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Abstract: A precursor feeding strategy was used for the first time in agitated microshoot cultures of
Aronia x prunifolia. This strategy involved the addition of biogenetic precursors of simple phenolic
acids (phenylalanine, cinnamic acid, and benzoic acid) and depsides (caffeic acid) into the culture
media, with an assessment of its effect on the production of these bioactive compounds. The in vitro
cultures were maintained in Murashige-Skoog medium (1 mg/L BAP and 1 mg/L NAA). Precursors
at five concentrations (0.1, 0.5, 1.0, 5.0, and 10.0 mmol/L) were fed into the medium at the time
of culture initiation (point “0”) and independently on the 10th day of growth cycles. The contents
of 23 compounds were determined in methanolic extracts of biomass collected after 20 days of
growth cycles using an HPLC method. All extracts contained the same four depsides (chlorogenic,
neochlorogenic, rosmarinic, and cryptochlorogenic acids) and the same four simple phenolic acids
(protocatechuic, vanillic, caffeic, and syringic acids). Chlorogenic and neochlorogenic acids were
the predominant compounds in all extracts (max. 388.39 and 263.54 mg/100 g d.w.). The maximal
total contents of all compounds were confirmed after feeding with cinnamic acid (5 mmol/L, point
“0”) and caffeic acid (10 mmol/L, point “0”), which caused a 2.68-fold and 2.49-fold increase in
the contents of the estimated compounds vs. control cultures (603.03 and 558.48 mg/100 g d.w.,
respectively). The obtained results documented the efficacy of the precursor feeding strategy in
enhancing the production of bioactive compounds in agitated cultures of A. X prunifolia and suggest
a potential practical application value.

Keywords: in vitro cultures; purple aronia; phenylalanine; cinnamic acid; benzoic acid; caffeic acid;
production of depsides; production of simple phenolic acids; HPLC analysis

1. Introduction

Phenolic acids, including depsides (compounds containing two or more molecules
of phenolic acids linked by an ester bond), are a group of plant-derived polyphenol com-
pounds known for their strong antioxidant properties [1]. These antioxidant properties
are decisive for the valuable biological activity of this group of plant metabolites and their
usefulness in the prevention and treatment of various diseases of civilization, such as
stroke, myocardial infarction, metabolic diseases (e.g., obesity, diabetes, atherosclerosis),
and common neurodegenerative diseases [1-7].

Apart from these invaluable activities, phenolic acids (including depsides) show
numerous other well-documented biological activities. They have been proven to possess
anti-inflammatory, immunostimulating, hepatoprotective, as well as anticoagulant and
cytotoxic properties [2,5,8].

Molecules 2024, 29, 4622. https:/ /doi.org/10.3390/molecules29194622

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules29194622
https://doi.org/10.3390/molecules29194622
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-2079-7881
https://orcid.org/0000-0002-6351-4047
https://orcid.org/0000-0003-4887-4068
https://doi.org/10.3390/molecules29194622
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules29194622?type=check_update&version=2

Molecules 2024, 29, 4622

20f19

Plant antioxidants, including phenolic acids, are of particular interest not only to
the pharmaceutical and healthy food industries but also to the cosmetic industry. In
cosmetology, the antiaging properties of these compounds are of the greatest importance [3].
Pharmaceutical, food, and cosmetic companies are continuously searching for new natural
sources of antioxidants.

Many investigations have documented that certain groups of antioxidants can be
produced in high amounts in in vitro cultures of various plant species [9]. Our team’s
research has also demonstrated the high biosynthetic potential of plant cells cultured
in vitro to produce various groups of antioxidants with polyphenolic structures, such as
phenolic acids [10]. Currently, some cosmetic products and food supplements are produced
on a commercial scale in European countries, the USA, and Korea using plant in vitro
technology [11-13].

The aim of the present study was to propose Aronia x prunifolia in vitro cultures
as a potential new, rich source of antioxidants—simple phenolic acids and depsides.
We expected that, by applying the well-known feeding strategy with biogenetic precur-
sors used in plant biotechnology, the obtained results would have potential practical
application value.

A. x prunifolia (Marsh.) Rehd. (purple aronia) is a natural North American hybrid of
two species of the genus Aronia: A. melanocarpa (Michx.) Elliot (black aronia) and A. arbuti-
folia (L.) Pers. (red aronia), also native to North America. This hybrid is cultivated in some
European countries, including Poland, but mostly as an ornamental plant. One publication
has documented the spontaneous occurrence and dispersion of this hybrid in Poland [14].

Phytochemical studies conducted by our team on both the fruits and leaves of Aronia
plants growing in the Arboretum of the Warsaw University of Life Sciences in Rogow
(Poland) revealed high levels of various polyphenolic antioxidants: phenolic acids, antho-
cyanins, and flavonoids in the tested plant material [15].

The studies documented that fruit extracts of A. x prunifolia contained three cyanidin
glycosides (galactoside, arabinoside, and glucoside), with a total content amounting to
470 mg/100 g dry weight (d.w.). The flavonoid group was represented solely by quercetin
(44.3 mg/100 g d.w.), while among phenolic acids, chlorogenic acid (273.5 mg/100 g d.w.)
and neochlorogenic acid (212.6 mg/100 g d.w.) were predominant in the fruit extracts.
These were accompanied by smaller amounts of rosmarinic acid, protocatechuic acid, and
3,4-dihydroxyphenylacetic acid (9.2, 4.4, and 4.3 mg/100 g d.w., respectively). The to-
tal content of these compounds in fruit extracts was lower compared to leaf extracts
(503.9 vs. 1175.8 mg/100 g d.w.). The flavonoid content was also lower in fruit ex-
tracts (44.3 mg/100 g d.w.) compared to leaf extracts (786.4 mg/100 g d.w.). On the
other hand, among anthocyanins in leaf extracts, only cyanidin galactoside was identified
(1.2mg/100 g d.w.) [15].

The chemical composition of fruits from purple aronia, sourced from locations in
the United States, has also been investigated by the Department of Natural Sciences, Uni-
versity of Connecticut (USA). The studies documented the presence of several depsides—
chlorogenic and neochlorogenic acids—as well as flavonoids, anthocyanins, and proantho-
cyanidins in the fruit extracts. The main compounds identified were the above-mentioned
depsides and quercetin glycosides [16]. However, detailed professional phytochemical
studies of this plant are, however, still awaited.

