quantity is up to 40% lower compared to ambient
conditions (Lobos et al., 2012). All these changes can cause stress in
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plants by affecting their physiological and chemical processes, such
as leaf transpiration, stomatal conductivity, and therefore net photo-
synthesis (Hao et al., 2019; Ogden and van lersel, 2009; Retamal-Sal-
gado et al, 2015; Righi et al, 2012). However, blueberry plants
usually benefit from production under the high tunnels, which is
reflected in earlier (Smrke et al., 2021) and higher yields (Retamal-
Salgado et al., 2015).

Among environmental factors that are altered by high tunnels, air
temperature has the greatest influence on blueberries, as yield is fur-
ther increased, and specimens can reach up to 40 °C or higher (Reta-
mal-Salgado et al., 2015). Each blueberry cultivar possesses a specific
temperature range for optimal growth and development (Moon et
al., 1987) and, in northern highbush blueberries, usually varies
between 20 and 25 °C (Hancock, 2009), which is quite low and could
result from properties of the climate from which the northern high-
bush blueberry originates (Lobos and Hancock, 2015).

Temperatures above the individual cultivar threshold cause inju-
ries that primary include a reduction of net photosynthesis by dam-
aging the chloroplast structure and suppressing Photosystem II (PS
I1), which is highly thermolabile (Chen et al., 2012; Hao et al., 2019;
Zheng et al,, 2017). At the same time, inhibition of the photosystem
usually leads to increased chlorophyll fluorescence, which suggests
that fluorescence measurements are a valid method for the detection
and evaluation of changes in photosynthetic apparatuses as a result
of altered microclimatic conditions (Chen et al., 2012; Hao et al,,
2019; Maxwell and Johnson, 2000). Additionally, cellular membrane
injuries, senescence, or cellular death can occur (Xu et al., 2006).

Reduced yield (Yang et al., 2019) and plant growth (Hao et al,,
2019) are reported to be frequent outcomes of high temperature con-
ditions, while Retamal-Salgado et al. (2015) provided opposite
results, where blueberry plants reached higher yields when grown in
conditions with elevated air temperature. At the same time, the
chemical composition of leaves, including phenolics and photosyn-
thetic pigments (Asanica et al., 2017; Estrada et al., 2015), changes
under constant exposure to high temperature, since their synthesis
represents the defense mechanism of plants against stress, and their
degradation indicates severe stress (Hasanuzzaman et al., 2020; Sir-
celj, 2008).

Only a few studies on the physiological response of the northern
highbush blueberry to modified microclimatic conditions have been
conducted with an emphasis on high temperatures (Chen et al.,
2012; Hancock et al., 1992; Hao et al.,, 2019; Zheng et al., 2017), but
not on plants grown in vivo under a protected environment. Addi-
tional research is required to determine the effect of modified air
temperature, light quantity, and relative humidity on the perfor-
mance of an individual cultivar in real production conditions and
consequently for appropriate cultivar selection in individual produc-
tion areas. More information about plant response to high tempera-
tures is still needed for a better understanding of the physiological
and chemical processes in blueberry plants when exposed to high
temperatures. The aim of our study was to evaluate the physiological
status of plants and the chemical composition of leaves, located
either under a high tunnel or a hail net, on two different days in
weather that modifies microclimatic conditions under a high tunnel
to different extents. We believe that our research will provide a bet-
ter understanding of the blueberry plant’s response to modified
microclimatic conditions under a protected environment in terms of
physiological status and leaf chemical composition.

2. Materials and methods
2.1. Plant material
A 2-year experiment was performed in 2020 and 2021 on 3 and 4-

year-old ‘Duke’ plants located in the test field of the Biotechnical Fac-
ulty, in Ljubljana, Slovenia (latitude: 46°05’ N, longitude: 14°47’ E,
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altitude: 295 m). Thirty plants were planted in 60 L black pots located
either under a high tunnel or a hail net (15 plants each), both of
which were 6 m wide and 24 m long. Planting distance was 0.6 m
within the row. The substrate contained soil, peat, and pine sawdust,
one third each by volume. The floor was covered with white polypro-
pylene foil, in order to prevent weed growth. A drip irrigation system
was established, with four drippers per plant (1.8 L per dripper h™!).
Plants were fertigated nine times in season with mineral fertilizers,
from the beginning of April to mid-June. Hail net was placed above
the plants at the end of flowering until leaf senescence. The high tun-
nel (Schwarzmann) was covered with a transparent polypropylene
foil, with natural ventilation. Microclimatic conditions were not arti-
ficially modified and were constantly monitored with different sen-
sors (air temperature, relative humidity, light quantity).

2.2. Monitoring of environmental conditions

Environmental condition monitoring with different sensors was
established to constantly control air temperature, relative humidity
(SHT11 integrated sensor, Sensirion Inc., Staefa, Switzerland), sub-
strate temperature (DS18b20, Dallas Semiconductor, Dallas, Texas),
water content (SWC; EC5, Decagon Devices, Pullman, USA), and light
quantity (Li-Cor quantum sensor, Lincoln, USA) under the high tunnel
and the hail net. Data were stored in a measuring instrument and
were automatically sent to the IoT cloud. Substrate water content
was calculated from EC-5 output (mV) to volumetric water content
(VWCG;%). Light quantity was additionally expressed as a day light
integral (DLI; [mmol m~2 day]).

