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Basil suffers from chilling injury (CI) when stored at temperatures below 10–12 ◦ C which seems related to the
imbalance between reactive oxygen species (ROS) and antioxidants. We hypothesized that increased light in
tensity applied shortly before harvest (EOP, End-Of-Production) increases nutritional value i.e. carbohydrates
and antioxidants and could improve the chilling tolerance. Two basil cultivars were grown in a vertical farming
set-up at a light intensity of 150 µmol m− 2 s− 1. During the last 5 days of growth, EOP light treatments ranging
from 50 to 600 µmol m− 2 s− 1 were applied. After harvest the leaves were stored at 4 or 12 ◦ C in darkness. Higher
EOP light intensity increased the antioxidant (total ascorbic acid, rosmarinic acid) and carbohydrate contents at
harvest. During storage antioxidants decreased more rapidly at 4 than at 12 ◦ C. However, increased EOP light
intensity did not alleviate chilling symptoms suggesting a minor role of antioxidants studied against chilling
stress.

1. Introduction
The term chilling injury (CI) is used to describe physiological dis
orders in plants or plant products due to exposure to low-temperatures
above the freezing temperature. In plants and plant products of sub
tropical and tropical origin CI may occur following exposure to tem
peratures below 10–12 ◦ C (Lyons, 1973). Basil (Ocimum basilicum L.) is a
herb of tropical origin and when it is exposed to chilling temperatures
brown spots develop in the interveinal areas after which black necrotic
lesions appear. Furthermore, CI causes a loss of glossy appearance and
premature wilting (Lange & Cameron, 1994). The severity of the chilling
injury depends on the duration and temperature during growth or
storage. During prolonged storage under chilling temperatures basil
finally may develop soft rot from fungal and bacterial attack. Often fresh
basil is transported together with other herbs and leafy vegetables that
greatly benefit from temperatures down to 0 ◦ C. Such transport and
storage conditions, however, are unfavorable for basil leading to severe
losses.
CI negatively affect the integrity and functioning of the cell

membranes (Sharom, Willemot, & Thompson, 1994). Under chilling
conditions, parts of the membrane lipid bilayer may change from a
flexible liquid phase into a solid gel phase leading to loss of semi
permeability evidenced by increased ion leakage (Raison & Orr, 1986).
The most sensitive organelle in the plant to chilling is the chloroplast
(Kratsch & Wise, 2000) and chlorophyll fluorescence has been used as a
tool to determine the severity of CI. Plants suffering from chilling injury
show a decrease in the maximum quantum yield of photosystem II
(PSII), quantified by the Fv/Fm value of dark adapted leaves. Chilling
injury appears heterogeneously on the leaves and therefore chlorophyll
fluorescence imaging is particularly useful to estimate the severity of the
injury on the whole leaf (Hogewoning & Harbinson, 2007). Further
more, a decrease in Fv/Fm has been linked to an increase in ion leakage
and an increase in reactive oxygen species (ROS) (Kasajima, 2017).
ROS are products of the aerobic metabolism; major sites to produce
ROS in the cell are the chloroplasts and mitochondria but they also occur
in peroxisome and apoplast (Hasanuzzaman et al., 2020). ROS are
constantly formed and exist at low levels during normal growth condi
tions but counteracted by the plants antioxidant capacity. ROS such as
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hydrogen peroxide (H2O2) at low intracellular concentrations can be
beneficial to the plant were it acts as a signal molecule regulating
essential plant processes e.g. senescence and growth and development
(Das & Roychoudhury, 2014). At low concentrations ROS also signals to
upregulate defense responses. However, under abiotic stresses such as
drought, high light and chilling temperatures excessive formation of
ROS may occur and the redox homeostasis is disturbed, which can be
detrimental to the plant. ROS are produced from different pathways
such as photorespiration and mitochondrial respiration (Mittler, 2002).
High levels of ROS cause damage to DNA, lipids and proteins. When ROS
react with the unsaturated fatty acids, peroxidation of the membrane
lipids occurs and this may cause changes in membrane fluidity and semipermeability leading to increased ion leakage, cell death and desiccation
(Ahmad, Sarwat, & Sharma, 2008). To counteract the damaging cascade
of ROS, both enzymatic and non-enzymatic antioxidants can come into
play. The enzymatic antioxidants include superoxide dismutase (SOD),
ascorbate peroxide (APX), catalase (CAT), guaicol peroxidase (GPX),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reduc
tase (DHAR) and glutathione reductase (GR) (Gill & Tuteja, 2010). Nonenzymatic antioxidants that scavenge ROS include ascorbic acid,
reduced glutathione (GHS), α-tocopherol, carotenoids, phenolic com
pounds and proline (Das & Roychoudhury, 2014; Hasanuzzaman et al.,
2020). Of the non-enzymatic antioxidants ascorbic acid is one of the
most abundant water soluble antioxidants mainly present in the leaves
(Smirnoff, Conklin, & Loewus, 2001). Plants belonging to the Lamiaceae
family are also rich in phenolic acids such as rosmarinic acid and other
esters of caffeic acid. Particularly rosmarinic acid is present in high
concentrations in basil (Kwee & Niemeyer, 2011). Rosmarinic acid has
been found to have a strong ROS scavenging activity (Qiao et al., 2005).
An increase in antioxidants would be beneficial for the plant to minimize
the damaging effect of excessive production of ROS during chilling
stresses (Oh, Trick, & Rajashekar, 2009).
One way to minimize CI would be to increase the antioxidant content
either pre-harvest or postharvest. In fruit, postharvest treatments with
application of e.g. polyamines (Koushesh Saba, Arzani, & Barzegar,
2012) have been successful in reducing CI and increasing antioxidants.
The use of chemicals postharvest is becoming more and more restricted
and a non-chemical approach is desirable. Antioxidant content in leaves
can be increased through an increase in light intensity during growth.
Both, ascorbic acid in leaves (Fukunaga, Fujikawa, & Esaka, 2010) and
enzymatic antioxidants (Burritt & Mackenzie, 2003) can be increased by
high light. In lettuce the shelf life and nutritional status were improved
by increasing the light intensity before harvest (Min, Marcelis, Nicole, &
Woltering, 2021). The extended shelf life was associated with an in
crease in ascorbic acid and carbohydrates. Furthermore, light can also
increase other secondary metabolites important for quality such as
volatile organic compounds (Gouinguené & Turlings, 2002). To opti
mize plant quality and increase the content of secondary metabolites it
has been proposed to focus on the lighting strategy in the last days of
cultivation (SharathKumar, Heuvelink, & Marcelis, 2020). End-OfProduction (EOP) light treatments represent a non-invasive and nonchemical technique to improve postharvest quality and shelf life of
fresh products. In the present study we tested the hypothesis that
increased light intensity applied 5 days before harvest would increase
antioxidants such as ascorbic acid and rosmarinic acid in basil.
Furthermore, we hypothesized that an increase in antioxidants would
improve the chilling tolerance in fresh basil leaves.