The in vitro cultures of A. x prunifolia were established by our team in 2013. Since then,
our investigations have concentrated on the biosynthetic potential of callus and microshoot
cultures of A. x prunifolia (including agar stationary callus and microshoot cultures, as well
as agitated cultures of microshoots). The results have documented a high capacity of these
in vitro-cultured cells to produce phenolic acids, including depsides [17-19].

In detail, we examined the effect of several concentrations of the chosen regulators of
plant growth and development: BAP (6-benzylaminopurine) and NAA (1-naphthaleneacetic
acid) in Murashige-Skoog (MS) medium [20] on the production of phenolic acids. This
investigation was conducted both in stationary (callus and microshoot) cultures [18] and
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in agitated microshoot cultures of A. x prunifolia [17] and also assessed the impact of
monochromatic fluorescent light on the production of these compounds in stationary agar
cultures of microshoots [19].

Apart from the in vitro culture conditions tested so far by our team, many other chem-
ical, physical, and genetic factors known in plant biotechnology influence the production
of secondary metabolites in in vitro cultures [21]. Common and effective methods include
supplementing culture media with biogenetic precursors of bioactive metabolites [21]
abiotic and biotic elicitors, and genetic transformation with Rhizobium rhizogenes (earlier
Agrobacterium rhizogenes) [21,22]

Encouraged by the promising results obtained by our team using the precursor feeding
strategy—entailing the addition of biogenetic precursors of phenolic acids (phenylalanine,
cinnamic acid, and benzoic acid) and depsides (caffeic acid) to culture media in agitated
cultures of A. melanocarpa and A. arbutifolii—we decided to conduct similar experiments on
agitated microshoot cultures of A. x prunifolia [23].

Our decision was also supported by the attractive results currently obtained by
our team using precursor feeding in vitro cultures of other plant species (Ginkgo biloba,
Ruta graveolens, Hypericum perforatum cvs, and Scutellaria lateriflora) [24-27].

In currently performed by our team biotechnological investigations, A. x prunifolia
cultures were grown in an MS medium variant (containing 1 mg/L BAP and 1 mg/L NAA),
selected by our team based on earlier studies with aronia plant in vitro cultures as a suitable
“universal” production medium for microshoot cultures of black, red, and purple aronias.
This MS medium variant was supplemented with three biogenetic precursors of simple
phenolic acids—phenylalanine, cinnamic acid, and benzoic acid—and caffeic acid (as a
depside precursor) at two time points (initial culture and on the 10th day of culture). Each
precursor was tested at five concentrations (0.1, 0.5, 1.0, 5.0, and 10.0 mmol/L). The results
of these extensive experimental studies are presented below.

2. Results
2.1. Unfed Control Cultures

The 20-day growth of A. x prunifolia shoot cultures resulted in a 6.34-fold increase in
dry biomass (Table 1, Figure 1). Analysis of methanolic extracts from the biomass revealed
the presence of a total of eight phenolic acids: four depsides (chlorogenic, neochloro-
genic, rosmarinic, and cryptochlorogenic acids) and four simple phenolic acids (protocate-
chuic, vanillic, caffeic, and syringic acids). The remaining 15 tested phenolic acids were
not identified.

Of these, chlorogenic acid and neochlorogenic acid were accumulated in the greatest
amounts (105.30 and 90.01 mg/100 g d.w., respectively). The contents of the other com-
pounds varied, ranging from 0.83 mg/100 g d.w. (vanillic acid) to 11.57 mg/100 g d.w.
(syringic acid). The remaining two depsides accumulated at similar levels (rosmarinic acid:
6.29 mg/100 g d.w., and cryptochlorogenic acid: 7.01 mg/100 g d.w.). The total content of
all eight compounds was 224.74 mg/100 g d.w.

Table 1. Dry biomass increments & SD of A. x prunifolia microshoots cultured in vitro on media
supplemented with precursors.

Precursor Added [mmol/L]

Dry Biomass Increments Precursor Added [mmol/L] Dry Biomass Increments

Phenylalanine Point “0” 10th Day Benzoic Acid Point “0” 10th Day
0.1 7.54 +1.55 8.55 +0.84 * 0.1 6.33 £0.72 6.21 +1.08
0.5 744 +048 8.87 £ 1.04* 0.5 7.65+045% 7.64+072*
1 854+£1.03* 9.01+1.07* 1 6.33 £1.01 6.21 £0.78
5 6.32+0.78 7.56 £+ 0.98 5 2334+077* 459+081*
10 2.87 £0.88* 5.56 £0.77 10 1.96 + 0.44 * 517 £1.31*
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Table 1. Cont.

Precursor Added [mmol/L] Dry Biomass Increments Precursor Added [mmol/L] Dry Biomass Increments
Cinnamic Acid Point “0” 10th day Caffeic Acid Point “0” 10th Day

0.1 8.65£055*  822+1.07* 0.1 845+ 1.77*  7.87+093*

0.5 8.024+085* 814+1.11* 0.5 788+1.07* 7.06+073*%

1 7524+077* 787 £1.65*% 1 721 +£1.38* 6.61 +0.72

5 201+£037* 5.66+0.74* 5 6.45 £0.76 5.77 £0.94

10 154+087* 401 +£1.08* 10 2.02+087* 5374+1.02*%

Control cultures—dry biomass increments: 6.34 + 1.45. * p < 0.05.

Figure 1. In vitro cultures of Aronia x prunifolia after a 20-day growth cycle. (A) Control culture and
experimental cultures after the addition of (B) 5 mmol/L phenylalanine; (C) 5 mmol/L cinnamic acid;
(D) 5 mmol/L benzoic acid; and (E) 5 mmol/L caffeic acid.

2.2. Precursor-Fed Experimental Cultures

Cultures fed with biogenetic precursors, especially when added at the initial point
(“0”) and at the highest concentration (10 mmol/L), showed inhibition of biomass growth
after the 20-day growth cycle. In cinnamic acid-fed and benzoic acid-fed cultures, this effect
was observed at a precursor concentration of 5 mmol/L (Table 1).