2.3. Water potential measurements

For measurements, 10 uniform and healthy plants were chosen in
individual treatments. The first and last plants in the row were auto-
matically eliminated. Measurements were conducted on days with
different weather conditions (July 29, 2020—hot/sunny; September
2, 2020—moderate warm/sunny; August 6, 2021—hot/sunny with
transient early afternoon cloudiness; August 12, 2021—hot/sunny)
after the ripening period was complete. Midday shoot water potential
(¥; [MPa]) was measured in current-year, fully developed shoots,
which were cut from the plants gradually and immediately before
measurements. Measurements were performed using a Scholander
pressure chamber and were conducted to determine the water status
of the plants (Hladnik et al., 2009).

2.4. Aboveground biomass

The growth of each plant was calculated as the difference
between autumn (October 27, 2021) and spring (March 30, 2021)
plant volume measurements. With measuring tape, we measured
plant height and two widths at half the height (one in the row direc-
tion and one at a 90° angle). Plant volume was calculated as

height (cm)x 1/2 width 1 (cm)x 1/2 width 2 (cm)x 7

3\ _
V(dm’) = 1000

2.5. Net photosynthesis, chlorophyll fluorescence, and gas exchange
measurements

One fully developed, healthy, sun-exposed leaf, located at half the
height on the edge of the bush, was marked for measurements on
each of the chosen plants. Net photosynthesis (Pn; [wmol CO, m 2
s~1]) measurements were conducted at 7.00 a.m. (morning), 12.00 p.
m. (noon), and 5.00 p.m. (evening) in 2020 and at 12:00 a.m. (noon)
in 2021, on the same days on which the 1/ measurements were taken,
with an LI-6400 (Li-Cor, Lincoln, USA) portable photosynthesis sys-
tem with an IRGA detector. In 2021, measurements were conducted
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only at 12.00 p.m. due to the additional all-day chlorophyll fluores-
cence and gas exchange measurements. Measurements of Pn were
recorded when steady state conditions were reached. During the
measurements, the reference CO, concentration was maintained at
400 pmol mol~!, and the photosynthetic photon flux density (PPFD)
was maintained at 1000 wmol m~2 s~! (saturating light intensity),
while temperature and relative humidity were only monitored at the
ambient level. Intercellular CO, leaf concentration (Ci; [umol CO,
mol~']) was also monitored (Douthe et al.,, 2018).

Chlorophyll fluorescence measurements were conducted in 2021
on the same days and on the same leaves as those of the Pn measure-
ments from 7.00 a.m. until 7.00 p.m. every 20 min using an LI-600
(Li-Cor, Lincoln, USA) portable porometer/fluorometer. Actual PS II
efficiency (F,’/Fn’) was measured at ambient conditions on light-
adapted leaves after saturating an irradiance pulse of 10,000 pmol
m~2 s~ F,’ is the maximal fluorescence yield of a light-adapted leaf
after applying a saturating light pulse on the prevailing ambient light.
F,’ is the variable fluorescence yield on a light-adapted leaf. Together
with the actual PS II efficiency, stomatal conductance (gs; [mol H,O
m~! s71]) and transpiration (E; [mmol H,O0 m~2 s~']) were measured.
The leaf temperature ( °C), leaf vapor pressure deficit (VPDI; [kPa]),
and PPFD were also recorded (Mishra, 2018).

2.6. Leaf sampling for chemical analyses

Leaf samples were collected for phenolics and photosynthetic pig-
ment extraction on both measuring days in 2021, at 7.00 a.m., 12.00
a.m., and 7.00 p.m., to determine the concentrations at different tem-
peratures and lighting conditions. For individual treatment, one ran-
domly chosen, fully developed leaf per plant with no injuries was
selected, immediately frozen in liquid nitrogen, lyophilized, ground
to a fine powder in a cooled grinder, and stored in a firmly sealed
plastic containers at —20 °C until extraction.

2.7. Extraction and determination of photosynthetic pigments and
phenolics

Photosynthetic pigment extraction from previously ground leaves
was performed under dim lighting in five replicates based on a
method described by Tausz et al. (2003). For the extractions, 0.2 g of
dry leaf powder was mixed with 4 mL of ice-cold 100% acetone in
glass test tubes. Samples were homogenized by an Ultra-Turrax T25
homogenizer (IKA, Staufen, Germany) for 30 s. After that, the samples
were filtered through polyamide filters (Minisart, SRP 15, PTFE, Sarto-
rius Stedim Biotech, Gottingen, Germany) into vials and immediately
subjected to HPLC analysis.