plastic. Plants were sown in stone wool trays with 240 plugs (Grodan
Rockwool B.V., The Netherlands) with one seed per plug. After 15 days
the morphologically most similar plants were selected and transplanted
to 7.5 × 7.5 × 6.5 cm stone wool blocks (Grodan Rockwool B.V., The
Netherlands) with one plug per stone wool block. Cultivars were grown
in different compartments to maintain similar light intensities. Plants
were grown under red-white light from Light Emitting Diodes (LEDs)
(Green Power LED research module, Philips, the Netherlands) with an
intensity of 150 ± 5 μmol m− 2 s− 1 at top of the canopy with a day length
of 18 h. Throughout the plant growth the light spectrum and photope
riod was kept the same. The light spectra consisted of 9 % blue
(400–500 nm) 19 % green (500–600 nm) and 70 % red (600–700 nm)
and 1 % far-red (700–800 nm) light. The light intensity was regularly
measured with a quantum sensor (LI-190SB quantum sensor, LI-1400
112 Datalogger, LI-COR Bioscience, Lincoln, USA) to adjust the height
of the light frames throughout the cultivation. The spectral intensity for
every compartment was measured with a spectroradiometer (USB2000
spectrometer, Ocean Optics, Duiven, 110 Netherlands). The day/night
temperature was kept at 25 ◦ C, the relative humidity was set at 75 % and
CO2 was kept at ambient concentrations. Relative humidity and tem
perature in each light treatment compartment were recorded with
keytag dataloggers (KTL-508, Keytag, the Netherlands) with deviations
within 10 % and 1 ◦ C from the set points. To maintain air temperature
around 25 ◦ C fans were installed in high light treatments above the
lamps blowing out of the individual compartments. Plants were kept
well-watered through an ebb and flood system based on plant needs and
growth stage. For the first three weeks of the growth, plants were
watered once every second day for 10 min and after that once every day
for 10 min. High light treatments were given an extra round of watering
when needed. Plants were watered with a nutrient solution consisting of
NO3– 8.5 mM, SO42- 1.5 mM, HCO3– 1.5 mM, HPO42- 1.5 mM, NH4+ 1.5
mM, K+ 5.5 mM, Ca2+ 4.0 mM, Mg2+ 1.5 mM, Cl- 0.2 mM, Fe3+/Fe2+ 30
µM, Mn2+ 5 µM, Zn2+ 5 µM, H2BO3- 35 µM, Cu+/Cu2+ 1 µM, MoO42- 1
µM nutrition of pH 5.7 with EC 1.7 dS m− 1 before transplanting and with
and EC of 2.3 dS m− 1 after transplanting. Fifteen days after transplanting
the plants were exposed to 5 days of End-Of-Production light treatments
of 50, 150, 300 or 600 μmol m− 2 s− 1 in different compartments. The
experiment was carried out three times for each cultivar and each time
the treatments were randomized over the compartments. Each time the
experiment was repeated was considered a block in the further analysis.
The same experiments were employed by Larsen et al. (2020) to
analyze the effects of the light treatments on plant growth and
morphology, including plant height, leaf area fresh and dry mass at
harvest .
2.2. Postharvest storage and sampling
Plants were harvested 35 days after sowing. At harvest three leaf
pairs (excluding the oldest pair and youngest underdeveloped pair) were
taken per plant and stored in plastic boxes (16 × 11 × 6 cm) with leaves
from two plants per box. To maintain a high humidity in the boxes two
pieces of wetted filter paper were placed on the bottom of the boxes.
After that a smaller piece of plastic was placed on top of the wet filter
paper to avoid direct contact between the leaves and the wet filter paper.
The leaves from the two plants were separated in the boxes by a piece of
plastic. Furthermore, the transparent plastic lids with 9 holes made by a
1 mm syringe needle to prevent the built up of CO2 or ethylene in the
boxes. Boxes were randomly placed in darkness at a chilling and nonchilling temperature, 4 and 12 ◦ C, respectively. In commercial prac
tice basil is often transported with other vegetables and herbs at tem
peratures below 5 ◦ C. Temperature and relative humidity in the boxes
were logged with keytag dataloggers (KTL-508, Keytag, the
Netherlands). The fresh mass of the leaves were determined at harvest.
Measurements and sampling were conducted on day 0 (at harvest)
and 3, 6, 9 and 12 days after harvest. On each sampling day two post
harvest storage boxes (i.e. each with leaves from two plants per block