The analyzed extracts contained the same composition of phenolic acids (both depsides
and simple phenolic acids) as the unfed control cultures. However, differences were
noted in the quantities of particular compounds and their total content compared to the
control cultures.

Two depsides, chlorogenic acid and neochlorogenic acid, predominated in all extracts
from the experimental cultures, just as they did in the control cultures (Tables 2-9).
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2.2.1. Phenylalanine-Fed Cultures
Biomass Increments

Shoot biomass increments in cultures fed with phenylalanine at concentrations of
0.1 to 1 mmol/L ranged from 7.44-fold to 9.01-fold and were higher than in the control
cultures. Biomass increments were also greater compared to control cultures (7.56-fold)
when this precursor was added at a higher concentration of 5 mmol/L on the 10th day of
culture. Only the highest concentration of phenylalanine (10 mmol/L) inhibited biomass
growth, resulting in a 2.87-fold increase at the initial point (“0”) and a 5.56-fold increase on
the 10th day (Table 1).

2.3. Accumulation of Phenolic Acids
2.3.1. Point “0”: Culture Initiation

Two depsides, chlorogenic acid and neochlorogenic acid, predominated quantita-
tively in the analyzed extracts. Their contents varied depending on the phenylalanine
concentration, changing 3.15-fold and 3.0-fold, respectively. Chlorogenic acid ranged from
88.43 mg/100 g d.w. (10 mmol/L) to 278.96 mg/100 g d.w. (5 mmol/L), while neochloro-
genic acid ranged from 40.86 mg/100 g d.w. (10 mmol/L) to 122.49 mg/100 g d.w.
(1 mmol/L). The other two depsides, rosmarinic acid and cryptochlorogenic acid, were accu-
mulated in much smaller amounts, with rosmarinic acid reaching a maximum of
22.24 mg/100 g d.w. and cryptochlorogenic acid reaching a maximum of 12.92 mg/100 g d.w.
The contents of the remaining compounds, i.e., simple phenolic acids, did not exceed
18 mg/100 g d.w.: syringic acid (maximum 17.80 mg/100 g d.w.), caffeic acid (maximum
12.32 mg/100 g d.w.), protocatechuic acid (maximum 7.53 mg/100 g d.w.), and vanillic acid
(maximum 4.13 mg/100 g d.w.) (Table 2).

The total contents of phenolic acids were 1.02-fold to 2.06-fold higher than in the
control cultures (Figure 2). These contents ranged from 229.74 mg/100 g d.w. (0.5 mmol/L)
to 463.77 mg/100 g d.w. (5 mmol/L), depending on the precursor concentration. At the
maximum tested concentration of phenylalanine (10 mmol/L), there was a 1.4-fold decrease
in the total content of compounds compared to the control cultures. This decrease was
attributed to significant inhibition of biomass growth (Figure 2).
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Figure 2. Comparison of total phenolic acids content [mg/100 g d.w.] in extracts of A. x prunifolia
in vitro cultures supplemented with phenylalanine. * p < 0.05.
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Table 2. Content of phenolic acids [mg/100 g d.w.] £ SD in extracts of A. x prunifolia in vitro cultures
supplemented with phenylalanine at “point 0” (establishment of agitated culture). * p < 0.05.

Estimated Compounds Control Phenylalanine Concentration [mmol/L] Added at “Point 0

0.1 0.5 1 5 10

Neochlorogenic acid 90.01 + 8.96 99.16 + 1.30 81.93 +£7.47 12249 +4.25% 114.35 £ 243 * 40.86 +4.44*
Protocatechuic acid 1.14 + 0.08 261 +£0.28* 6.36 +£0.22* 313 +£0.26* 7.53 £ 0.69 * 404 +£047*
Chlorogenic acid 105.30 £ 11.17  133.36 = 15.64 * 99.44 £3.79 161.26 £ 12.56 *  278.96 + 13.28 * 88.43 £4.43
Vanillic acid 0.83 4+ 0.05 1.45 £ 0.09 % 144 +£0.02% 1.60 £0.11°*% 4.13 £0.04* 332+£035*

Caffeic acid 2.58 & 0.25 540£0.23* 6.70 £0.49 * 6.52 £0.75*% 12.32 £ 0.56 * 2.58 £ 0.26
Syringic acid 11.57 +0.20 14.37 +1.03 * 1.29 £+ 0.06 * 12.57 +1.49 17.80 £ 0.58 * 499 +£032*

Rosmarinic acid 6.29 + 0.59 1233 £ 1.11* 19.65 £ 0.77 * 2224 +091* 19.65 £ 0.27 * 9.25+0.83
Cryptochlorogenic acid 7.01 & 0.69 5.62 +0.32 1292 £ 0.24 % 9.04 £0.33* 9.04 +0.49* 892+0.21*

2.3.2. Tenth Day after Culture Initiation

The main compounds in the tested extracts were identified as chlorogenic acid and
neochlorogenic acid, the same depsides that predominated in extracts from the control
cultures, showing a 1.84-fold and 2.26-fold increase, respectively. Depending on the pheny-
lalanine concentration, their contents ranged from 124.88 mg/100 g d.w. (0.1 mmol/L)
to 230.08 mg/100 g d.w. (5 mmol/L) for chlorogenic acid and from 64.80 mg/100 g d.w.
(10 mmol/L) to 146.65 mg/100 g d.w. (1 mmol/L) for neochlorogenic acid (Table 3).

The remaining depsides accumulated in similar quantities but on a different scale: ros-
marinic acid reached a maximum of 41.27 mg/100 g d.w., and cryptochlorogenic acid reached
a maximum of 36.26 mg/100 g d.w. The contents of three simple phenolic acids were below
12 mg/100 g d.w., with specific figures as follows: protocatechuic acid—4.66 mg/100 g d.w.,
vanillic acid—5.00 mg/100 g d.w., and caffeic acid—11.20 mg/100 g d.w. Only syringic acid
had a higher content, reaching a maximum of 28.43 mg/100 g d.w.

The addition of phenylalanine to the culture medium increased the total contents of
phenolic acids by 1.31-fold to 1.98-fold compared to the control culture, depending on
the precursor concentration. The smallest increase in phenolic acid accumulation was
observed at a precursor concentration of 0.1 mmol/L (295.65 mg/100 g d.w.), while the
largest increase was at 1 mmol/L (445.99 mg/100 g d.w.) (Figure 2).

