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doina.clapa@usamvcluj.ro

2 Institute of Life Sciences, University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca,
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Abstract: In vitro culture has become a dependable approach for the mass production of plant
material as the market for innovative plant-derived medicinal approaches has grown significantly.
Furthermore, because it permits manipulation of biosynthetic routes to boost the production and
accumulation of certain compounds, this technology has enormous potential for the manufacture of
natural bioactive chemicals. As a result, the goal of this study was to develop an efficient micropropa-
gation system for biomass production and to investigate the accumulation of bioactive compounds
from Vaccinium corymbosum L., Duke and Hortblue Petite cultivars. Two in vitro plant tissue culture
systems were used for shoots production: a solid medium (5 g/L Plant agar) and liquid medium
(Plantform bioreactor). The culture medium used was Woddy Plant Medium (WPM) supplemented
with two growth regulators: 0.5 mg/L and 1 mg/L zeatina (Z) and 5 mg/L N6-(2-Isopentenyl)
adenine (2iP). The content of phenolic compounds, carotenoids, and chlorophylls of the in vitro
shoot extracts were examined via the HPLC-DAD-MS/MS technique. The results showed that cv.
Hortblue Petite produced a higher amount of biomass compared with cv. Duke, on all variants of
culture media in both systems (solid and liquid), while the shoots extract of the Duke variety in
the liquid culture system (under all concentrations of growth regulators) had the highest content
of total phenolic compounds (16,665.61 ± 424.93 µg/g). In the case of the lipophilic compounds
analysed (chlorophylls and carotenoids), the solid medium reported the highest values, whereas
media supplemented with 0.5 mg/L Z was proved to have the richest total content for both cultivars.

Keywords: bioreactor; highbush blueberry; in vitro; phenolic compounds; HPLC-DAD-MS/MS

1. Introduction

In the last decade, the production of secondary metabolites from medicinal plants,
also known as Plant-Derived Medicinal Compounds (PDMC), has gained attention. Horti-
cultural plants can be considered as important, sustainable, and low-cost biomass sources
for obtaining high-complex PDMCs for use as medicines as information about their phar-
macological qualities increases [1–3]. Biotechnological techniques, including plant cell
and tissue culture and plant genetic transformation, are increasingly being used in vitro to
manufacture high-quality and uncommon PDMC [4,5]. Vaccinium corymbosum (blueberry)
is a deciduous shrub plant belonging to the Ericaceae family. Blueberry fruits and plant
tissue have long been recognised for their many health benefits due to their chemical
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composition, which includes compounds such as polyphenols, vitamin C, dietary fibres
and minerals. In traditional medicine, blueberry plants were used to treat diseases such as
the common cold, inflammation, diabetes, and ocular dysfunction [6] or premature aging
and anaemia [7]. Nowadays, both the fruits and tissues of several Vaccinum sp., such as
V. corymbosum, V. angustifolium and V. myrtillus, are consumed as food supplements, phar-
maceuticals, food natural additives and cosmetics [1,2,8]. Due to the significant amount
of phenolics, flavonols and anthocyanins in blueberries, plant tissue extracts showed ex-
cellent biological potential in terms of antibacterial [9], anticancer [10] and antioxidant
activity [4–6]. The antioxidant properties of the supplements were shown to significantly
reduce the severity of viral infections [11]. Furthermore, phenolic and flavonoid com-
pounds are not equally spread in all the plant tissues or organs, and compared with fruits,
leaves of different Vaccinium sp. contain higher levels of phenolic compounds and lower
levels of anthocyanins [12]. Studies have shown that the main phenolic compounds found
in the plant tissues and that are responsible for the biologically significant potential of
Vaccinium sp. are chlorogenic acid, quercetin, caffeic acid, proanthocyanidins, catechin and
epicatechin [13–17].

Plant metabolites can be isolated from naturally grown plants, however, due to en-
vironmental limits, as seasonal restrictions, particular soil selection or growth conditions,
the commercial production is limited [18]. Traditional methods take a long time since the
plant needs several years to mature and attain the necessary level of metabolite production.
Therefore, plant tissue cultures were used as an important tool for the continuous produc-
tion of active compounds in addition to traditional methods [19]. Plant tissue cultures
offer a number of advantages over conventional plants cultivation methods: independence
from geographical and seasonal variations, year-round production, relatively short growth
cycles, mass propagation of a uniform, high quality plant material and lack of use of
pesticides and herbicides [20,21].

Different groups of metabolites have been examined in the biomass of shoots, roots or
calluses grown in vitro in several plant species such as: shoot cultures of Ruta graveolens [22],
a biomass of shoots and differentiating callus culture of Schisandra chinensis [23], the shoots
and roots of Eryngium planum [24], biomass from Aronia melanocarpa shoots and callus
cultures [25], the leaves and roots of Rehmannia glutinosa [26], leaves of micropropagated
plants of Lycium schweinfurthii [27], leaves of Kaempferia parviflora from in vitro cultured
plantlets [28], tissue cultures of six genotypes of Deschampsia Antarctica [29], biomass of
in vitro shoots and roots of Eryngium species (E. campestre, E. maritimum, E. planum) [30] or
leaves from micropropagated plantlets of Passiflora setacea cv BRS Pérola do Cerrado [31].