2. Materials and methods
2.1. Plant growth
Basil plants (Ocimum basilicum L.) of cvs. Emily and Dolly (Enza
Zaden, NL) were grown in a climate chamber in a vertical farming set-up
with compartments osf w 0. 8 × l 1.3 × h 1 m and a planting density of
123 plants m− 2. The compartments were separated by white reflective
2
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per light treatment) were sampled. During sampling the fresh mass of
leaves was measured to determine water loss. Furthermore an overall
visual quality score was given to the leaves per sampled plant and
maximum quantum yield of PSII (Fv/Fm) was measured. Afterwards the
leaves were snap frozen in liquid nitrogen, ground with an IKA-A 11
basic analytical mill (im-lab, Belgium) and stored at − 80 ◦ C for further
metabolic analysis.

2.6. Total ascorbic acid
Vitamin C is defined as total ascorbic acid (TAsA). TAsA is the sum of
ascorbic acid (AsA) and dehydroascorbic acid (DHA). TAsA is a major
antioxidant group in leafy vegetables (Min et al., 2021). AsA was
extracted from 200 mg frozen ground basil tissue with 1 mL of 3.3 %
meta-phosphoric acid (MPA) in an ultrasonic bath at 0 ◦ C for 10 min in
darkness. Samples were centrifuged at 21.100 RCF (Sorvall Legend
Micro 21R, Thermo Fisher Scientific) at 4 ◦ C for 10 min. The supernatant
was filtered through a 0.45 µm cellulose filter into an amber HPLC vial
for analysis of ascorbic acid. For total AsA analysis 100 μl of the filtered
extract was transferred to another HPLC vial and 50 µl of 5 mM
dithiothreitol in 400 mM Tris base was added. The vials were kept in the
darkness at room temperature to convert DHA to AsA. After 15 min the
reaction was stopped by adding 50 μl 8.5 % o-phosphoric acid. AsA was
quantified using a HPLC consisting of a GS50 pump (Dionex), a 340S
UV–VIS detector (Dionex) and a MIDAS autosampler (Spark Holland)
equipped with a ProntoSIL 120–3 C18 AQ, 250x3mm column (Knauer).
The column was eluted with 400 uL L-1 H3PO4 + 2.5 mL L-1 MeOH + 0.1
mM EDTA in H2O followed by a wash step with 30 % acetonitrile in H2O
at a flow rate of 0.35 mL min− 1 at 35 ◦ C. AsA was detected at 243 nm.
Chromeleon 6.4 (Thermo Fisher Scientific) was used for data analysis.
The system was calibrated with standard AsA solution prepared in 3.3 %
MPA. The TAsA amount was calculated as the sum of the AsA directly
measured and the AsA measured following conversion from DHA. Data
was expressed on the base of dry weight as mg g− 1 DW.

2.3. PSII efficiency Fv/Fm
The Fv/Fm ratio characterizes the maximum quantum yield of the
primary photochemical reactions or PSII in dark adapted leaves. For this
measurement, per stored box: one leaf from the upper leaf-pair and one
leaf from the middle leaf pair were measured. Leaves were dark adapted
at room temperature for 20 min and chlorophyll fluorescence was
measured using a PSI closed Fluorcam 800-C chlorophyll fluorescence
imaging system (PSI, Czech Republic). Fluorcam software Version 7 was
used to operate the fluorcam and analyze the obtained images, following
the method of (Hogewoning & Harbinson, 2007). The efficiency of
chlorophyll fluorescence was determined by measuring Fv/Fm ratios.
Briefly, Fo, the minimal fluorescence yield, was measured with light
flashes of < 0.5 µmol m− 2 s− 1 light after which a saturating light pulse
(2500 µmol m− 2 s− 1) was given to produce the image for Fm, the
maximal fluorescence. The software determined an Fv/Fm image as the
(Fm-Fo)/Fm from the respective images of Fo and Fm.