Pigment separation took place on HPLC-DAD (Thermo Finnigan,
San Jose, California, USA) on a Spherisorb S5 ODS-2 column
(250 x 4.6 mm) with an S5 ODS-2 (50 x 4.6 mm) precolumn (Alltech
Associates, Inc., Deerfield, Illinois, USA), with detection at 440 nm.
Mobile Phase A consisted of acetonitrile, water, and methanol (100/
10/5; v/v/v), and Mobile Phase B consisted of acetone and ethyl ace-
tate (2/1; v/v). The gradient used was, sequentially, from 10% B to
75% B from 0 to 18 min, from 75% B to 70% B from 18 to 25 min, and
from 70% B to 100% B from 25 to 30 min, returning then to initial con-
ditions from 30 to 32 min. The flow rate was maintained at 1 mL
min~! (Tausz et al., 2003). Pigment concentrations were calculated
from corresponding external standards, based on peak area and
expressed in mg g~! of DW.

Leaf phenolics were extracted from previously ground samples in
five replicates, according to the previously described method by
Mikulic-Petkovsek et al. (2010), where 0.7 g of the sample was mixed
with 5 mL of 100% methanol. Samples were thoroughly mixed by vor-
texing and put into a cooled ultrasonic bath (0 °C) for 1 h, followed by
centrifugation at 9000 g at 4 °C for 10 min (5810 R, Eppendorf centri-
fuge, Hamburg, Germany). The purchased supernatant was filtered
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through polyamide filters (0.2 um pores, Chromafil AO-20/25,
Macherey-Nagel, Diiren, Germany) into the vials and stored at —20 °
C until high-performance liquid chromatography (HPLC) was con-
ducted.

The separation and detection of individual phenolics were per-
formed using a Dionex UltiMate 3000 HPLC (Thermo Scientific, Wal-
tham, Massachusetts, USA) system (Mikulic-Petkovsek et al., 2010).
An injected sample that amounted to 20 L was analyzed for 50 min
at a 0.6 mL min~' flow. Detection was set at an absorbance of
280 nm, 350 nm, and 530 nm. Column temperature (Gemini C18,
150 x 4.6 mm, 3 um, Phenomenex, California, USA) was maintained
at 25 °C, and the autosampler temperature was maintained at 10 °C.
Mobile Phase A consisted of 3% acetonitrile and 0.1% formic acid in
bi-distilled water (v/v/v), and Mobile Phase B consisted of 3% bi-dis-
tilled water and 0.1% formic acid in acetonitrile (v/v/v). The gradient
used was, sequentially, 5% Solvent B from 0 to 15 min, 5%—20% B
from 15 to 20 min, 20%—30% B from 20 to 30 min, 30%—90% B from
30 to 35 min, 90%—100% B from 35 to 45 min, and 100%—5% B from
45 to 50 min.

An LTQ XL linear ion trap mass spectrometer (Thermo Scientific,
Waltham, Massachusetts, USA) was used to identify individual phe-
nolics based on mass fragmentation, and their retention times were
compared with external standards on HPLC (Mikulic-Petkovsek et al.,
2010). A mass spectrometer was operating in negative ion mode with
electrospray ionization and m/z scanning from 115 to 1600. Capillary
temperature was maintained at 250 °C, source voltage at 4 kV, sheath
gas at 20 units, and auxiliary gas at 8 units. The flow rate of the sam-
ples was 0.6 mL min~!, and the injection volume was 10 pL. The indi-
vidual phenolic content was calculated from a corresponding
external standard or a similar compound curve equation and
expressed in mg g~! of dry weight (DW).

2.8. Statistics

Statistical analysis was performed in R Commander i386 4.0.4
(Vienna, Austria) (“R: A language and environment for statistical
computing,” 2021). Statistically significant differences between treat-
ments were determined by one-way analysis of variance (ANOVA).
Different letters represent significant differences between treat-
ments. In the first year of the experiment, two variables regarding
net photosynthesis measurements were observed: the protected
environment with two levels (a high tunnel and a hail net, signifi-
cance marked as *) and the three measuring times (7.00 a.m., 12.00 p.
m., and 5.00 p.m., significance marked as #). Each variable was ana-
lyzed separately by ANOVA. In the second year of the experiment, net
photosynthesis measurements were conducted only at 12.00 p.m.
under the high tunnel and the hail net (two levels), suggesting that
only one variable was studied. The leaf chemical composition (photo-
synthetic pigments and phenolics) was evaluated three times a day
under both protected environments, indicating the same statistical
analysis as that for the net photosynthesis in the first year of the
experiment. Linear regression was used to estimate the correlations
between VPDI as an independent variable and both net photosynthe-
sis (Pn) and stomatal conductance (gs) as dependent variables.

3. Results
3.1. Environmental conditions

Figs. 1 and 2 represent environmental conditions in both pro-
tected environments and in Ljubljana, from May 1st to September
6th, in 2020 and 2021. With the red lines, the measuring days are
marked. From both figures, it is evident that 2021 was warmer than
2020, with more days reaching values close to 45 °C under the high
tunnel. Greater fluctuations in relative humidity were detected in
2021.
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Fig. 1. Microclimatic conditions (PPFD, which started on July 22 (A), relative humidity (B), and air temperatures (C)) under the high tunnel and the hail net, together with air tem-
perature and precipitation (D) for outdoor conditions at the meteorological station Ljubljana, Bezigrad, from May 1 to September 6, 2020 (DOY, day of the year). Measuring days are

marked with red lines.