Therefore, numerous studies showed that micropropagation protocols have been
developed for hundreds of plant species, including highbush blueberries [12]. Some of
them reveal that V. corimbossum has proven to be an exceptionally suitable species for
in vitro cultures [12,32–36]. Previous findings [32,37–39] show that the most commonly
used culture media for blueberries are Woody Plant Medium (WPM) [40], Murashige and
Skoog medium (MS) [41] and Anderson’s Rhododendron medium (AN) [42]. Several
studies have been performed investigating the effect of different cytokines on the efficacy of
shoot propagation, and the most effective in the micropropagation of highbush blueberry
proved to be zeatin (Z) and 2-isopentenyladenine (2iP) [32,37,43–45]. Usually, the culture
media for highbush blueberry micropropagation are solidified with agar, but the most recent
progress in blueberry micropropagation has been the use of bioreactor systems with liquid
media for shoot proliferation. Explants can be cultivated in liquid media in a temporary
immersion system (TIS), where the gaseous exchange is not hampered and explants can
efficiently utilise nutrients. However, because in vitro shoots are often particularly sensitive
to liquid media, vitrification can be detected. This problem can be prevented by exposing
the explant to liquid and air in the vessel alternately. Furthermore, liquid culture techniques
allow for media replenishment without the need to change containers, which might shorten
the culture duration. As liquid culture systems are less labour intensive and require less
time for sub-culturing, they can help overcome this cost barrier [35].
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In vitro culture has become a dependable approach for the mass production of plant
material as the market for innovative plant-derived medicinal approaches has grown sig-
nificantly. Therefore, the present study was aimed to develop an efficient micropropagation
system to produce biomass used for the production of important bioactive compounds from
V. corymbosum L., Duke and Hortblue Petite cultivars, as alternative bioactive resources.
Two in vitro plant tissue culture systems (solid and liquid media) and also two cytokines (Z
and 2iP) in different concentrations (0.5 mg/L, 1 mg/L, 5 mg/L) were used to obtain shoots
for biomass production rich in secondary metabolites. Furthermore, using the HPLC-DAD-
MS/MS technique, the total contents of phenolic compounds, carotenoids and chlorophylls
of in vitro shoot extracts were examined. The comparisons among the highbush blueberry
cultivars under different in vitro culture systems aimed to evaluate the changes in the
polyphenolic, carotenoid and chlorophyll composition and content. The significance of the
present study supports the finding of alternative sources of health-related compounds for
the medical and pharmaceutical sectors by the production of a rich secondary metabolites
profile of in vitro-propagated Vaccinium corymbosum plants. Since it permits the manipula-
tion of biosynthetic routes to boost the production and accumulation of certain compounds,
this technology has enormous potential for the manufacture of natural bioactive chemicals.

2. Materials and Methods
2.1. Shoot Proliferation and Biomass Production in Solid and TIS Culture Systems

In this study, two commercial varieties of highbush blueberry (V. corymbosum L.), Duke
and Hortblue Petite, were used. The explants used for this experiment were excised from
the in vitro culture of highbush blueberry (12 weeks old) which had been cultured on WPM
with 100 mg/L Sequestrene 138, 1 mg/L zeatina (Z), 3% (w/v) sugar, 4 g/L Plant agar, pH
5, according to the protocol of Clapa et al. [46].

For the proliferation of shoots and the production of biomass, two in vitro culture
systems were used: solid and liquid (TIS). For solid media, 720 mL jars were used as
culture vessels, which were 9 cm in diameter and 13.5 cm high with screw caps, and 100 mL
media/jar. TIS culture systems used Plantform bioreactors [23], with a volume of 500 mL
media/bioreactor. The immersion time was one at four hours lasting for 1 min and aeration
was once/hour lasting for 4 min, according to our previous optimised study [46]. The basal
culture medium used for both types of culture systems (solid and TIS) had the same compo-
sition as that described above, but with three variations of growth regulators, 0.5 mg/L Z,
1 mg/L Z and 5 mg/L N6-(2-Isopentenyl) adenine (2iP), respectively. The culture medium
was solidified with 5 g/L Plant agar. All the components were purchased from Duchefa
Biochemie BV (Haarlem, Netherlands)

In the culture, vessels with solid media were inoculated with 10 fragments of shoots, and
in the bioreactors, were inoculated with 20 fragments of shoots, each one of 1.5–2 cm. In vitro
cultures were incubated in the growth room at 16-h photoperiod with 32.4 µmol m−2s−1

light intensity (Philips Core Pro LED tube 1200 mm 16 W 865 CG, 1600 lm Cool Daylight)
at 23 ± 3 ◦C and 50 ± 2% humidity. Both data for solid media and liquid media were
collected after 12 weeks of culture for analysis. The analysed data refer to the proliferation
rate (PR), the average length of shoots (SL) and the fresh weight (FW). The proliferation
rate represents the number of shoots obtained/initial explant and FW was calculated
shoots from 50 initial explant/cultivar/experimental treatments. Fresh shoots obtained
in vitro were subsequently used for the extraction of phenolic compounds, carotenoids
and chlorophylls.

2.2. Ultrasound-Assisted Extraction of Total Phenolic Compounds

The in vitro shoots obtained for all the variants of both cultivars and both culture
systems were dried and fine grounded. A quantity of 5 g fine powder was mixed with
5 mL 70% v/v ethanol in water. The mixture was exposed for 1 min at the vortex (Heidolph
Reax top) and 30 min in an ultrasonic bath (Elmasonic E 15 H, Elma, Singen, Germany)
at 20 ◦C. Then, the samples were centrifuged (Eppendorf Centrifuge 5804) for 10 min at



Horticulturae 2022, 8, 480 4 of 18

10,000 rotations/min. The supernatant was filtered using a nylon filter (Chromafil Xtra
PA-45/13, Macherey-Nagel, Düren, Germany) and stored at freezing temperature (−18 ◦C)
until future analysis.

2.3. Quantitative and Qualitative Analysis of Total Phenolic Compounds by HPLC-DAD-ESI-MS

Quantification and qualitative characterisation of phenolic compounds in the shoots ex-
tract were conducted by an HPLC-DAD-ESI-MS system containing an Agilent 1200 HPLC
with DAD detector, attached to an MS-detector single-quadrupole Agilent 6110 (Agi-
lent Technologies, Santa Clara, CA, USA). For separation, the Eclipse column, XDB C18
(4.6 × 150 mm, particle size 5 µm) (Agilent Technologies, Santa Clara, CA, USA), was used
at 25 ◦C. Two gradients composed of 0.1% acetic acid in distilled water (v/v) (solvent A) and
0.1% acetic acid in acetonitrile (v/v) (solvent B) were used at a flow rate of 0.5 mL/minute,
succeeding the elution programme detailed by Dulf et al. [47]. For MS fragmentation, the
ESI (+) module was used, with the following working parameters: scanning range between
100 and 1200 m/z, capillary voltage 3000 V, the temperature at 350 ◦C and with a nitrogen
debit of 8 L/min. The eluent was monitored by DAD, and the absorbance spectra, recorded
at 200–600 nm, were measured and collected constantly in the course of each run. For
analysing the data, Agilent ChemStation Software (Rev B.04.02 SP1, Palo Alto, CA, USA)
was used. Chromatograms were recorded at wavelengths of 280 and 340 nm. For the
quantitative determination of phenolic compounds, a calibration curve was performed
for each subclass: catechin calibration curve (r2 = 0.9985) for flavanols, chlorogenic acid
calibration curve (r2 = 0.9937) for hydroxycinnamic acids, and quercetin curve (r2 = 0.9951)
for the flavonol subclass.