2.7. Carbohydrates, total soluble sugars and starch

2.4. Overall visual quality

Carbohydrates were extracted from 300 mg frozen ground basil tis
sue with 5 mL of 85 % ethanol for 20 min at 80 ◦ C in a shaking water
bath. Subsequently the extracts were centrifuged for 5 min at 8500 RCF
(Universal 320R, Hettich). One milliliter of supernatant was put into a 2
mL reaction tube and dried using a vacuum centrifuge (Savant SpeedVac
SPD2010, Thermo Fisher Scientific) at 50 ◦ C and 5.1 mbar for 120 min.
The pellet with remaining supernatant was stored for starch determi
nation at − 20 ◦ C.
The dried samples were re-suspended in 2 mL of 0.01 N hydrochloric
acid followed 10 min in an ultrasonic water bath. The samples were
centrifuged for 5 min at 21.100 RCF (Sorvall Legend Micro 21R, Thermo
Fisher Scientific).
To remove amino acids and other amino compounds from the sample
solution these compounds were trapped on a SPE column (UCT CLEANUP BCX columns, 100 mg/1mL), eluted with 0.01 N hydrochloric acid.
After 10 times dilution of the samples, glucose, fructose and sucrose
were quantified using High Performance Anion Exchange Chromatog
raphy with Pulsed Amperometric Detection (HPAEC-PAD; Dionex
ICS5000, Thermo Fisher Scientific), equipped with a CarboPac PA1
column (250x2 mm) eluted with 100 mM NaOH at a flow rate of 0.25
mL min− 1 at 25 ◦ C. Chromeleon 7.1 (Thermo Fisher Scientific) was used
for data analysis.
The stored pellet was used for starch determination. After washing
three times with 80 % ethanol the pellet was dried for 20 min in a
vacuum centrifuge at 50 ◦ C and 5.1 mbar. The dried pellet was resus
pended in 2 mL 1 g L-1 thermostable alpha-amylase (SERVA Electro
phoresis GmbH) in Milli-Q water and incubated for 30 min at 90 ◦ C.
Then 1 mL of 0.5 g L-1 amyloglucosidase (Sigma 10115) in 50 mM citrate
buffer (pH 4.6) was added and samples were incubated at 60 ◦ C for 15
min. After centrifuging at 21.100 RCF for 5 min and 20–50 times dilu
tion with Milli-Q water glucose was quantified using HPEAC-PAD as
described above. Data was expressed on the base of dry weight as mg g− 1
DW.

Overall visual quality (OVQ) was evaluated using a scoring system
based on visual symptoms related to chilling injury and symptoms
appearing at non-chilling temperatures. Based on visual symptoms a
score was given between 1 and 8, where 1 was the worst and 8 the best.
The score 5 was set as limit for consumer acceptance, indicating the end
of shelf life. Symptoms which reduced the score included dark spots,
greenness, fungal appearance, degree of crispness, degree of wilting, leaf
shininess and presence of characteristic curved leaf shape (Table S1).
2.5. Rosmarinic acid and chicoric acid
Phenolic acids were extracted at room temperature from 250 ± 20
mg frozen ground basil tissue with 1.5 mL of 80 % methanol with 2.5 %
formic acid. Samples were further extracted for 15 min in an ultrasonic
bath. Samples were centrifuged at 10,000 RCF for 15 min at 4 ◦ C
(Universal 320R, Hettich). The supernatant was filtered through a 0.45
µm cellulose syringe filter into a HPLC vial. Rosmarinic acid and chicoric
acid were analyzed according to the method of Kwee and Niemeyer
(2011), with modifications, on a HPLC consisting of a GS50 pump
(Dionex), a 340S UV–VIS detector (Dionex) and a MIDAS autosampler
(Spark Holland) equipped with a LiChrospher 100 RP-18 (5 μm), 150 ×
4 mm column (Merck). The column was eluted at a flow rate of 1.6 mL
min− 1 with 2.5 % formic acid in H2O (mobile phase A) and acetonitrile
(mobile phase B) with a linear gradient of: 85 % A, 0.0 min.; 75 % A, 6.0
min.; 0 % A, 8.5 min.. Detection of analytes was at 330 nm. Chromeleon
6.4 (Thermo Fisher Scientific) was used for data analysis. Calibration
curves were prepared with authentic standards (Extrasynthese) ranging
from 0 to 500 mg L-1. Individual phenolic acids concentrations were
quantified by integration of peak areas and compared to the calibration
curves. A conversion factor for each sample was made to convert to dry
weight from fresh weight; 100 ± 20 mg of fresh material for each sample
were weighed into an reaction tube and vacuum dried for 120 min in a
vacuum centrifuge (Savant SpeedVac SPD2010, Thermo Fisher Scienti
fic) at 50 ◦ C and 5.1 mbar. Data was expressed on the base of dry weight
as mg g− 1 DW.