PPFD, maximum air temperature, and relative humidity under
protected environment conditions on all measuring days in 2020 and
2021 are shown in Fig. 3. In 2020, PPFD was constantly higher under
the hail net on July 29, while some variation between treatments
occurred on September 2, from 7.00 a.m. to 13.00 p.m. Mean differen-
ces in PPFD and DLI between treatments were 23% and 22.7% on the
first day and 14.1% and 16% on the second day, respectively. The max-
imum air temperature was higher in July 29, compared to September
2. Differences between the high tunnel and the hail net of approxi-
mately 17.7% and 18.2% were also found on the July and September
measuring date, respectively, with higher values under the high tun-
nel. The opposite trend was observed under the hail net regarding
relative humidity measurements, where values were about 25.8%
higher on July 29 and 18.2% higher on September 2.

In 2021, a similar trend was observed in environmental condition
measurements as in 2020 (Fig. 3). PPFD and DLI were 21.3% and
21.8% higher, respectively, under the hail net compared to the high
tunnel on August 6. A noticeable drop in light quantity occurred in
the afternoon, around 15.00 p.m. A similar difference in PPFD and DLI
between treatments was found on August 12, where the values were
19.1% and 14.7%, respectively. Maximum air temperature was
approximately 21.5% and 22.2% higher under the high tunnel on the
first and second measuring date, respectively. Relative humidity was
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about 22% and 25.2% higher under the hail net on both measuring
days in 2021.

The substrate water content and temperature are presented in
Table 1. A significant difference in both observed parameters was
determined between plants under the high tunnel and the hail net
on both measuring days in both years. In 2020, higher values of water
content and temperature were measured under the high tunnel. On
the contrary, in 2021, the substrate under the hail net contained
more water than pots under the high tunnel on both days, but sub-
strate temperature was still higher under the high tunnel.

3.2. Water potential

Midday shoot water potential ({) measurements are shown in
Table 2. Significant differences between protected environments
were detected on the hot and sunny day in both years. Significantly
less negative values were measured in plants under the hail net at
both times.

3.3. Aboveground biomass

The mean values of the aboveground biomass measurements of
plants included in the experiment are shown in Table 2. In 2020, the
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Fig. 2. Microclimatic conditions (PPFD (A), relative humidity (B), and air temperatures (C) under the high tunnel and the hail net, together with air temperature and precipitation
(D) for outdoor conditions at the meteorological station Ljubljana, Bezigrad, from May 1 to September 6, 2021 (DOY, day of the year). Measuring days are marked with red lines.

plants grew statistically the same in both protected environments.
However, a significant difference was detected in 2021, where the
plants grew significantly more intensely under the high tunnel, com-
pared to the hail net.

3.4. Net photosynthesis, chlorophyll fluorescence, and gas exchange

Fig. 4 represents the Pn measurements and the corresponding
parameters in 2020 that were conducted at three different measuring
times during the day. On July 29, VPDI and leaf temperature values
significantly increased from 7.00 a.m. onwards. In the morning and at
noon, significant differences were found between treatments in tran-
spiration, with higher values under the high tunnel. Ci significantly
changed in leaves under the hail net from the morning onwards. Nev-
ertheless, treatments did not differ in Ci at the same measuring time.
Significant drops in Pn and gs were detected in leaves from both pro-
tected environments between the morning and evening measure-
ments, together with a significant difference between treatments in
the morning and at noon. An opposite trend as was found in the case
of VPDI and leaf temperature was observed in WUE, where the values
significantly decreased during the day, with no significance between
treatments.

Lower values with similar daily variations and statistical
results in VPDI and leaf temperature were found on September 2,
compared to the measuring day in July (Fig. 4). Daily variations in
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gs, E, Pn, and Ci coincide with each other, where significance was
detected in both protected environments, with the exception of
the E of leaves under the hail net. When comparing both treat-
ments, at the same measuring time, significant differences were
found only at noon. In the WUE measurements, significance was
found, on a daily level, in the variation of individual protected
environments, together with significant differences between
treatments at noon.

According to the data shown in Fig. 5, Pn and gs significantly
decreased as VPDI increased in 2020. At the same time, higher values
were detected under the high tunnel. In Fig. 6, the dependence of Pn
and gs on VPDI in 2021 is shown. Pn and gs are shown to decrease as
VPDI increased, while no significance was detected in the mean val-
ues of those two parameters between the high tunnel and the hail
net (Table S1). Pn ranged from 5.09 to 7.71 pumol CO, m~2 s~ ! under
the high tunnel and from 4.75 to 7.42 umol CO, m~2 s~ under the
hail net on both measuring days. High tunnel measurements are sim-
ilar to those on a hot day in July 2020, while Pn under the hail net
exhibited noticeably lower values on that day (2.49 xmol CO, m~2
s~1). However, in plants under the hail net, the change occurred
faster.

In 2021, a significant difference between protected environments
was found only in Ci on the first measuring day, while other mea-
sured parameters did not significantly differ between the high tunnel
and the hail net (Table S1). In 2020, at the same measuring time
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(12.00 p.m.), significance was detected in gs, E, Pn, and Ci on Septem-
ber 2 (Fig. 4).