2.4. Extraction of Carotenoid and Chlorophyll Compounds

Carotenoids and chlorophylls were extracted from the fine powder (10 g) obtained
from the shoots according to the previously described protocol [48,49]. Total carotenoids
and chlorophylls were extracted using methanol:ethyl acetate:petroleum ether (1:1:1, v/v/v).
The extraction was made under continuous stirring for 4 h in dark conditions. The extract
was washed successively with water, diethyl ether and NaCl saturated solution. The ether
phase was evaporated using a rotavapor at 35 ◦C. The obtained oleoresin was dissolved in
a known volume of ethyl acetate.

2.5. Quantitative and Qualitative Analysis of Carotenoids and Chlorophylls by HPLC-DAD-ESI-MS

HPLC analyses for separable carotenoids and chlorophylls compounds were carried
out on an Agilent 1200 system with a DAD and MS detectors (Agilent Technologies,
Santa Clara, CA, USA) using a reversed-phase EC 250/4.6 Nucleodur 300-5 C-18 with the
column of 250 × 4.6 mm, 5 µm (Macherey-Nagel, Düren, Germany) at 25 ◦C, according to
a previous validated method [50]. The mobile phase consisted of mixtures of acetonitrile:
water (9:1, v/v) with 0.25% triethylamine (A) and ethyl acetate with 0.25% triethylamine
(B). The gradient started with 90% A at 0 min to 50% A at 10 min. The percentage of A
decreased from 50% at 10 min to 10% A at 20 min. The flow rate was 1 mL/min and
the chromatograms were monitored at 450 nm. The HPLC peaks were identified using
carotenoid standards from Sigma Company, St. Louis, MO, USA.

2.6. Data Analysis

One-way analysis of variance (ANOVA) was performed for treatments within each
cultivar and for all the cultivars within all treatments to investigate whether the differences
in physiological and biochemical parameters of the in vitro plants were affected by the
presence of different in vitro culture systems and different concentrations of PGRs added to
the culture media. Post hoc testing for the ANOVAs was performed using Tukey’s honestly
significant difference test (Tukey test) using a p < 0.05 significance level to determine the
statistically significant differences between the means. Values shown (in text and figures)
are means ± SE (standard error). In addition, the parameters recorded in plants were
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correlated by heat map analysis, using the OriginPro 9.8.0.0. software (Northampton,
MA, USA).

3. Results and Discussions
3.1. Shoot Proliferation and Biomass Production (Shoots) in Solid and TIS Culture Systems

Our preliminary research [28–36] has shown that micropropagation is influenced by
the type of plant growth regulators (PGRs), culture media and plant species. The results of
the present study showed that the two in vitro culture systems (solid and liquid [Plantform
bioreactor via a TIS]), as well the two PGRs, 2iP (5 mg/L) and Z (1 mg/L Z; 0.5 mg/L),
differently influenced the proliferation rate, length of shoots and fresh weights of both
V. corymbosum cultivars (Duke and Hortblue Petite) (Figure 1).

Figure 1. In vitro propagation of V. corymbosum L. cvs Duke and Hortblue Petite: (a) Duke after
12 weeks of in vitro culture in WPM medium (McCown’s Woody Plant medium) supplied with
0.5 mg/L zeatin (Z) and gelled with 5 g L Plant agar; (b) Duke after 12 weeks of in vitro culture in
WPM medium supplied with 1 mg/L Z and gelled with 5 g/L Plant agar; (c) Duke after 12 weeks of
in vitro culture in WPM medium supplied with 5 mg/L N6-(2-Isopentenyl) adenine (2iP) and gelled
with 5 g/L Plant agar; (d) Hortblue Petite after 12 weeks of in vitro culture in WPM medium supplied
with 0.5 mg/L Z and gelled with 5 g/L Plant agar; (e) Hortblue Petite after 12 weeks of in vitro
culture in WPM medium supplied with 1 mg/L Z and gelled with 5 g/L Plant agar; (f) Hortblue
Petite after 12 weeks of in vitro culture in WPM medium supplied with 5 mg/L 2iP and gelled with
5 g/L Plant agar; (g–i) Hortblue Petite after 12 weeks of in vitro culture in WPM medium supplied
with 5 mg/L 2iP in bioreactor.

The greatest proliferation rates (PR) were recorded in the TIS as compared with the
solid media, respectively, la Hortblue Petite compared with Duke. Among PGRs, the
Z generated the highest PR values (Figure 2a). In the TIS, the Hortblue Petite variety
showed a PR up to 2.5–6 times higher for all three concentrations of growth regulators, in
comparison with the Duke variety. Thus, the 1 mg/L Z treatment stimulated the higher
PR (12.65 ± 0.97), however, this is not significantly different from the PR obtained in the
culture media supplemented with 5 mg/L 2iP (12.58 ± 1.04). Contrary, Duke had the
highest PR (3.70 ± 0.32) in the culture media supplemented with 0.5 mg/L Z. In solid
media, Hortblue Petite had again the highest PR (7.94 ± 0.25) in the medium supplemented
with 1 mg/L Z while Duke presented a PR of just 2.98 ± 0.25 (Figure 2a).
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Figure 2. Measured growth parameters in the highbush blueberry (V. corymbosum L.) cvs Duke
and Hortblue Petite after 12 weeks of in vitro culture in solid and liquid media (McCown’s Woody
Plant (WPM) medium supplied with 0.5 mg/L zeatin (Z), 1 mg/L Z and 5 mg/L N6-(2-Isopentenyl)
adenine (2iP)). (a) Proliferation rate; (b) Average length of shoots (cm); (c) Fresh weights/shoots
from 50 initial explants (mg). The values shown are means ± S.E. Different lowercase letters indicate
significant differences between the means of the same cultivar considering the three types of growth
regulators, individually for both types of medium (solid and bioreactor/liquid). Capital letters
indicate significant differences between the means of all analysed samples, according to Tukey’s HSD
test (p < 0.05).
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Similar results were obtained in our previous studies where the Duke variety had the
lowest proliferation rate (2.11 ± 0.15) compared to Hortblue Petite (8.50 ± 0.51) on agar
gelled with WPM culture medium and supplemented with 1 mg/L Z [51]. Another study
showed [44] that Duke cultivar cultured on Anderson (1980) culture medium supplemented
with 0.5 mg/L Z or 2iP generated a similar number of shoots/explant, their numbers
ranging from 2 to 4. Similar results have been reported by [52], who micropropagated
Biloxi, Sharp Blue and Brillita blueberry cultivars in TIBs, and found that the plant number
proved to be superior in blueberries propagated in TIBs compared to those propagated in
solidified media with 8 g/L agar.