Table 3. Content of phenolic acids [mg/100 g d.w.] £ SD in extracts of A. x prunifolia in vitro cultures
supplemented with phenylalanine on the 10th day of the growth cycle. * p < 0.05.
Estimated Compounds Control Phenylalanine Concentration [mmol/L] Added at 10th Day
0.1 0.5 1 5 10
Neochlorogenic acid 90.01 £ 8.96 104.28 £ 12.06 11749 £ 2.64 % 146.65 = 7.9 * 111.98 £ 13.08 * 64.80 £ 1.22*
Protocatechuic acid 1.14 + 0.08 2.87 £0.05* 297 £0.29* 3.84+042* 4.66 = 0.16 * 3.61£031*
Chlorogenic acid 105.30 £ 11.17 124.88 £ 7.12 % 132.65 £ 1.84 % 186.12 £ 21.21 % 230.08 +14.73 * 220.43 +8.53 *
Vanillic acid 0.83 +0.05 1.79 £0.03 % 230+0.11* 3.58 £0.29 * 324+010* 5.00+£0.27 *
Caffeic acid 2.58 £0.25 8.38 4+ 0.54 * 8.51+0.45* 11.20 £ 0.12* 737 £0.35* 522+0.61*
Syringic acid 11.57 +0.20 19.83 = 0.46 * 17.69 £ 1.73 * 28.43 +£1.52* 16.56 + 1.64 * 8.41+0.70
Rosmarinic acid 6.29 £0.59 2342 £0.35% 25.87 £1.21* 29.91 £3.36 * 41.27 £3.32* 1249 +135*
Cryptochlorogenic acid 7.01 & 0.69 10.20 + 0.27 * 26.10 £0.91* 36.26 +£3.17 * 12.56 + 0.44 * 10.22 £ 1.11

2.3.3. Cinnamic Acid-Fed Cultures
Biomass Increments

Feeding cinnamic acid at lower concentrations (0.1-1 mmol/L) promoted shoot
biomass growth, with increments greater than those in the control cultures (7.52-8.65-
fold). High concentrations of this precursor (5 and 10 mmol/L) added at point “0” caused
significant inhibition of biomass growth, resulting in only a 2.01-fold and 1.54-fold in-
crease, respectively. When this precursor was added to the media on the 10th day, biomass
increments were also low: 5.66-fold and 4.01-fold, respectively (Table 1).
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2.4. Accumulation of Phenolic Acids
2.4.1. Point “0”: Culture Initiation

Depsides, specifically chlorogenic acid and neochlorogenic acid, were the main com-
pounds in the studied extracts. The content of chlorogenic acid varied widely, more than
11-fold, depending on the precursor concentration, ranging from 34.61 mg/100 g d.w.
(10 mmol/L) to 388.39 mg/100 g d.w. (5 mmol/L). On the other hand, neochlorogenic acid
levels increased approximately 3-fold (2.96-fold), from 49.41 mg/100 g d.w. (10 mmol/L)
to 146.52 mg/100 g d.w. (1 mmol/L) (Table 4).

Rosmarinic acid amounts fluctuated widely, from 0.53 to 42.41 mg/100 g d.w., while
cryptochlorogenic acid levels ranged from 6.61 to 14.32 mg/100 g d.w.

The maximum contents of the two remaining phenolic acids were 13.99 mg/100 g d.w.
for protocatechuic acid and 7.14 mg/100 g d.w. for vanillic acid. The maximum contents of
the two compounds were nearly identical: caffeic acid at 19.87 mg/100 g d.w. and syringic
acid at 20.45 mg/100 g d.w.

The total contents of phenolic acids were documented to be 1.24-fold to 2.68-fold
higher than in the control cultures, ranging from 279.73 mg/100 g d.w. (0.1 mmol/L) to
603.03 mg/100 g d.w. (5 mmol/L), depending on cinnamic acid concentration. Only at the
highest tested concentration of cinnamic acid (10 mmol/L) was there a 2.20-fold decrease
in the total content of the tested compounds, which was attributed to the suppressive effect
of cinnamic acid at this concentration on biomass increments (Table 1, Figure 3).

700
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1" 1.
* I * &
400 .
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300 I* 3+ I
200
100 ¥

0

0.1 0.5 1 5 10

Control

Total content of phenolic acids [mg/100g d.w.]

Cinnamic acid addition [mmol/I]

"Point 0" ®Control H10th day

Figure 3. Comparison of total phenolic acid content [mg/100 g d.w.] in extracts of A. x prunifolia
in vitro cultures supplemented with cinnamic acid. * p < 0.05.

Table 4. Content of phenolic acids [mg/100 g d.w.] & SD in extracts of A. x prunifolia in vitro cultures
supplemented with cinnamic acid at “point 0”. * p < 0.05.

Estimated Compounds

Control

Cinnamic Acid Concentration [mmol/L] Added at “Point 0”

0.1 0.5 1 5 10
Neochlorogenic acid 90.01 £ 5.41 118.99 £ 9.38 * 111.21 £12.97 % 146.52 £ 10.54 * 100.78 = 7.48 * 4941 £1.88*
Protocatechuic acid 1.14 £+ 0.04 248 £0.21* 312+0.21* 359 +0.12* 13.99 +£ 043 * 3.55+0.22*
Chlorogenic acid 105.30 £ 10.66 105.20 = 11.16 156.60 4= 4.98 * 22279 £9.43* 388.39 + 16.83 * 34.61 +£4.04*
Vanillic acid 0.83 &+ 0.06 202+0.15* 213+0.21* 2.05+0.13* 714+0.25* 2.65+0.22*
Caffeic acid 2.58 £0.12 6.09 £0.73 % 791 £0.09 * 8.48 £ 0.68 * 19.87 £1.35* 576 £ 0.43 *
Syringic acid 11.57 +0.93 15.84 £+ 0.40 2045+ 0.71% 14.01 +1.40 16.14 £1.29* 1.57 £0.10 %
Rosmarinic acid 6.29 £ 0.65 18.68 £ 0.53 * 0.53 £0.03 * 28.16 = 2.51 % 4241 +£3.04 % 123 £0.11*
Cryptochlorogenic acid 7.01+£0.21 10.43 +0.58 * 8.52 +0.23 6.61 £0.11 14.32 £1.32* 236 +£0.11*
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2.4.2. Tenth Day after Culture Initiation

Of all the phenolic acids tested in methanolic biomass extracts, two compounds, chloro-
genic acid and neochlorogenic acid, were accumulated in the greatest amounts. These are the
same depsides that predominated in the shoots from the experimental cultures (point “0”).
Their amounts changed similarly, ranging from 2.12-fold to 2.37-fold depending on precursor
concentration, from 142.46 mg/100 g d.w. (0.1 mmol/L) to 337.59 mg/100 g d.w. (5 mmol/L)
for chlorogenic acid, and from 66.34 mg/100 g d.w. (10 mmol/L) to 140.79 mg/100 g d.w.
(5 mmol/L) for neochlorogenic acid (Table 5).