On August 6, 2021, comparable daily variation in VPDI, leaf tem-
perature, and PPFD was found under both protected environments
(Fig. 7). However, a more noticeable difference was observed in PPFD
between the high tunnel and the hail net, while the other two
observed parameters mostly coincide, with minor fluctuations. In E,
great variation was observed between the high tunnel and the hail

Table 1

Substrate water content (VWC) and temperature under the high tunnel and the hail
net on two different days, each with different weather conditions, in 2020 (29 July—
hot/sunny; September 2—moderate warm/sunny) and 2021 (August 6—hot/sunny

with transient early afternoon cloudiness; August 12—hot/sunny).

2020 Location VWC (%) Substrate temperature (°C)

July 29 High tunnel 27.31+0.42 323+15
Hail net 25.93 +£0.75 282+ 14
p ok ok

September 2 High tunnel 28.23 +£0.42 212+13
Hail net 25.77 £0.15 179+0.7
p ok ok

2021

August 6 High tunnel 25.52 +0.68 26.7+1.8
Hail net 2954+ 143 216+1.2
P ok .

August 12 High tunnel 25.16 +0.64 334+£1.0
Hail net 30.16 £ 1.93 29.14+03
P sk sk

Data are mean values + standard error from 7.00 a.m. to 7.00 p.m. Significant differ-
ences were estimated using the t-test (p< 0.05).
**p < 0.01; ***p < 0.001.
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net. According to the data presented in Fig. 7, gs and Fv’'/Fm’ reached
higher values under the high tunnel for most of the day.

A trend similar to that found on August 6 was found on August 12
in all measured parameters, shown in Fig. 7.

3.5. Photosynthetic pigments and phenolics in leaves

The results for photosynthetic pigments are presented in Table S2
and S3 and Fig. 8. The foliar photosynthetic pigment concentrations
significantly differed between protected environments and measur-
ing times. On both measuring days, the B-carotene/total chlorophylls
ratio remained the same during the day under the high tunnel, while
it significantly increased from 12.00 p.m. to 7.00 p.m. under the hail
net on August 6. Consequently, a significant difference was found
between both protected environments at 7.00 p.m. on the first day of
measurements. On August 12, significance in B-carotene/total chloro-
phylls ratio between high tunnel and hail net was determined
throughout the day. A similar daily variation was detected between
the VAZ/total chlorophylls ratio and VAZ on August 6, where signifi-
cant differences were measured between both treatments and at all
measuring times, with significantly the highest values under the high
tunnel and at 12.00 p.m. On the contrary, on the second measuring
day at 12.00 p.m., VAZ/total chlorophylls ratio reached significantly
higher values under the hail net, while no significance was detected
regarding VAZ. Total chlorophylls did not significantly change during
the daytime under individual treatments; however, significance was
detected at 7.00 a.m. and 12.00 p.m. between the high tunnel and the
hail net on August 6 and no significance was determined on August
12. The AZ/VAZ ratio and the zeaxanthin content significantly
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Table 2

Midday stem water potential (W) under the high tunnel and the hail net on two dif-
ferent days, each with different weather conditions, in 2020 (July 29—hot/sunny;
September 2—moderate warm/sunny) and 2021 (August 6—hot/sunny with transient
early afternoon cloudiness; August 12—hot/sunny) and aboveground biomass
growth in 2020 and 2021.

2020 Location WV (MPa) Aboveground biomass (dm?)

July 29 High tunnel -0.97 £0.12 713 +216
Hail net —-0.81 £0.05 59.3 +14.2
p o NS

September 2 High tunnel -0.77 £0.13 713 £21.6
Hail net —0.71£0.05 59.3 +14.2
P NS NS

2021

August 6 High tunnel —0.63 + 0.04 75.1+173
Hail net —0.64 + 0.06 393+84
P NS Kok

August 12 High tunnel —0.75 £ 0.06 751+£173
Hail net —-0.67 & 0.06 393 +84
p ok Kok

Data are mean values + standard error of 10 replicates. Significant differences were
estimated using the t-test (p< 0.05).
**p <0.01; ***p < 0.001.

increased under the high tunnel and the hail net, reaching the highest
values at 12.00 p.m. on both days of measurements. However, in AZ/
VAZ, significance between protected environments was detected
only at 7.00 a.m. on the first, and at 12.00 p.m. on the second measur-
ing day, while significance in zeaxanthin content was found at
12.00 p.m.

Fig. 9 represents the groups of phenolics found in blueberry
leaves, and Table S4 and S5 present the statistical analysis of individ-
ual phenolics. No significant increase or decrease in individual groups
of phenolics was detected during the daytime on both measuring
days. Some exceptions were found among individual phenolics, but
these differences did not significantly contribute to the overall group
content. On the other hand, significance was observed between the
high tunnel and the hail net at all three measuring times. In August 6,
significantly higher levels of phenolic acids, flavonols, and total phe-
nolics were measured in leaves from plants under the hail net. On the
contrary, a higher flavan-3-ol content was measured under the high
tunnel. Most individual phenolics correspond to the overall group
content. Some exceptions were found, such as the phenolic acids 5-
galloylquinic acid, p-coumaroylquinic acid, and di-caffeoylquinic acid
2, the flavan-3-ol procyanidin dimer 1, and, among the flavonols,
myricetin  derivatives, quercetin-3-O-glucoside, quercetin-3-0-
malonyl hexoside, isorhamnetin derivatives, and syringetin-3-0-glu-
coside.