Regarding shoot lengths (Figure 2b), they recorded maximum values at Hortblue
Petite on solid culture medium supplemented with 0.5 mg/L Z (3.40 ± 0.20 cm), while
Duke had the longest shoots in the TIS in the culture medium supplemented with 5 mg/L
2iP (3.07 ± 0.28 cm), in agreement with our previously reported results [34,46,51].

The fresh weight (FW) is a very important parameter in biomass research where sec-
ondary chemicals are sought. The maximum FW production in solid media was achieved
by Hortblue Petite at a concentration of 0.5 mg/L Z (5017.80 ± 8.49 mg), and the lowest
FW in the culture medium supplemented with 5 mg/L 2iP (2825.25 ± 67.71 mg). For
the Duke variety, the highest FW was obtained in the culture media supplemented with
1 mg/L Z (2957.70 ± 65.50 mg) and with 5 mg/L 2iP (2924.30 ± 54.32 mg) (insignifi-
cant differences, p < 0.05), and the lowest FW in the culture medium supplemented with
0.5 mg/L Z. In both blueberry varieties, the highest FW was obtained in the TIS, respec-
tively 5270.65 ± 63.21 mg in Hortblue Petite in a liquid culture medium supplemented
with 5 mg/L 2iP and 3144 ± 39.69 mg in Duke on a culture medium supplemented with
0.5 mg/L Z (Figure 2c).

3.2. Content of Phenolic Compounds

From our knowledge, the phenolic, carotenoid and chlorophyll content of Vaccinium
shoots generated in vitro via two different culture systems (solid and liquid) and three
growth regulators has never been investigated before. Therefore, the present study provides
important optimised conditions for the production of in vitro secondary metabolites for
the commercial V. corymbosum cultivars, Duke and Hortblue Petite.

In this study, in the shoots of the highbush blueberry (V. corymbosum L.) cvs Duke and
Hortblue Petite, after 12 weeks of in vitro culture in solid and liquid media, 11 phenolic
compounds were identified, originating from three phenolic groups: hydroxycinnamic
acids, flavonols and flavanols, whereas 10 were found in Duke shoots extracts and 11 in
Hortblue Petite leaf extracts (Table S1).

The five hydroxycinnamic acids identified were: quinic acid, neoclorogenic acid (3-
caffeoylquinic acid), chlorogenic acid (5-caffeoylquinic acid), caffeic acid and feruloylquinic
acid. Among the flavanols group, three compounds were detected: catechin, epicatechin
and epicatechin-gallate (ECG). Furthermore, in the flavonols group, three compounds were
detected also: quercetin-glucoside, kaempferol-glucoside and quercetin. These results are
not entirely similar to our previous research [2] where the findings, after analysing the
leaves from six commercial highbush blueberry varieties (Elliot, Toro, Duke, Bluecrop,
Spartan, Nelson), have shown four hydroxycinnamic acids (among which was also dicaf-
feoylquinic acid (present in the Duke cultivar) which was not identified in the present
study), six flavanol compounds (gallocatechin, catechin, epicatechin, procyanidin dimer I,
procyanidin dimer II and procyanidin trimer—only two common flavanols), six flavonols
(quercetin-rutinoside (Rutin), quercetin-glucoside, quercetin-acetyl-rhamnoside, quercetin-
arabinoside, quercetin-diglucoside and quercetin—only two common flavonols), and the
anthocyanins class represented by cyanidin-glucoside, cyanidin-arabinoside and cyanidin-
acetyl-glucoside (not identified in the leaves of the Duke variety and being in line with
present findings). The differences in the phenolic compounds identified among the extracts
coming from the (i) in vitro-derived Duke cultivar shoots and (ii) the leaves of the Duke
cultivar (naturally grown in culture with a controlled drip irrigation system and acid brown
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soil) might be explained by the different plant parts analysed (shoots vs. leaves), the
growing conditions (light, temperature, etc.) and the culture media, adjusting the hormonal
conditions (which are proved to stimulate cell expansion and division) in temporary im-
mersion bioreactors was shown to be productive for the accumulation of in vitro phenolics
in blueberries (Vaccinum corymbosum) [52] (which was proved to re-direct the biosynthesis
of phenolic compounds toward the phenylpropanoids pathway) [52,53].

The content of individual phenolic compounds in the shoot extracts of the two high-
bush blueberry varieties, for both types of culture systems and three variations of growth
regulators, expressed as µg/g sample, was detailed in Table 1.

These findings are in line with our previous studies on Vaccinium sp. [1–3]. In the case
of both cultivars, the most abundant compound for both types of culture systems and all
PGRs, was represented by the Epicatechin-gallate (ECG) belonging to the flavanols class.
The second most abundant compound was catechin within the same class of flavanols.
In the case of the Duke shoots extracts, the kaempferol-glucoside compound was not
detected, whereas quercetin registered the lowest levels for both cultivars and all media-
derived conditions (Table 1). Therefore, it can be stated that the flavonols were the poorest
represented class in the in vitro-derived highbush blueberry shoot extracts (cvs Duke and
Hortblue Petite) while the flavanol class was the best represented one. Moreover, the
anthocyanins group was not detected among any of the cultivar’s shoot extract types.