2.8. Hydrogen peroxide
For determination of hydrogen peroxide (H2O2) 0.1 g of frozen
3
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ground basil tissue was weighed in an 10 mL tube. To the tissue 0.4 mL
of 0.1 % TCA, 0.4 mL potassium phosphate buffer (pH 7.6) and 0.8 mL of
potassium iodide were added. The samples were thoroughly shaken and
incubated for 10 min at 4 ◦ C and centrifuged for 15 min at 15,000 G.
Samples were transferred to UV-cuvettes and the absorbance was
measured at a wavelength of λ = 350 nm against the blank. A calibration
curve was prepared with H2O2 solutions with concentrations from 10 to
400 µmol L-1. Samples were measured on a spectrophotometer (Genesys
50, Thermo Fisher Scientific). Each sample was prepared in triplicate for
technical replicates. Data was expressed on the base of dry weight as mg
g− 1 DW.

µmol m−

2 − 1

s .

3.2. Changes in metabolite levels during storage at 4 and 12 ◦ C
During the postharvest storage at 4 and 12 ◦ C in darkness the two
cultivars showed a similar response of metabolites (total sugars, starch,
rosmarinic, chicoric and ascorbic acid). The changes in metabolites and
chilling injury parameters for cv. Emily are shown in Figs. 2 to 4 whereas
cv. Dolly can be found in supplementary Figs. 1 to 3.
During postharvest storage at 4 and 12 ◦ C total soluble sugars
increased over time (Fig. 2A, B) in cv. Emily. The increase in soluble
sugars was more pronounced at 12 ◦ C than at 4 ◦ C. The increase in
soluble sugars were most pronounced in leaves originating from plants
that received high light intensities. The increase in sugars reflected the
changes in starch levels. Starch was broken down during postharvest
storage and this breakdown was more pronounced at 12 than at 4 ◦ C
(Fig. 2C, D). At both storage temperatures, more starch was lost than the
gain in sugar levels, indicating that part of the sugars were respired. In
general, starch breakdown was more pronounced and sugar levels
reached higher levels in cv. Dolly (Fig. S1C,D) than in cv. Emily (Fig. 2C,
D).
Rosmarinic acid decreased over time at 4 ◦ C whereas it showed a
slight increase at 12 ◦ C storage till day 3 after which the level was stable
(Fig. 3A,B). The pattern for chicoric acid during postharvest storage was
similar to that of rosmarinic acid, with a decrease at 4 ◦ C storage
(Fig. 3C). Total ascorbic acid strongly decreased over time in 4 ◦ C
(Fig. 3E). In 12 ◦ C the decrease was less severe. Besides the effect of the
storage temperature, the starting levels of the metabolites at harvest
strongly influenced the postharvest pattern; a higher level at harvest a
higher level at any time during the postharvest storage.

2.9. Statistical and set up and analysis
The experiment was carried out in a complete randomized block
design. Each light treatment was done in a separate compartment con
taining plants of either cv. Emily or Dolly. The border plants were not
used in the analysis. The complete experiment was carried out 3 times (3
blocks). At harvest, 4 plants of each treatment were sampled for
chemical analyses. The remaining plants were prepared for postharvest
storage. The leaves from 2 plants, were packed in one plastic box (as
described above) and the boxes were stored at 4 and 12 ◦ C. At each
postharvest sampling point, 2 boxes (leaves from 4 plants) per cultivar
and light treatment were removed from the storage for visual observa
tion and chemical analyses (4 replicate plants). An average value of each
block was used as one replicate for statistical analysis. For the chemical
analysis the leaves from 4 plants were analyzed as a pooled sample.
All data was analyzed with Genstat (VSN International, 19th Edi
tion). For all parameters the assumptions of homogeneity and normality
of the residuals were tested with Bartlett’s test and Shapiro-Wilk test
respectively. If data did not follow the assumption it was transformed
with the natural logarithm. Subsequently data was analyzed by a oneway ANOVA for each time point and individual storage temperature.
The statistical tests were all conducted at a probability level of α = 0.05
with the posthoc test Fishers protected LSD. Furthermore, it was tested
with the ANOVA if a polynomial model could explain the effect of the
EOP treatment on the tested variates at harvest. Significance of the
linear or quadratic component were used as proof of treatment having a
significant effect (and additionally if this effect was linear or quadratic).
Based on the result of the ANOVA a linear or quadratic trendline was
added in Excel (Excel, Microsoft Pro Plus 2019). The correlation matrix
of metabolites at harvest was created in in R-4.0.2 (http://www.R-pro
ject.org/) using the packages corrplot.