A trend similar to that found on August 6 was found on August 12
in the differences in the content of groups of phenolics (Fig. 9) and
individual phenolics (Tables S4 and S5) between the high tunnel and
the hail net. However, a pronounced difference between both of
these days was found in flavan-3-ols content, where significantly
higher concentrations were measured on the hot and sunny day
(August 12) under the hail net.

4. Discussion

To date, only a few studies on the physiological status of blueberry
plants under modified microclimates in natural conditions have been
conducted (Retamal-Salgado et al.,, 2015). In the present study, higher
temperatures led to a significantly warmer substrate and a lower rel-
ative humidity under the high tunnel, when compared with the hail
net, which is in accordance with previously reported results (Li and
Bi, 2019; Ogden and van lersel, 2009; Smrke et al., 2021). Higher tem-
peratures and consequently lower relative humidity values under the
high tunnels result from passive solar radiation and restricted natural
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ventilation (Lamont, 2009; Ogden et al., 2011). Lower PPFD was also
detected under the high tunnel, with the most pronounced differen-
ces found on clear, sunny days. Substrate water content differed
between the high tunnel and the hail net in both years, despite irriga-
tion and constant water fluctuation monitoring.

It is already known that growing blueberries under a high tunnel
does not negatively affect aboveground biomass development. Grow-
ing under a high tunnel prolongs the growing period before leaf
senescence and brings forth bud swelling, which could explain the
higher growth rates in 2021 (Ciordia et al., 2002; Retamal-Salgado et
al., 2015). Blueberries originate from shady locations, so the exposure
of plants to full sun could cause radiation stress. Transparent polypro-
pylene foil, by which the high tunnel was covered, reduced the PPFD
that would have otherwise reached the plants and cause plant stress,
thus allowing for undisturbed growth (Smrke et al.,, 2021). Spring
frost occurred in 2021, which affected plant aboveground biomass
development under the hail net.

In recent years, more sunny days with temperatures over 35 °C
have been occurring during the growing period (Houston et al.,
2018), and this temperature can be additionally increased by high
tunnels (Retamal-Salgado et al., 2015; Smrke et al., 2021). During the
hot and sunny weather on July 29, 2020, leaf temperatures did not
differ between protected environments, probably due to the signifi-
cantly higher transpiration (E) measured under the high tunnel,
which cooled the plants and brought the temperature of the leaves
closer to those under the hail net (Hao et al., 2019). At the same time,
the high temperatures and low relative humidity substantially
increased the VPDI (1.5 kPa to 3.5 kPa) during the day at both sites
and therefore decreased the gs (Hao et al., 2019; Retamal-Salgado et
al., 2015; Zheng et al., 2017). The latter two parameters are strongly
correlated, since a higher stomatal conductance indicates a higher
gas exchange between the leaf and the atmosphere, which includes
CO, assimilation and transpiration (Hao et al., 2019). This is also evi-
dent from our results, where both parameters under the high tunnel
were higher in the morning (Fig. 4; Retamal-Salgado et al., 2015). We
can relate this response to soil water content, which was, despite the
fact that pots were irrigated in both treatments, slightly lower under
the hail net than under the high tunnel (Table 1). On the other hand,
we could not confirm this relation with water potential (V') measure-
ments (Table 2).

A significant reduction in stomatal conductivity was detected
from morning until noon under the high tunnel, while no significant
change was detected in transpiration. This could be a strategy
employed by plants to survive changed and possibly stressful grow-
ing conditions (Ben-Asher et al., 2008; Zheng et al., 2017).

A higher stomatal conductance in plants grown under the high
tunnel contributed to higher transpiration and enabled higher photo-
synthetic rates (Pn). Under saturating light, Pn was higher in high
tunnel plants in the morning and at midday, while both treatments,
at the end of the day, when evaporative demand was still very high,
had a similar Pn level, the lowest in a 12 h period.

Measurements on September 2, 2020, showed that stomatal con-
ductance, transpiration, and net photosynthesis increased from
morning to noon, and significant differences emerged in the same
way as in July. As opposed to July, however, a significantly higher
intercellular CO, concentration was measured in leaves under the
high tunnel (Fig. 4). This suggests that a higher leaf gas exchange pro-
vided the plants with sufficient CO, for optimal carbon assimilation.
This was most likely strongly influenced by the air temperature, since
the optimal temperature for CO, intake in ‘Duke’ is approximately
32 °C(Zheng et al., 2017), while the air temperature during measure-
ments did not exceed 30 °C.