Concerning the Duke cultivar grown in solid media, among all of the phenolic com-
pounds identified, the ECG, from the flavanol group, registered the highest amount, rang-
ing from 1920.981 ± 1.73 µg/g (as the lowest level, in media adjusted with 1 mg/L Z)
to 3866.141 ± 3.86 µg/g (as the highest level, registered for the 2iP in a concentration of
5 mg/L). Interestingly, in the existing literature [3,7,54,55], chlorogenic acid was reported
to be the most abundant phenolic compound in different blueberry cultivars (fruits and
leaves, as well). Possible explanations could be derived from the differences among nat-
ural habitats and in vitro cultures (time of harvest, geographical area) and the extraction
method. The second most abundant compound was catechin (from the same flavanol
class) registering the highest concentration (2246.689 ± 8.12 µg/g) in the same condition
(5 mg/L 2iP). Epicatechin was the minor compound identified within this group, among
all of the three-growth variations of regulators, however, the maximum amount was reg-
istered again by the 2iP supplemented media. Therefore, it can be stated that on a solid
medium, the flavanol class is stimulated the most to be produced in cells of in vitro blue-
berry shoots by supplementation with 5 mg/L 2iP (in comparison to Z). Regarding the
hydroxycinnamic acids, this class was the best represented in terms of the numbers of
compounds (5) and the second as concentrations found, whereas quinic acid registered the
highest values of all three types of PGRs, with the maximum amount being in the media
supplemented with 5 mg/L 2iP. However, in the case of the other four hydroxycinnamic
acids, the maximum value was registered by the media with 0.5 mg/L Z, followed by the
media with 5 mg/L 2iP. Moreover, there were statistically significant differences (p < 0.05)
among all the three variations of PGRs for this phenolics class. The flavonol class registered
the lowest concentrations for all the three compounds, on all growth conditions, whereas
kaempferol-glucoside was totally absent on the solid media for this specific blueberry culti-
var (Duke). Quercetin registered values lower than 1.5 µg/g, whereas quercetin-glucoside
was best accumulated in media supplemented with 0.5 mg/L Z (such as in the case of most
hydroxycinnamic acids).



Horticulturae 2022, 8, 480 9 of 18

Table 1. The content of individual phenolic compounds in the shoot extracts of the two highbush blueberry (V. corymbosum) varieties cultivated in vitro, using HPLC-MS
and expressed as µg/g sample.

Sample Quinic Acid Neochlorogenic
Acid

Chloroge
Nic Acid Catechin Epicate

Chin Caffeic Acid ECG Feruroylquinic
Acid

Quercetin
Glucoside

Kaemferol
Glucoside Quercetin

DK 0.5 mg/L
Z agar 1382.466 ± 2.63 b 35.528 ± 0.34 a 300.148 ± 1.54 a 1005.697 ± 8.54 c 869.839 ± 2.01 b 371.429 ± 2.15 a 2237.107 ± 1.78 b 331.029 ± 2.88 a 176.430 ± 1.58 a 0.000 1.404 ± 0.11 a

DK 1 mg/L Z
agar 978.196 ± 3.42 c 27.499 ± 0.27 b 255.332 ± 1.38 c 1098.291 ± 8.39 b 625.820 ± 1.69 c 312.996 ± 1.51 c 1920.981 ± 1.73 c 187.467 ± 1.63 c 98.994 ±1.14 b 0.000 0.151 ± 0.01 c

DK 5 mg/L
2iP agar 1543.237 ± 4.01 a 34.533 ± 0.31 a 281.310 ± 1.41 b 2246.689 ± 8.12 a 1308.753 ± 0.52 a 332.997 ± 2.26 b 3866.141 ± 3.86 a 319.550 ± 1.88 b 93.055 ± 1.09 b 0.000 1.081 ± 0.09 b

DK 0.5 mg/L
Z TIS 2640.141 ± 1.53 a 149.138 ± 1.29 a 1020.510 ± 1.09 a 3347.069 ± 3.41 a 1721.375 ± 2.27 a 752.859 ± 3.98 a 5324.222 ± 0.53 a 1553.827 ± 2.19 c 152.952 ± 0.92 b 0.000 3.523 ± 0.29 b

DK 1 mg/L Z
TIS 2330.046 ± 1.21 b 132.169 ± 1.33 a 918.432 ± 7.81 c 2808.755 ± 3.65 b 1694.765 ± 2.13 a 438.434 ± 2.12 c 4196.936 ± 0.88 b 1652.177 ± 1.98 b 142.669 ± 0.86 b 0.000 3.028 ± 0.25 b

DK 5 mg/L
2iP TIS 2213.671 ± 1.63 c 112.085 ± 1.24 b 952.229 ± 1.14 b 2734.314 ± 3.52 b 1431.193 ± 1.87 b 524.608 ± 2.71 b 4107.055 ± 0.71 b 2050.486 ± 3.08 a 164.153 ±1.01 a 0.000 4.509 ± 0.37 a

HP 0.5 mg/L
Z agar 642.250 ± 1.99 c 93.707 ± 0.38 a 545.274 ± 1.68 a 881.729 ± 3.13 c 600.083 ± 1.51 c 413.909 ± 2.62 a 1678.137 ± 2.28 b 1051.008 ± 2.16 a 249.367 ± 0.22 b 158.447 ± 1.28 a 56.438 ± 0.31 b

HP 1 mg/L Z
agar 998.923 ± 2.45 b 47.324 ± 0.34 c 212.932 ± 0.51 b 2383.382 ± 1.39 a 1682.349 ± 3.16 b 311.495 ± 0.63 b 3185.247 ± 1.91 a 737.267 ± 1.83 c 302.407 ± 0.34 a 122.569± 1.12 b 56.768 ± 0.24 b

HP 5 mg/L
2iP agar 1300.584 ± 3.31 a 75.218 ± 0.26 b 183.185 ± 0.65 c 2188.658 ± 1.11 b 2207.689 ± 1.29 a 292.779 ± 0.49 b 3168.711 ± 2.01 a 968.351 ± 2.31 b 294.522 ± 0.31 a 103.902 ± 1.33 c 106.941 ± 0.22 a

HP 0.5 mg/L
Z TIS 842.677 ± 2.09 c 111.915 ± 1.27 a 386.031 ± 0.95 b 1655.987 ± 2.12 c 1512.319 ± 2.04 c 261.306 ± 1.01 b 2835.774 ± 1.96 c 399.163 ± 0.82 b 196.743 ± 1.14 b 41.275 ± 0.33 c 27.170 ± 0.25 a

HP 1 mg/L Z
TIS 1166.982 ± 1.39 b 119.642 ± 0.71 a 432.270 ± 0.74 a 2157.515 ± 1.85 b 1955.351 ± 1.26 a 309.360 ± 0.63 a 3455.840 ± 2.68 a 565.243 ± 1.06 a 228.391 ± 1.16 a 53.644 ± 0.32 a 4.412 ± 0.35 b

HP 5 mg/L
2iP TIS 1369.291 ± 1.21 a 75.055 ± 0.46 b 285.923 ± 1.52 c 2231.319 ± 1.36 a 1896.649 ± 1.49 b 277.908 ± 1.53 b 3213.485 ± 2.41 b 580.403 ± 1.22 a 227.659 ± 1.14 a 45.010 ± 0.31 b 4.513 ± 0.38 b