3.3. Chilling injury response to EOP light treatments
CI during postharvest storage was measured with chlorophyll fluo
rescence imaging (Fig. 4A,B). Both cvs. showed similar patterns of Fv/
Fm. In leaves stored at 12 ◦ C, Fv/Fm showed no change during most of the
experimental period, irrespective the EOP light intensity. At day 12,
leaves from the 50 µmol m− 2 s− 1 light treatment showed pronounced
senescence which resulted in a lower Fv/Fm. In leaves stored at 4 ◦ C, Fv/
Fm showed a sharp decrease over time, reaching values around 0.4 after
9 days of storage. In general there were no clear effects of the pre-harvest
light intensity on the decrease of Fv/Fm. The only exception was in cv.
Emily, where the 50 µmol m− 2 s− 1 pre-harvest light treatment per
formed worse than the other light treatments.
In both cultivars, OVQ of leaves stored at 12 ◦ C was lowest for the
EOP treatment with lowest light intensity (50 µmol m− 2 s− 1) (Fig. 4D,
Fig. S3D). In 4 ◦ C, the 50 µmol m− 2 s− 1 light treatment for cv. Emily had
lower scores than the other light treatments whereas for cv. Dolly OVQ
of leaves from the 600 µmol m− 2 s− 1 light treatment first fell below the
consumer acceptance limit compared to other treatments (Fig. 4C, Fig
S3C). This was due to rapid development of dark spots on the leaves.
At 4 ◦ C, H2O2 decreased over time (Fig. 4E); in cv. Emily and to some
extent in cv. Dolly (Fig. S3E) the decrease was more pronounced in
leaves derived from plants grown at lower light intensities. At 12 ◦ C
H2O2 maintained a constant level in both cvs (Fig. 4F, Fig S3F). For cv.
Emily the lowest H2O2 content was found in leaves from the 50 µmol
m − 2 s− 1 .
The shelf life at 4 ◦ C, as derived from the OVQ curves (OVQ score
until 5), did not show a positive correlation with metabolite content in
neither cv. Emily or cv. Dolly (Fig. 5A,B). Shelf life was negatively
correlated with chicoric acid in cv. Emily and with total soluble sugars
and rosmarinic acid in cv. Dolly. The shelf life at 12 ◦ C, was positively
correlated with starch and total ascorbic acid in cv. Emily and cv. Dolly.

3. Results
3.1. Levels of metabolites at harvest
The levels of soluble sugars (glucose, fructose and sucrose) at harvest
in cvs Emily and Dolly (Fig. 1A) increased linearly with increasing EOP
light intensity. Starch increased quadratically with light intensity for cv.
Dolly whereas it increased linearly for cv. Emily (Fig. 1B). The level of
starch was 1 to 20 times higher than the level of sugars. In cv. Dolly
starch levels at harvest were about two fold higher than in cv. Emily at
the corresponding light intensities. There were no differences between
the two cultivars in the levels of total soluble sugars at harvest regardless
of light intensity.
In both cultivars rosmarinic acid linearly increased with increasing
EOP light intensity (Fig. 1C). With respect to chicoric acid (Fig. 1D) cv.
Emily did not respond to increased light intensity, whereas the chicoric
acid level in cv. Dolly dropped after 300 µmol m− 2 s− 1. For both cultivars
total ascorbic acid (Fig. 1E) increased in response to increasing EOP light
intensities up to 300 µmol m− 2 s− 1 with no further increase at 600 µmol
m− 2 s− 1 i.e. indicating a saturation response⋅H2O2 (Fig. 1F) decreased
with increasing light intensity for cv. Emily whereas for cv. Dolly an
optimum response was found; with a low content of H2O2 at 50 and 600
4
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Fig. 1. Contents of total soluble sugar (sum of glucose, fructose and sucrose) (A), starch (B), rosmarinic acid (C), chicoric acid (D), total ascorbic acid (E) hydrogen
peroxide (F) expressed per g DW in leaves of cvs. Emily (closed symbols) and Dolly (open symbols) at harvest in response to different light intensities applied as 5
days End-Of-Production (EOP) treatment. Data are means of 3 blocks (n = 3) with 4 replicate plants per block. Error bars represent standard errors of means, when
lager than symbols. For significant linear or quadratic effects of light intensity, trendlines and the respective p-values (α = 0.05) are depicted.
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Fig. 2. Content of total soluble sugar (sum of glucose, fructose and sucrose) and starch expressed per g DW in leaves of cv. Emily in response to different light
intensities applied as 5 days End-Of-Production (EOP) treatment and stored in darkness at 4 ◦ C and 12 ◦ C for 12 days. Total soluble sugars at 4 ◦ C and12 ◦ C (A,B) ,
starch at 4 ◦ C and 12 ◦ C (C,D). Data are means of 3 blocks (n = 3) with 4 replicate plants per block. Error bars represent standard errors of means, when lager than
symbols. Significance differences between EOP treatment per time point (α = 0.05) with p-values; p < 0.05 *, p < 0.01 **, p < 0.001 *** are depicted. Pairwise
comparison for each cultivar of light intensity in different temperatures and days can be found in Table S2.