In 2021, when Pn measurements were conducted only at noon, no
significant differences in stomatal conductance, transpiration, or Pn
were observed between the plants from different environments,
probably due to a higher data variability (Table S1). However, linear
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Fig. 4. VPD|, leaf temperature, gs, E, Pn, Ci, and WUE measurements under the high tunnel and the hail net at 7.00 a.m., 12.00 p.m., and 5.00 p.m., on two different days, each with
different weather conditions, in 2020 (July 29—hot/sunny, September 2—moderate warm/sunny).

Data are mean values =+ standard error of 10 replicates. Significant differences between measuring times within individual protected environments were estimated using the
LSD test (#, p < 0.05; ##,p < 0.01; ###,p < 0.01; NS, not significant) and between protected environments within individual measuring times using the t-test (*,p < 0.05; NS, not

significant).

analysis showed a negative correlation between stomatal conduc-
tance and VPDI and between plant photosynthesis and VPDI (Ferlan
et al., 2016; Retamal-Salgado et al., 2015). The drop in those parame-
ters occurred faster under the hail net (Fig. 6), indicating a greater
responsiveness in those plants to changed growing conditions, due to
the greater variation in PPFD and relative humidity (Li and Bi, 2019;
Retamal-Salgado et al., 2015). A noticeable, similar drop in Fv’/Fm’
measurements on both sites was observed during the 12 h measure-
ments (Fig. 7), suggesting that monitoring chlorophyll fluorescence,
together with xanthophyll cycle pigment concentrations and their
ratios (violaxanthin, antheraxanthin, and zeaxanthin), is a valid
method of indicating changed microclimatic or even stressful condi-
tions (Chen et al, 2012). On August 6, a transient light decrease

occurred in the afternoon, and this reduced PPFD, leaf temperature,
and VPDI and increased Fv'[Fm’, indicating the quick responsiveness
of PS II to environmental changes (Chen et al., 2012; Maxwell and
Johnson, 2000). In addition, higher zeaxanthin and VAZ concentra-
tions measured under the high tunnel (Table S2) indicate an elevated
elimination of excess energy (i.e., heat) from the photosynthesis
apparatus (Sircelj, 2008; Vosnjak et al., 2021), thus enabling plants to
survive under stressful conditions caused by higher air temperatures.
Among xanthophyll cycle pigments, an increase in zeaxanthin,
together with violaxanthin de-epoxidation, plays a crucial role in
protecting the photosynthesis apparatus from heat damage. Transfor-
mation from violaxanthin to zeaxanthin occurs in a matter of sec-
onds, while a reverse reaction can require a range from several
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minutes to several hours (Sircelj, 2008). For the same reason xantho-
phyll cycle pigments, from 12.00 p.m. to 7.00 p.m., did not fully
return to the initial conditions they were in the morning. Fast reac-
tions in the xantophyll cycle are associated with the resistance of
plants to stress, which was additionally confirmed by a positive cor-
relation between increasing air temperature, PPFD, zeaxanthin con-
tent, and consequently VAZ and the AZ/VAZ ratio in leaves (Depka et
al., 1998). Increased VAZ is the first defense of plants against stressful
conditions (Fernandez-Marin et al., 2018; Yin et al., 2010), while AZ/
VAZ expresses the ability to dissipate excess solar energy as heat, in
order to protect PS Il from photoinhibition (Yin et al., 2010).
Phenolics are known for their protective role in plants; however,
the synthesis of individual phenolics is elevated under UV radiation
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(Jakopic et al., 2009; Smrke et al., 2021). The content of flavonols was
on both measuring days higher under the hail net, while the highest
flavan-3-ols contents differed between August 6 and August 12. This
suggests a specific anti UV-radiation activity of flavonols (Fig. 9, Table
S4) (Jakopic et al., 2009). Interestingly, no significant variation in indi-
vidual groups of phenolics was found on a daily level within individ-
ual protected environments. Plants have to adapt to changed and
possibly stressful microclimatic conditions where they grow, and the
accumulation of phenolic compounds in leaves is considered an
adaptation of plants on these conditions (Naikoo et al., 2019; Pereira,
2016). According to these results, we can conclude that light quantity
was probably a crucial factor, altering phenolic accumulation in
‘Duke’ leaves (Naikoo et al., 2019).



T. Smrke, D. Vodnik, R. Veberic et al.

F'/Fm’

=
L
(=]

100

E (mmol H20
m2s7)

L
=}

South African Journal of Botany 160 (2023) 260—-272

©
£
2
a o
o E
(=9
o
o 40 _
e
@
£
o
B2
B
@
(=N
E
al
3z ]
s
B
@ 10 -
5 - -
_ 4
g 3
>
2
1
0 T 1 T 1
7.00 13.00 15.00 7.00 13.00 15.00
Hour Hour
August 6 August 12
Hightunnel ==== Hailnet

Fig. 7. VPD], leaf temperature, PPFD, E, gs, and Fv’/Fm’ measurements under the high tunnel and the hail net from 7.00 a.m. to 7.00 p.m. on two different days, each with different
weather conditions, in 2021 (August 6—hot/sunny with transient early afternoon cloudiness; August 12—hot/sunny).