Values (expressed as mean values ± SE, µg/g, n = 3) in the same column followed by different letters (a–c) indicate significant differences (p < 0.05) between the three variations of
growth regulators, individual for each type of culture system (agar; TIS) and for each cultivar. DK—Duke; HP—Hortblue Petite; Z—zeatin; 2iP—N6-(2-Isopentenyl) adenine.
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The same Duke cultivar grown in the TIS reached between a two- and ten-times
higher phenolics concentration than on the solid media, for all three types of PGRs. For
example, ECG, the most abundant compound identified for both the solid and liquid media,
doubled its concentration on the bioreactor with zeatin, whereas on 2iP supplementation,
it had a 6.23% relative percentage increase. In the case of feruloylquinic acid, an nine-
fold increase was registered on the liquid media vs. the solid media supplemented with
1 mg/L Z (from 187.467 ± 1.63 µg/g to 1652.177 ± 1.98 µg/g). Quinic acid doubled or
tripled its amounts on zeatin growth conditions (both concentrations tested), while on
2iP-enriched media had a 43% increase vs. the solid media. Bioreactor cultures allowed for
the enhanced manipulation of both physical and chemical conditions, such as air exchange,
photosynthetic photon flux and CO2 concentration, resulting in a more efficient plant
performance during in vitro micropropagation [56–58]. In a previous study, the efficiency
of the micropropagation of blueberries in TIBs under photomixotrophic conditions was
demonstrated, whereas an increase in both the plant multiplication rate and total number
of internodes has been achieved in three commercial cultivars. According to another recent
study on micropropagated blueberries [52], the temporary immersion biorector (TIBs)
culture was explored for production of phenylpropanoids, whereas the links between the
oxidative burst (H2O2) and the phenylpropanoid pathways during plant micropropagation
in TIBs was demonstrated.

In the case of the flavanol and hydroxycinnamic (except for feruloylquinic acid)
classes, the media supplemented with 0.5 mg/L Z stimulated the highest accumulation of
compounds, whereas for the flavonol class and feruloylquinic acid, the 2iP (5 mg/L) had
the most favourable influence on their production (accumulation, synthesis).

For the Duke variety, the liquid media via the TIS represented the most suitable culture
system, whereas, together with 0.5 mg/L Z, the maximum phenolics production was
stimulated, which is in accordance with the above-mentioned studies that demonstrated
the efficacy of the TISs’ system for V. corymbosum.

Concerning the Hortblue Petite cultivar grown in solid media, among all of the pheno-
lic compounds identified, the ECG, from the flavanol group, registered the highest amount
with 1 mg/L Z (3185.247 ± 1.91 µg/g) and 5 mg/L 2iP (3168.711 ± 2.01 µg/g). The second
most abundant compound was catechin (from the same flavanol class), registering the
highest concentration (2383.38 ± 1.39 µg/g) in the same condition (1 mg/L Z), followed
closely by epicatechin with 5 mg/L 2iP (2207.68 ± 1.29 µg/g). For all these three phenolics,
the 0.5 mg/L Z condition succeeded the least to support a high production of secondary
metabolites. These results are similar with those obtained for Duke cultivar, with the
flavanol class being the best stimulated to be produced in cells of in vitro blueberry shoots
by supplementation with 5 mg/L 2iP and 1 mg/L Z. As for the Duke variety, the hydrox-
ycinnamic acids class was the best represented in terms of the number of compounds (five)
and the second as concentrations found, whereas quinic acid registered the highest values
on 1 mg/L Z and 5 mg/L 2iP PGRs, with the maximum amount in the media supplemented
with 5 mg/L 2iP (1300.584 ± 3.31 µg/g). In the media supplemented with 0.5 mg/L Z, the
feruloylquinic acid reported the highest value (1051.008 ± 2.16 µg/g). However, also in
the case of the other three hydroxycinnamic acids, the maximum value was registered by
the media with 0.5 mg/L Z, followed by the media with 5 mg/L 2iP hormone, as for the
Duke cultivar. Moreover, there were statistically significant differences (p < 0.05) among
all the three variations of PGRs for this phenolics class. Interestingly, the neoclorogenic
acid and clorogenic acid presented the lowest concentrations among phenolic acids. When
compared with the Duke cultivar, the flavonol class was better stimulated by the in vitro
culture system supported by PGRs, with concentrations for quercetin-glucoside being two
times higher than in the Duke cultivar, and in higher amounts than those of clorogenic and
neoclorogenic acids, on all growth conditions. Quercetin registered values up to 100 times
higher than its counterpart, the Duke cultivar, whereas kaemferol glucoside, absent for
Duke, reported values higher than 100 µg/g on all the three PGRs. Therefore, it can be
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stated that for the Hortblue Petite variety, the flavonol class was highly stimulated by
in vitro conditions registering important concentrations when compared to Duke.

The same Hortblue Petite cultivar grown in the TIS reached a phenolics concentration
between two and three times higher than on the solid media for all three types of PGRs,
with the exception of the flavonol class (where all the three compounds registered lower
concentrations for all the three PGRs) and two phenolic acids (caffeic acid and feruloylquinic
acid—which halved the amounts in the case of 0.5 mg/L Z). Additionally, the Duke cultivar
registered higher concentrations in the TIS for all PGRs.

For example, ECG, the most abundant compound identified for both solid and liquid
media, increased its concentration in the TIS 0.5 mg/L Z with a 68.95% relative percentage
increase, on 1 mg/L Z with a 8.48% relative percentage increase and on 5 mg/L 2iP with a
1.42% relative percentage increase. In the case of the catechin and epicatechin compounds,
the TIS supported a two-times higher concentration in the media supplemented with
0.5 mg/L Z. In the case of neoclorogenic and clorogenic acids, the media supplemented
with 1 mg/L Z had a double amount of the TIS culture when compared to solid media,
and quinic acid increased its amounts of zeatin growth conditions by 31.15% and 16.83%,
respectively, with 1 mg/L Z. In contrast to Duke, the increases were much lower for TIS vs.
the solid medium.

For the Hortblue Petite variety, the liquid media via the TIS represented the most
suitable culture system, whereas being together with 1 mg/L Z stimulated the maximum
phenolics production, which is in accordance with the results for the Duke variety where
0.5 mg/L Z supported the highest production of phenolics.