The amounts of rosmarinic acid accumulated were of a much different order of magni-
tude, reaching a maximum of 31.64 mg/100 g d.w.). The accumulation of the next depside,
cryptochlorogenic acid, was even lower, approximately 2-fold, at 16.23 mg/100 g d.w. Simple
phenolic acids reached the following maximum contents: syringic acid at 27.75 mg/100 g d.w.,
caffeic acid at 11.92 mg/100 g d.w., protocatechuic acid at 4.85 mg/100 g d.w., and vanillic
acid at 4.28 mg /100 g d.w.

After the addition of cinnamic acid, the total contents of the accumulated phenolic
acids increased from 1.24-fold to 2.54-fold compared with the control cultures, ranging
from 279.35 mg /100 g d.w. (0.1 mmol/L) to 570.57 mg/100 g d.w. (5 mmol/L) (Figure 3).

Table 5. Content of phenolic acids [mg/100 g d.w.] £ SD in extracts of A. x prunifolia in vitro cultures
supplemented with cinnamic acid on the 10th day of the growth cycle. * p < 0.05.

Cinnamic Acid Concentration [mmol/L] Added at 10th Day

Estimated Compounds Control 01 05 1 5 10
Neochlorogenic acid 90.01 4+ 5.41 86.67 +9.27 135.63 +2.23 * 91.76 £1.73 140.79 £+ 12.04 * 66.34 £2.02*
Protocatechuic acid 1.14 + 0.04 2.72 +0.09 * 352 +0.23* 3.28 +0.08 * 4.85+0.24 % 457 +0.53*

Chlorogenic acid 105.30 £+ 10.66 142.46 £ 6.85* 228.36 +4.07 * 265.10 +4.85 * 337.59 + 12.11* 252.49 + 17.47 *
Vanillic acid 0.83 + 0.06 2.88+0.12* 152 +0.13* 256 +£0.16 * 2.34 +£0.09* 428 £042*
Caffeic acid 2.58 +0.12 6.66 £0.73 * 6.60 +0.26 * 7.10 £ 0.53 * 11.92 £ 047 * 7.52 +047*
Syringic acid 11.57 +0.93 20.53 +2.09 * 20.23 +2.38* 2113 +£1.27* 27.75 +0.96 * 5,50 +£0.18 *

Rosmarinic acid 6.29 + 0.65 10.24 £0.18 * 27.07 +£3.22 % 17.89 £ 0.56 * 31.64 +2.68 * 30.92 +£2.01*

Cryptochlorogenic acid 7.01 +£0.21 7.17 +0.31 16.23 +0.20 * 8.52 + 0.63 * 13.69 + 1.05 * 420+0.21*%

2.4.3. Benzoic Acid-Fed Cultures
Biomass Increments

Shoot biomass increments in the experimental cultures with the addition of benzoic
acid at concentrations of 0.1 and 1 mmol/L were comparable to those in the control cultures.
However, this precursor at 0.5 mmol/L caused a 7.65-fold stimulation of biomass growth
at point “0” and a 7.64-fold increase by the 10th day.

The highest tested concentrations of benzoic acid (5 and 10 mmol /L) induced a sig-
nificant suppression of biomass growth, which was particularly noticeable after precursor
addition at point “0” (resulting in only a 2.33-fold and 1.96-fold increase) (Table 1).

2.5. Accumulation of Phenolic Acids
2.5.1. Point “0”: Culture Initiation

The highest tested concentrations of benzoic acid (5 and 10 mmol/L) caused a decrease
in the contents of several phenolic acids and, consequently, a reduction in the total content
by 1.89-fold (5 mmol/L) and 1.22-fold (10 mmol/L), respectively, compared with the control
cultures. This decrease was due to a drastic reduction in biomass growth (Table 1). At lower
concentrations of benzoic acid (0.1-1.0 mmol /L), there was a slight increase in the total
content of phenolic acids, ranging from 1.03-fold (0.5 mmol/L) to 1.72-fold (0.1 mmol/L),
with amounts of 230.78 and 387.49 mg/100 g d.w., respectively (Table 6 and Figure 4).

Two depsides, chlorogenic acid and neochlorogenic acid, were the main accumu-
lated compounds. Their contents varied similarly, increasing 4.62-fold and 4.73-fold de-
pending on benzoic acid concentration, ranging from 36.29 mg/100 g d.w. (5 mmol/L)
to 167.66 mg/100 g d.w. (0.1 mmol/L) and from 31.37 mg/100 g d.w. (5 mmol/L) to
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148.49 mg/100 g d.w. (0.1 mmol/L), respectively. The maximum contents of rosmarinic
acid (31.68 mg/100 g d.w.) and cryptochlorogenic acid (11.01 mg/100 g d.w.) were consid-
erably lower.
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Figure 4. Comparison of total phenolic acids content [mg/100 g d.w.] in extracts of A. x prunifolia
in vitro cultures supplemented with benzoic acid. * p < 0.05.

Among simple phenolic acids, syringic acid predominated (maximum
22.80 mg/100 g d.w.), while the contents of caffeic, protocatechuic, and vanillic acids
ranged from approximately 1 mg/100 g d.w. to approximately 10 mg/100 g d.w. (Table 6).

Table 6. Content of phenolic acids [mg/100 g d.w.] & SD in extracts of A. x prunifolia in vitro cultures
supplemented with benzoic acid at “point 0”. * p < 0.05.