4. Discussion

two most abundant phenolic acids in basil (Lee & Scagel, 2009) and they
are both synthesized from the phenylpropanoid pathway (Lee & Scagel,
2013; Petersen et al., 2009). However, we found that responses of these
two compounds to light intensity differ. Light spectrum has been re
ported to have an effect on rosmarinic acid biosynthesis (Taulavuori,
Hyöky, Oksanen, Taulavuori, & Julkunen-Tiitto, 2016), whereas no re
ports are available regarding the effect of light intensity. In red lettuce,
chicoric acid content was not affected by light intensities ranging from
225 to 410 µmol m− 2 s− 1 applied for two weeks (Becker, Kläring, Kroh,
& Krumbein, 2013).
Kwee and Niemeyer (2011) found that the ratio of rosmarinic acid
and chicoric acid is cultivar-dependent in basil. The exact enzymes
involved in chicoric acid biosynthesis have not yet been determined (Lee
& Scagel, 2013). Our results indicate a possible competition between the
rosmarinic and chicoric acid production where rosmarinic acid gained
most of the available carbon, indicating that their ratio can change with
changing growth conditions.
In our experiment light intensity up to 300 µmol m− 2 s− 1 increased
the content of total ascorbic acid (TAsA) at harvest (Fig. 1E) which
corresponds to several studies determining that light is important for

4.1. Higher light intensity at End-Of-Production increases the content of
primary and secondary metabolites at harvest
High light can increase photosynthesis which in turn may increase
the content of carbohydrates such as soluble sugars and starch. Here we
showed that a short period of increased light intensity applied as five day
End-Of-Production treatments indeed increased the total soluble sugar
content and starch (Fig. 1A, B) in basil at harvest. In addition, high light
increased the antioxidant content. Such an improvement in nutritional
status is in line with results from Woltering and Witkowska (2016), Zhou
et al., (2012), and Min et al. (2021) in lettuce who found that an increase
in EOP light levels improved nutritional quality (i.e. soluble sugars, total
ascorbic acid and enzymatic antioxidants). Arnold et al. (2004) found a
positive correlation between carbohydrate content and the phenolic
compounds in hybrid poplar leaves. Similarly, with the increase in
carbohydrates with increasing EOP light intensity we found a concom
itant increase in rosmarinic acid (Fig. 1C, Fig. 5 A,B) whereas chicoric
acid was not affected (Fig. 1D). Rosmarinic acid and chicoric acid are the
6
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Fig. 3. Content of rosmarinic acid, chicoric acid and ascorbic acid expressed per g DW in leaves of cv. Emily in response to different light intensities applied as 5 days
End-Of-Production (EOP) treatment and stored in darkness at 4 ◦ C and 12 ◦ C for 12 days and stored in darkness at 4 ◦ C and 12 ◦ C for 12 days. Rosmarinic acid at 4 ◦ C
and 12 ◦ C (A,B), chicoric acid at 4 ◦ C and 12 ◦ C (C,D), total ascorbic acid at 4 ◦ C and 12 ◦ C (E,F). Data are means of 3 blocks (n = 3) with 4 replicate plants per block.
Error bars represent standard errors of means, when lager than symbols. Significance differences between EOP treatment per time point (α = 0.05) with p-values; p <
0.05 *, p < 0.01 **, p < 0.001 *** are depicted. Pairwise comparison for each cultivar of light intensity in different temperatures and days can be found in Table S3.
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Fig. 4. Maximum quantum yield of PSII of dark adapted leaves (Fv/Fm) in leaves of cv. Emily in response to different light intensities applied as 5 days End-OfProduction (EOP) treatment and stored in darkness at 4 ◦ C and 12 ◦ C for 12 days (A,B), overall visual quality during storage in darkness at 4 ◦ C and 12 ◦ C (C,
D) and content of H2O2 during storage in darkness at 4 ◦ C and 12 ◦ C expressed per g DW in leaves (E,F). Data are means of 3 blocks (n = 3) each with 4 replicate
plants. Error bars represent standard errors of means, when lager than symbols. Significance differences between EOP treatment per time point (α = 0.05) with pvalues; p < 0.05 *, p < 0.01 **, p < 0.001 *** are depicted. Pairwise comparison for each cultivar of light intensity in different temperatures and days can be found
in Table S4.
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Fig. 5. The correlation matrix of me
tabolites at harvest in response to
different light intensities applied as 5
days End-Of-Production (EOP) and shelf
life during storage in darkness at 4 ◦ C
and 12 ◦ C for cv. Emily (A) and for cv.
Dolly (B). Colored squares indicates a
significant correlation coefficient (α =
0.05) and either a positive (blue) or a
negative (red) correlation between two
variables. (For interpretation of the ref
erences to colour in this figure legend,
the reader is referred to the web version
of this article.)

accumulation of ascorbic acid (Bartoli et al., 2006; Min et al., 2021). The
effect of light intensity on TAsA accumulation might be due to the higher
availability of substrate (total soluble sugars) for biosynthesis of TAsA,
or mediated by the photosynthesis associated plastoquinone redox sta
tus (Ntagkas, Woltering, & Marcelis, 2018). Furthermore, increased
light intensity may also induce increased ROS production and this may
indirectly induce the production of antioxidants such as TAsA or
phenolic compounds.