3.3. Content of Carotenoids and Chlorophylls

In Tables 2 and S2, the identification of the carotenoid and chlorophyll compounds in
the shoot extracts of the in vitro highbush blueberry varieties, and the content of individ-
ual carotenoid and chlorophyll compounds, for both types of culture systems and three
variations of PGRs, were represented.

Table 2. The content of individual carotenoid and chlorophyll compounds in the shoot extracts of the
two highbush blueberry varieties, for both types of culture systems and three variations of growth
regulators, using HPLC-MS and expressed as µg/g sample.

Sample Chlorophyll b Chlorophyll a Pheophytin b Pheophytin a Lutein Zeaxanthin βCarotene

DK 0.5 mg/L Z
agar 644.062 ± 1.86 a 1477.052 ± 4.46 a 11.911 ± 0.34 a 491.115 ± 1.09 a 188.620 ± 0.68 a 219.501 ± 1.45 a 260.840 ± 1.43 a

DK 1 mg/L Z
agar 469.433 ± 1.68 b 1067.194 ± 3.04 b 7.356 ± 0.32 c 377.915 ± 1.4 b 139.483 ± 1.25 b 163.189 ± 0.72 b 195.700 ± 0.84 b

DK 5 mg/L 2iP
agar 459.969 ± 1.24 b 1001.148 ± 3.02 c 7.684 ± 0.35 b 376.419 ± 1.17 b 121.156 ± 0.91 c 143.927 ± 0.88 c 168.881 ± 1.13 c

DK 0.5 mg/L Z
TIS 259.848 ± 1.77 b 451.440 ± 1.48 b 6.376 ± 0.3 b 305.701 ± 1.84 b 71.805 ± 0.51 b 92.652 ± 0.63 b 100.477 ± 0.71 b

DK 1 mg/L Z
TIS 238.211 ± 1.36 c 458.142 ± 1.36 b 5.319 ± 0.25 c 231.642 ± 1.23 c 63.867 ± 0.37 c 85.171 ± 0.56 c 96.221 ± 0.62 b

DK 5 mg/L 2iP
TIS 411.889 ± 1.22 a 775.069 ± 1.74 a 12.515 ± 0.44 a 543.771 ± 1.64 a 111.326 ± 1.14 a 138.635 ± 0.92 a 160.107 ± 1.1 a

HP 0.5 mg/L Z
agar 746.370 ± 1.91 a 1325.398 ± 5.32 a 22.775 ± 0.19 a 1097.240 ± 1.74 a 224.295 ± 1.68 a 256.210 ± 1.44 a 247.204 ± 1.42 a

HP 1 mg/L Z
agar 508.559 ± 1.63 b 983.638 ± 5.12 b 11.835 ± 0.46 b 584.039 ± 2.14 b 127.022 ± 1.05 b 157.510± 1.09 b 183.069 ± 1.46 b

HP 5 mg/L 2iP
agar 416.239 ± 1.37 c 810.501 ± 4.59 c 10.707 ± 0.39 b 563.313 ± 3.49 c 103.812 ± 0.73 c 131.853 ± 0.81 c 166.514± 1.31 c

HP 0.5 mg/L Z
TIS 229.551 ± 1.71 a 526.567 ± 2.36 b 6.565 ± 0.23 a 131.904 ± 0.68 b 71.208 ± 0.12 a 83.581 ± 0.11 a 89.815 ± 0.17 b

HP 1 mg/L Z TIS 205.921 ± 1.78 c 479.281 ± 2.87 c 5.776 ± 0.19 b 81.926 ± 0.17 c 64.666 ± 0.13 b 77.565 ± 0.1 b 80.958 ± 0.25 c

HP 5 mg/L 2iP
TIS 255.609 ± 1.54 b 536.385 ± 2.2 a 6.960 ± 0.21 a 140.627 ± 0.4 a 65.755 ± 0.07 b 78.300 ± 0.16 b 91.844 ± 0.28 a

Values (expressed as mean values ± SD, µg/g, n = 3) in the same column followed by different letters (a–c) indicate
significant differences (p < 0.05) between the three variations of growth regulators, individual for each type of
culture system (agar; TIS—bioreactor) and for each type of cultivar (one-way analysis of variance (ANOVA);
multiple comparison test; Tukey multiple range test (p = 0.05); GraphPad Prism Version 8.0.1, Graph Pad Software,
Inc., San Diego, CA, USA). DK—Duke; HP—Hortblue Petite; Z—zeatin; 2iP—N6-(2-Isopentenyl) adenine.



Horticulturae 2022, 8, 480 12 of 18

In the case of both cultivars, the solid media (agar) supported the highest carotenoid
and chlorophyll contents, with 0.5 mg/L Z supplementation reaching the highest values.
As in accordance with the literature, chlorophyll a was identified in the highest amount,
ranging from 1477.052 ± 4.46 µg/g (maximum value) to 451.440 ± 1.48 µg/g (lowest
value) for the Duke cultivar, and from 1325.398 ± 5.32 µg/g to 479.281 ± 2.87 µg/g for
Hortblue Petite. Chlorophyll b was found in approximately half amounts when compared
to chlorophyll a for both cultivars and all PGRs. Moreover, pheophytin b registered the
lowest quantities, precisely under 22 µg/g, for both cultivars and both types of culture
media (the lowest being approximately 5 µg/g in 1 mg/L Z TIS for both cultivars). It is
interesting to observe that pheophytin a and b were found in high amounts compared
to the plants; in general, amounts which are supported by an acidic culture media, the
same as the ones used in the present study (pH = 5). Hortblue Petite registered the highest
concentration of pheophytin a (1097.240 ± 1.74 µg/g in solid media with 0.5 mg/L Z).

Among the carotenoid class, the βCarotene compound was best represented in a
concentration of 260.840 ± 1.43 µg/g, in the Duke cultivar in solid media, being 2.5 times
higher than its counterpart in the TIS. The same trendline was observed in the Hortblue
Petite variety for this compound. Lutein was reported in the lowest quantities on all the
three PGRs, for both types of media and cultivars, with values approximately 2.5 times
lower in the TIS culture. Duke, again, reported the highest values when compared to
Hortblue Petite.

The total chlorophylls content in the highbush blueberry samples, expressed as a µg/g
sample, is illustrated in Figure 3a.