Benzoic Acid Concentration [mmol/L] Added at “Point 0”

Estimated Compounds Control 01 0.5 1 5 10

Neochlorogenic acid 90.01 £2.77 14849 £ 6.76 * 84.75 £ 9.75 115.99 + 12.59 * 31.37 £2.68 * 47.08 +-4.47*
Protocatechuic acid 1.14 +£ 0.07 2.27 +0.06 * 2.31+0.14 3.01 £0.03* 2.57 £ 0.07 * 3.51 +£041*
Chlorogenic acid 105.30 4.9 167.66 +£9.82 * 102.41 £+ 6.92 138.29 £5.85* 36.29 +£0.78 * 93.52 4+ 2.25
Vanillic acid 0.83 +0.07 0.98 + 0.07 1.30 +0.02 * 247 +0.17* 216 +0.22 * 2.54+0.20*
Caffeic acid 258 +0.11 6.37 £0.49 * 592+ 0.16* 9.87 + 0.63 * 1.40 +£0.13 7.44 £+ 0.68 *
Syringic acid 11.57 + 0.66 22.80 £2.09 * 10.96 + 0.56 * 1947 +1.26* 3.26 £ 0.11 725+ 0.46*
Rosmarinic acid 6.29 + 0.61 29.89 +£1.09 * 12.36 +1.33 * 2349 +1.69 % 31.68 £0.44 * 1750 +1.22*

Cryptochlorogenic acid 7.01 +0.33 9.03 +£0.29 10.77 £ 0.22* 11.01 +1.30* 1043 +0.75* 5.23 + 0.52

2.5.2. Tenth Day after Culture Initiation

In cultures fed with benzoic acid on the 10th day of growth, the highest precursor
concentrations (5 and 10 mmol /L) significantly reduced the contents of individual phe-
nolic acids and their total content by 2.79-fold (5 mmol/L) and 2.09-fold (10 mmol/L),
respectively. The highest tested concentrations of benzoic acid (5 and 10 mmol/L) also
suppressed microshoot biomass growth (Tables 1 and 7 and Figure 4).

Feeding the precursor at the other tested concentrations caused a slight increase
in the total content of phenolic acids, ranging from 1.10-fold (0.1 mmol/L) to 1.49-fold
(0.5 mmol/L), with values reaching 248.28 and 323.61 mg/100 g d.w., respectively.

The contents of the predominant compounds, chlorogenic acid and neochlorogenic
acid, increased within a wide range, 11.92-fold and 7.58-fold, respectively, ranging from
11.59 mg/100 g d.w. (10 mmol/L) to 138.12 mg/100 g d.w. (0.5 mmol/L) and from
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17.31 mg/100 g d.w. (10 mmol/L) to 131.16 mg/100 g d.w. (0.5 mmol/L). The maximum
accumulated contents of the remaining depsides, rosmarinic acid and cryptochlorogenic
acid, were 23.24 and 8.94 mg /100 g d.w., respectively.

Among simple phenolic acids, syringic acid was accumulated in the greatest amounts
(maximum 20.58 mg/100 g d.w.). The contents of the other three compounds—caffeic,
vanillic, and protocatechuic acids—did not exceed 7.50 mg/100 g d.w.

Table 7. Content of phenolic acids [mg/100 g d.w.] £ SD in extracts of A. x prunifolia in vitro cultures
supplemented with benzoic acid on the 10th day of the growth cycle. * p < 0.05.

Benzoic Acid Concentration [mmol/L] Added at 10th Day

Estimated Compounds Control 01 0.5 1 5 10

Neochlorogenic acid 90.01 +2.77 88.86 + 4.98 131.16 & 12.95 * 96.86 + 11.06 41.72 £ 497 * 1731 +£1.10*
Protocatechuic acid 1.14 £+ 0.07 247 +£0.14* 271 £0.20 * 272 +0.19* 1.60 + 0.15 257 +£0.21*
Chlorogenic acid 105.30 + 4.9 123.80 £4.18* 138.12 4 14.67 * 87.39 +£8.14 11.59 +£1.17* 55.25 +5.56 *
Vanillic acid 0.83 + 0.07 1.64 +0.07 * 2,63 +0.25* 1.96 +£0.21* 0.53 £+ 0.01 1.79 £ 0.05*

Caffeic acid 2.58 £0.11 5.56 +£0.22 * 720+ 0.31* 711+ 0.61% 3.21 £0.33 2.52 +0.04
Syringic acid 11.57 + 0.66 5.15+0.11* 20.58 + 0.40 * 14.00 £ 048 * 496 +0.10 * 5.82 +0.41*
Rosmarinic acid 6.29 + 0.61 13.75 £ 0.38 * 2324 +142* 1472 £ 0.19* 9.65 £+ 0.69 1590 + 0.37 *

Cryptochlorogenic acid 7.01 +£0.33 7.06 + 0.51 8.67 +0.75* 894 +0.19*% 7.17 £+ 0.09 6.21 + 0.50

2.5.3. Caffeic Acid-Fed Cultures
Biomass Increments

Feeding caffeic acid to culture media at concentrations ranging from 0.1 to 1.0 mmol /L
produced a beneficial effect on dry biomass growth, resulting in increases of 6.61-fold
to 8.45-fold. The highest tested concentration of this precursor (10 mmol/L) suppressed
biomass growth, with only a 2.02-fold increase observed after precursor addition to the
medium at point “0” (Table 1).

2.6. Accumulation of Phenolic Acids
2.6.1. Point “0”: Culture Initiation

Chlorogenic acid and neochlorogenic acid were the main compounds accumulated in
biomass extracts from cultures maintained with the addition of caffeic acid as a depside
precursor. The contents of these compounds increased 1.46-fold and 2.19-fold, respectively,
depending on caffeic acid concentration, ranging from 123.45 mg/100 g d.w. (0.1 mmol/L)
to 180.22 mg/100 g d.w. (10 mmol/L) for chlorogenic acid and from 120.24 mg/100 g d.w.
(0.1 mmol/L) to 263.54 mg/100 g d.w. (10 mmol/L) for neochlorogenic acid (Table 8).