general view that chilling symptoms are accompanied by excess gener
ation of ROS (Das & Roychoudhury, 2014), H2O2 markedly decreased
during 4 ◦ C storage.
A decrease in H2O2 during low temperature storage may indicate
that chilling tolerance was improved. However, in our case the lowest
Fv/Fm values and overall visual quality at 4 ◦ C correlated with the lowest
H2O2 values for the low light treatment (50 µmol m− 2 s− 1). Thus, other
species of ROS such as super oxide (O2–) (Asada, 1999) may play a
dominant role in causing extensive membrane damage, which resulted
in low Fv/Fm and overall visual quality values (Fig. 4A, S3A) in basil.
The overall visual quality and shelf life during storage at 4 ◦ C were
reduced compared to 12 ◦ C due to the development of dark spots on the
leaves, a typical symptom of chilling injury in basil (Fratianni et al.,
2017). The black spots might be formed by oxidation of phenolic com
pounds via peroxidases (PODs) or polyphenol oxidase (PPO) (Wong
sheree et al., 2009). Thus, a high content of phenolic compounds with
increasing light intensity such as rosmarinic acid could potentially result
in more pronounced black spots during chilling. Increasing the phenolic
content to a certain extent may be optimal for extending shelf life in
basil. Although both the carbohydrate and antioxidant levels were
greatly increased by high light before harvest, the shelf life at low
temperature storage (4 ◦ C) was not positively correlated with these
metabolites (Fig. 5 A,B). At 12 ◦ C, the only metabolite which showed a
consistent (positive) relation to shelf life was TAsA. This is in line with
findings in lettuce where shelf life in plants from different lighting re
gimes was positively related to TAsA contents (Min et al., 2021).
Although chilling symptoms were not reduced by EOP light treatments,
our results showed that a short period of high light is an effective way to
improve the nutritional value (carbohydrates, TAsA, antioxidants) of
basil.

4.2. Shelf life is not extended by the increased levels of primary and
secondary metabolites
During postharvest storage starch was converted into sugars pre
sumably to provide substrate for respiration. The breakdown of starch
occurred faster at 12 ◦ C than at 4 ◦ C, resulting in a higher soluble sugar
content at 12 ◦ C (Fig. 2C,D). Similar to our results, Costa et al. (2013)
found that starch degraded in basil during six days of storage in darkness
at 20 ◦ C leading to an increase in soluble sugars. Generally, the meta
bolic rate is lower when plants are stored in the cold (Fratianni et al.,
2017) which in our case led to a lower starch conversion for leaves
stored at 4 ◦ C than at 12 ◦ C. The higher content of sugars and starch at
harvest due to the EOP light treatments resulted in higher levels during
postharvest storage in both storage temperatures (Fig. 2).
During storage, antioxidants (rosmarinic acid, chicoric acid and total
ascorbic acid) (Fig. 3, Fig. S2) steadily decreased over time, in both cvs
Emily and Dolly. However, the relative differences in level of antioxi
dants at harvest between EOP light treatments remained (i.e. higher
antioxidant levels at higher intensity of EOP light). The rapid decrease of
antioxidants at 4 ◦ C may be related to a high ROS scavenging activity
(Hasanuzzaman et al., 2020; Qiao et al., 2005). Enzymatic antioxidants
such as superoxide dismutase (SOD) and ascorbate oxidase (AO) have
also been found to increase with high light up to 300 µmol m− 2 s− 1 (Ali,
Hahn, & Paek, 2005).
Although high light increases the content of desired antioxidants, it
may also cause some adverse effects on plant fitness; such as increasing
the content of lipoxygenase (LOX), malondialdehyde (MDA) and ROS
signifying damage to cell membranes (Ali et al., 2005). A high activity of
LOX has been suggested to cause an increase in chilling susceptibility of
basil (Wongsheree, Ketsa, & van Doorn, 2009) which also resulted in
lower Fv/Fm values (Pongprasert & Srilaong, 2007). Furthermore, high
light may increase the ROS content, such as H2O2 (Foyer & Noctor,
2003). We did not find an increase in H2O2 with higher EOP light in
tensity (Fig. 1. F) or during exposure to low temperature (4 ◦ C) (Fig. 4E,
S3E). The high light intensity (600 µmol m− 2 s− 1) was anticipated to
have the highest H2O2 content at harvest. However, the EOP light
treatment was applied for five days and during that time antioxidants
could have come into play. In contrast to our expectations, and the

5. Conclusion
In line with our hypothesis increased End-Of-Production (EOP) light
intensity applied 5 days before harvest can increase the content of total
soluble sugars, starch, rosmarinic acid, total ascorbic acid at harvest in
basil. The higher content of metabolites at harvest is maintained during
the postharvest storage at both 4 and 12 ◦ C. The application of EOP light
can be beneficial to improve the nutritional value of basil. The higher
content of non-enzymatic antioxidants such as rosmarinic acid and total
ascorbic acid did not increase chilling tolerance in basil. During cold
storage the levels of antioxidants rapidly decreased, suggesting an
interaction with ROS. However, no relation between the levels of anti
oxidants and H2O2 were observed. An improved nutritional value (car
bohydrates, TAsA, antioxidants) at harvest was not sufficient to alleviate
chilling injury in basil. This rejects our hypothesis that increased anti
oxidants improves chilling tolerance in fresh basil leaves.
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