The solid medium reported the highest contents for both varieties of all PGRs, whereas
the media supplemented with 0.5 mg/L Z showed the best chlorophylls biosynthesis
(2624.13 ± 63.96 µg/g for Duke and 3191.78 ± 57.71 µg/g for Hortblue Petite). In the
TIS, Duke presented the highest chlorophylls content (1743.24 ± 80.07 µg/g) in the media
supplemented with 5 mg/L 2iP, whereas for Hortblue Petite, there were no significant
differences for the chlorophylls content among the PGRs’ variations.

The total carotenoids content was represented in Figure 3b, expressed as a µg/g
sample. Again, the solid medium reported the highest values in terms of lipophilic com-
pounds, where the media supplemented with 0.5 mg/L Z was proved the richest content
for both cultivars (668.96 ± 18.96 µg/g—Duke; and 727.71 ± 27.71 µg/g—Hortblue Pe-
tite). The TIS conditions proved having a similar trendline as for the chlorophyll com-
pounds, namely with a 2iP growth regulator enhancing the most carotenoid content in
Duke (410.06 ± 20.07 µg/g), while for Hortblue Petite, a linearity was maintained.

According to the existing literature, the chlorophylls and carotenoid content for in vitro
plant cultures seems to be more influenced by the specificity of the plant rather than by the
culture system. For example, the highest contents of chlorophyll and carotenoid in Cnidium
officinale were obtained in a semi-solid culture (0.8% (w/v) of agar), being in accordance
with our results, whereas for Fragaria × ananassa Duch, the photosynthetic pigments, Chl a
(18.2 mg·g−1 FW), Chl b (6.7 mg·g−1 FW), and the carotenoids values (4.5 mg·g−1 FW) were
the highest in the TIS culture, which is opposite to our results, while for Chrysanthemum
morifolium Ramat, there were no differences between treatments (solid vs. TIS). [Hwang].
Within the same study, it was interesting that strawberries had the highest chlorophyll
content per unit weight in the TIS system, which had the largest leaf area, while C. officinale
had the highest chlorophyll content in the plants grown in the semi-solid culture, which
had the smallest leaf area.

Regarding the phenolics values, as illustrated in Figure 3c, the TIS conditions sup-
ported the richest contents, for both varieties, on all three PGRs variations, whereas Duke
presented the highest concentration in 0.5 mg/L Z (16,665.62 ± 424.63 µg/g).
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Figure 3. Total chlorophylls content in highbush blueberry samples, expressed as µg/g sample (a).
Total carotenoids content in blueberry samples, expressed as µg/g sample (b). Total phenolics content
in blueberry samples, expressed as µg/g sample (c). Different lowercase letters indicate significant
differences between the means of the same cultivar variations of growth regulators. Capital letters
indicate significant differences between the means of all analysed samples according to Tukey’s HSD
test (p < 0.05).
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A heat map was applied to visualise the variation in the content of the 18 phenolic,
carotenoid and chlorophyll compounds in the 12-shoot samples variants (Figure 4). The
phenolic, carotenoid and chlorophyll compounds were clustered according to the Pearson
correlation coefficient. The column denotes highbush blueberry samples of two types of
culture systems, and the row denotes the individual phenolic, carotenoid and chlorophyll
compounds. A yellow box indicates that the chemical compounds’ content was lower than
the average level and a blue box indicates the chemical compounds’ content was higher
than the average level.

Figure 4. Heat map showing the content of individual phenolic, carotenoid and chlorophyll
compounds in the shoot extracts of the two highbush blueberry varieties (DK—Duke, and HP—
Hortblue Petite), on two types of culture systems (solid medium/5 g/L Plant agar and liquid
medium/Plantform bioreactor) and three variation of growth regulators (0.5 mg/L and 1 mg/L
zeatin and 5 mg/L N6-(2-Isopentenyl) adenine). A yellow box indicates the chemical compounds’
content was lower than the average level, and a blue box indicates the chemical compounds’ content
was higher than the average level.

As can be seen in Figure 4, the Hortblue Petite shoots obtained in the solid culture
system supplemented with 5 mg/L 2iP have the lowest content of chemical compounds
forming a single group, while the group with the highest content of compounds is rep-
resented by the Duke variety shoots obtained on the three environmental variants in
the liquid system. The phenolic, carotenoid and chlorophyll compounds were clustered
according to the Pearson correlation coefficient into two major groups: the first group com-
prises carotenoid and chlorophyll compounds (Pheophytin a, Pheophytin b, βCarotene,
Chlorophyll a, Zeaxanthin, Lutein, Chlorophyll b) along with three phenolic compounds
(Quercetin, Kaemferol glucoside Quercetin glucoside) and the second group, namely the
phenolic group, is composed of Quinic acid, Neochlorogenic acid, Chlorogenic acid, Cate-
chin, Epicatechin, Caffeic acid, ECG and Feruroylquinic acid.
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4. Conclusions

The results of this study show that the chemical profiles of micropropagated highbush
blueberries are influenced by the genotype, culture system and growth regulators added
in the culture media. For the Duke variety, the liquid media via the TIS with 0.5 mg/L Z
represented the most suitable culture system for the maximum production of phenolics,
while for the Hortblue Petite variety, the same liquid media via the TIS, but with 1 mg/L
Z stimulated the maximum biosynthesis of the phenolics. In the case of the lipophilic
compounds analysed (chlorophylls and carotenoids), the solid medium reported the high-
est values, where the media supplemented with 0.5 mg/L Z was proved the richest total
content for both cultivars. According to the heat map, the group with the highest content
of compounds was represented by the Duke variety shoots obtained on the three environ-
mental variants in the liquid system. Based on the present studies, we can propose an
in vitro plant tissue culture system in the liquid media in a bioreactor and also a WPM
medium supplemented with Z or 2iP (according to variety) to obtain shoots for biomass
production as a source of phenolic compounds. Shoot in vitro cultures of V. corymbosum
may be considered a valuable alternative source of biomass that is rich in valuable bioac-
tive compounds. The rich secondary metabolites profile of in vitro-propagated Vaccinium
corymbosum plants offers significant alternative sources of health-related compounds for
the medical and pharmaceutical sectors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8060480/s1, Table S1: Identification of the phenolic
compounds from the flavonoid class (flavanols, flavonols) and hydroxycinnamic acids class in the
shoot extracts of the in vitro highbush blueberry varieties; Table S2: Identification of the carotenoid
and chlorophyll compounds in the shoot extracts of the in vitro highbush blueberry varieties.
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