A greater divergence in Fv'/Fm’ between the high tunnel and the
hail net was observed on the second measuring day (August 12),
when higher values were detected in plants under the high tunnel
(Fig. 7). That day was sunny and warm from the morning onwards,
while August 6 was still foggy until 9.20 a.m. For that reason, the
plants under the hail net had to export excess solar energy through
chlorophyll fluorescence already in the morning, when the values
were close to 1000 zmol m 2 s~ !, while these values were approxi-
mately half as low under the high tunnel (Chen et al., 2012; Maxwell
and Johnson, 2000). Moreover, the difference in PPFD between both
protected environments decreased, and so did the difference in Fv’/
Fm'. These results cannot be correlated with substrate water content
and W, since significant higher values were measured under the hail
net, despite irrigation. Interestingly, zeaxanthin content was higher
under the hail net at 12.00 p.m., and this is probably a result of the
progressive increase in PPFD from the early morning onwards (Table
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S3). The plants can adapt to slowly progressing stressful conditions
by enhanced carotenoids synthesis, including B-carotene and xan-
thophyll cycle pigments (Sircelj et al., 2007).

A protected environment alters microclimatic conditions by sur-
rounding the plants but can sometimes cause plant stress (Li and Bi,
2019; Retamal-Salgado et al., 2015). This is reflected in concentra-
tions of chloroplast pigments and their ratios (Asanica et al., 2017;
Vosnjak et al., 2021). In our leaf samples, neoxanthin and lutein,
which are structural pigments, significantly differed between the
high tunnel and the hail net on August 6, 2021 (Table S2). Their con-
tent is usually unchanged; however, if a decrease occurs, it is at the
expense of elevated f-carotene due to chemical transformations
(Saini et al., 2015), which was confirmed by our results. Total chloro-
phyll content (chlorophyll a + b) was significantly higher in leaves
under the high tunnel, which is probably associated with the lower
radiation energy reaching the plants. Plants often adapt to low light
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Fig. 8. S-carotene/total chlorophylls, VAZ/total chlorophylls, and AZ/VAZ ratios, together with total chlorophylls, VAZ, and zeaxanthin concentrations in blueberry leaves collected

from plants under the high tunnel and the hail net at 7.00 a.m., 12.00 p.m. and 7.00 p.m. on August 6 and August 12, 2021.
Data are mean values =+ standard error of 4 replicates. Significant differences between measuring times within individual protected environments were estimated using the LSD
test (#,p < 0.05; ##,p < 0.01; ###,p < 0.001; NS, not significant) and between protected environments within individual measuring times using the t-test (*,p < 0.05; **,p < 0.01;

*** p < 0.001; NS, not significant).

intensities in order to, by increasing their chlorophyll content in their
leaves, capture more solar energy (Johnson et al., 2005). The chloro-
phyll a/b ratio usually varies between 2.2 (shade) and 4.2 (sun)
(Fernandez-Marin et al., 2018). These values can be reached under
high amounts of light or elevated stressful conditions, which, in our
experiment, occurred during the 12 h interval only under the high
tunnel, indicating that those environmental conditions caused plant
stress (Camejo et al., 2005).

The total chlorophylls and the chlorophyll a/b ratio did not
differ between plants from different protected environments on
August 12 (Table S3), probably due to the higher variability of
the results and the equally irradiated leaf samples, respectively.
However, like August 6, an increase in the chlorophyll a/b ratio
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was again found during the daytime measurements—this time on
both sites. When stress is severe, VAZ needs help in dissipating
excess energy, which is provided by B-carotene. This is evident
from an elevated S-carotene/total chlorophylls ratio (Fernandez-
Marin et al, 2018), which, in this study, was significantly
increased in plant leaves on August 12 under the hail net, where
a higher PPFD was measured.

5. Conclusions
Growing blueberry plants under protected environments, such

as high tunnels, alters the microclimatic conditions surrounding
the plants. Differences in those conditions between the high
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Fig. 9. Phenolic acids, flavan-3-ols, flavonols, and total phenolics in blueberry leaves collected from plants under the high tunnel and the hail net at 7.00 a.m., 12.00 p.m. and 7.00 p.

m. on August 6 and August 12, 2021.

Data are mean values =+ standard error of 4 replicates. Significant differences between measuring times within individual protected environments were estimated using the LSD
test (p< 0.05) and between protected environments within individual measuring times using the t-test (p< 0.05).

*p < 0.05; **,p < 0.01; ***p < 0.001; NS, not significant.

tunnel and the hail net were most prominent on hot and sunny
days, when plants faced transient stress and responded with sto-
matal closure and photoprotective mechanisms. No pronounced
difference was detected in the leaf physiological processes of
high-tunnel- or hail-net-grown plants. However, the amplitude
and dynamics of the measured physiological traits differed
slightly between the two sites depending on the specific microcli-
matic conditions. Despite the fact that leaf-level measurements
did not reveal chronic stress in blueberries in the high tunnel, we
cannot recommend the use of this protected environment for
production under climatic conditions similar to those typical of
the geographic region studied. More detailed growth analyses
should be conducted to examine the possible effects of lower DLI
in the high tunnel on the carbon balance of the plant. In this con-
text, the issue of increased soil temperature and possible negative
effects on roots should also be considered.
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