Rosmarinic acid contents ranged from 20.53 mg/100 g d.w. (1 mmol/L) to
57.35 mg/100 g d.w. (10 mmol/L). The maximum concentrations of cryptochlorogenic
acid and syringic acid were similar, at 19.25 and 22.59 mg/100 g d.w., respectively. The
maximum levels of vanillic, protocatechuic, and caffeic acids fluctuated between 5.23 and
13.34 mg/100 g d.w.

The maximum total contents of phenolic acids were 1.38-fold to 2.49-fold higher than in
the control cultures, ranging from 310.28 mg/100 g d.w. (0.1 mmol/L) to 558.48 mg /100 g d.w.
(10 mmol/L), depending on caffeic acid concentration (Figure 5).
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Table 8. Content of phenolic acids [mg/100 g d.w.] £ SD in extracts of A. X prunifolia in vitro cultures
supplemented with caffeic acid at “point 0”. * p < 0.05.

Caffeic Acid Concentration [mmol/L] Added at “Point 0”

Estimated Compounds Control 01 05 1 5 10
Neochlorogenic acid 90.01 +9.97 120.24 £ 6.78 * 139.06 + 11.61 * 139.66 +8.32 % 202.76 +14.92 * 263.54 + 5.26 *
Protocatechuic acid 1.14 + 0.08 294 +0.16* 4.03 +£0.19* 495 +0.13* 8.14 +£0.39* 13.34 +£0.24*
Chlorogenic acid 105.30 + 3.06 123.45 +2.85* 129.40 + 8.97 * 132.61 +£10.44 % 131.85 +11.45* 180.22 +17.99 *
Vanillic acid 0.83 £+ 0.03 1.24 +0.13 3.33+0.18* 2.77 £0.05* 449 +£0.11* 523 +£0.23*
Caffeic acid 2.58 +0.08 7204+ 0.49* 9.68 +0.97 * 2.09 + 0.09 6.01 +0.68 * 5.61 +0.32*
Syringic acid 11.57 £ 0.39 15.98 £ 1.09 * 15.60 +£1.21* 6.36 = 0.55 * 3.80 £0.32* 2259 +1.64*
Rosmarinic acid 6.29 + 0.67 25.56 £ 2.11* 21.50 4247 * 20.53 +2.09 * 3449 +246* 5735 +£295*
Cryptochlorogenic acid 7.01 +£0.19 13.67 £ 0.66 * 12.36 + 0.33 * 19.25 +£1.77 * 1232 +£0.79 * 10.61 +£1.05*
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Figure 5. Comparison of total phenolic acids content [mg/100 g d.w.] in extracts of A. x prunifolia
in vitro cultures supplemented with caffeic acid. * p < 0.05.

2.6.2. Tenth Day after Culture Initiation

The quantities of chlorogenic acid and neochlorogenic acid increased 2.31-fold and
1.39-fold, respectively, depending on caffeic acid concentration, ranging from
76.87 mg/100 g d.w. (5 mmol/L) to 177.30 mg/100 g d.w. (0.1 mmol/L) for chlorogenic
acid and from 103.48 mg/100 g d.w. (5 mmol/L) to 143.71 mg/100 g d.w. (0.1 mmol/L) for
neochlorogenic acid (Table 9).

Rosmarinic acid contents changed within a narrow range, from 19.12 mg/100 g d.w.
(0.5 mmol/L) to 25.55 mg/100 g d.w. (10 mmol/L). On the other hand, cryptochlorogenic
acid contents varied more significantly, ranging from 5.62 mg/100 g d.w. (10 mmol/L) to
18.54 mg/100 g d.w. (1 mmol/L).

Among simple phenolic acids, syringic acid content varied considerably, from
2.40 mg/100 g d.w. (1 mmol/L) to 30.74 mg/100 g d.w. (0.1 mmol/L). The maximum
amounts of the remaining three simple phenolic acids did not exceed 12 mg/100 g d.w.

The total contents of phenolic acids increased compared to the control cultures,
rising 1.30-fold to 1.82-fold and varying from 291.08 mg/100 g d.w. (1 mmol/L) to
409.82mg/100 g d.w. (0.1 mmol/L). However, the cultures fed with caffeic acid at 5 mmol/L
were an exception, as the phenolic acid content in extracts from these cultures was identical
to that of the control cultures (Figure 5).
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Table 9. Content of phenolic acids [mg/100 g d.w.] £ SD in extracts of A. x prunifolia in vitro cultures
supplemented with caffeic acid on the 10th day of the growth cycle. * p < 0.05.

Caffeic Acid Concentration [mmol/L] Added at 10th Day

Estimated Compounds

Control

0.1 0.5 1 5 10
Neochlorogenic acid 90.01 £9.97 143.71 £2.42* 116.47 £2.35* 127.86 +4.85* 103.48 £ 8.96 * 12091 £4.19*
Protocatechuic acid 1.14 £ 0.08 410+£0.20* 3.67 £0.20* 3.04+£0.18* 3.87+0.10* 4.60+0.14*
Chlorogenic acid 105.30 £ 3.06 177.30 £ 3.02 * 135.95 £ 3.18 * 115.54 £1.52* 76.87 + 4.97 * 133.72 £ 8.06 *
Vanillic acid 0.83 4 0.03 426+043* 437 £0.28* 2.00 £ 0.09 * 3.64+0.28* 1.36 = 0.16
Caffeic acid 2.58 £0.08 11.82 +1.03 * 899 +0.16 * 2.57 +0.28 2.74 £ 0.25 4.67£0.46*
Syringic acid 11.57 £ 0.39 30.74 £ 2.03 * 23.62 +1.34* 240+0.17* 297 +£033* 13.59 £1.30 *
Rosmarinic acid 6.29 + 0.67 22.65 +1.63* 1912 £2.22 % 1913 £1.19* 19.60 £+ 1.66 * 25.55 +2.38*
Cryptochlorogenic acid 7.01 £0.19 1524 £1.48* 13.84 £0.29 * 18.54 £1.94* 11.22 £1.33* 5.62 £0.35

3. Discussion

In the present study, experimental cultures of A. x prunifolia fed with lower concentra-
tions of the tested precursors showed substantial biomass increments, surpassing those
in the control cultures. However, significant growth inhibition was documented at the
highest concentrations of phenylalanine and caffeic acid (10 mmol/L), as well as at high
concentrations (5 and 10 mmol/L) of cinnamic acid and benzoic acid. Feeding high doses
of these acidic precursors to the culture media distorted the optimal pH of the media (pH
5.6-5.8), leading to marked inhibition of biomass growth (Table 1). Similar results were
obtained in our previous studies on black and red aronias [23]

In the currently maintained microshoot cultures of A. x prunifolia, the presence of
the same compounds was confirmed in both control and precursor-fed cultures. These
included four depsides (chlorogenic acid, neochlorogenic acid, rosmarinic acid, and cryp-
tochlorogenic acid) and four simple phenolic acids (protocatechuic acid, vanillic acid,
caffeic acid, and syringic acid). However, precursor feeding significantly influenced the
quantitative contents of these compounds. In all biomass extracts, the main compounds
were chlorogenic and neochlorogenic acids (Tables 2-9).

In stationary agar microshoot cultures of A. x prunifolia previously examined by our
team, the quantitatively dominant compounds included rosmarinic, neochlorogenic, and
chlorogenic acids [18]. On the other hand, in agitated cultures studied earlier, chlorogenic
and rosmarinic acids prevailed. Notably, significant amounts of 3,4-dihydroxyphenylacetic
acid were also confirmed, but the contents of neochlorogenic acid were considerably
lower [17].

In the current study, extracts from agitated cultures of A. x prunifolia contained
high levels of chlorogenic and neochlorogenic acids but a low level of rosmarinic acid.
Additionally, the presence of 3,4-dihydroxyphenylacetic acid was not confirmed. The
metabolism of A. x prunifolia cells was thus directed toward the production of chlorogenic
and neochlorogenic acids.

The significance of the type of in vitro culture for the quality and quantitative content of
different compounds has been repeatedly documented in plant biotechnology studies [21].

Differences in the metabolite profiles produced in vitro were evidenced in our ear-
lier studies on in vitro cultures of two species of the Scutellaria genus: S. baicalensis and
S. lateriflora. It was demonstrated that agar and agitated cultures maintained on variants of
MS medium differed in their composition of flavonoids and phenolic acids. In contrast, on
Linsmaier and Skoog (LS) [28] medium variants, the composition of compounds in agar
and agitated cultures was identical [29].

Our biotechnological studies on liquid stationary and agitated cultures of R. graveolens
and R. graveolens ssp. divaricata cultured in LS medium variants revealed an identical
composition of metabolites in both types of in vitro cultures (linear furano-coumarins and
umbeliferone). However, the quantities of most tested compounds were significantly higher
in liquid stationary cultures compared to agitated cultures of both plants [30].

Research on dibenzocyclooctadiene lignan accumulation in agar and agitated mi-
croshoot cultures of Schisandra chinensis and S. chinensis cv. Sadova indicated a higher con-



Molecules 2024, 29, 4622

13 of 19

tent of these compounds in agar cultures for both plants compared to agitated
cultures [31].

Apart from the type of cultures, plant growth regulators, and light regime, many other
physical factors of in vitro cultures, such as temperature, humidity, aeration, and pH of
the medium, influence the biogenetic potential of cells and the production of secondary
metabolites [21]. The age of the in vitro culture also plays an important role. It can be
assumed that these factors influenced the changes in the metabolic pathways of purple
aronia cells in the currently studied agitated cultures compared to our earlier results with
agitated cultures of this plant [17].

The aim of the present study was to enhance the production of phenolic acids, in-
cluding depsides in A. x prunifolia in vitro cultures by using a feeding strategy with their
biogenetic precursors: cinnamic acid, benzoic acid, phenylalanine, and caffeic acid in the
culture media.

Phenolic acids found in the plant kingdom are mostly derivatives of cinnamic acid
and benzoic acid. These parent compounds are direct biosynthetic precursors of numerous
phenolic acids. On the other hand, phenylalanine is a compound that appears at earlier
stages of the phenolic acid biosynthetic pathway. It is also a key intermediate in the
biogenesis of various other groups of phenylpropanoid metabolites, such as flavonoids,
anthocyanins, catechins, lignans, phenylpropanoid glycosides, and coumarins.

These three precursors, especially phenylalanine, have been successfully used many
times to stimulate phenylpropanoid production in plant in vitro cultures.

Caffeic acid molecules are structural components of depsides, and this group of com-
pounds predominates in extracts of A. X prunifolia biomass. Therefore, both theoretically
and practically, caffeic acid can be used as an exogenous compound to increase the produc-
tion of these compounds. Our earlier experiments with black and red aronias documented
that caffeic acid was a very effective precursor of depsides, especially in red aronia in vitro
cultures, resulting in a maximum 5.0-fold and 5.7-fold increase in total phenolic acid con-
tent compared to black aronia cultures, which showed a 2.2-fold and 2.9-fold increase,
respectively, at the Oth and 10th day of culture growth [23].

The experiments in the present study demonstrated the greatest increase in the total
content of the tested compounds after feeding cinnamic acid at a concentration of 5 mmol/L,
both at point “0” and on the 10th day of the culture growth cycle. This resulted in a 2.68-fold
and 2.54-fold increase compared with the control cultures (Tables 4, 5 and 10). The total
contents obtained, amounting to ca. 603 and 571 mg/100 g d.w., were highly satisfactory
and indicated significant potential for application.

Table 10. Effect of feeding strategy in A x prunifolia agitated microshoot cultures—the increase in the
total contents of phenolic acids vs. control cultures.

Increase in Total Content of Phenolic Acids vs. Control

Precursor 0.1 mmol/L 0.5 mmol/L 1.0 mmol/L 5.0 mmol/L 10.0 mmol/L
Point “0” 10thDay Point“0” 10th Day Point“0” 10th Day Point“0” 10thDay Point“0”  10th Day
Phenylalanine 1.22 1.32 1.02 1.48 1.51 1.98 2.06 1.82 11.38 1.47
Cinnamic acid 1.24 1.24 1.38 1.95 1.92 1.86 2.68 2.54 12.22 1.67
Benzoic acid 1.72 1.10 1.03 1.49 1.44 1.04 11.89 12.79 11.22 12.09
Caffeic acid 1.38 1.82 1.49 1.45 1.46 1.30 1.80 11.0 2.49 1.38

Experiments on Salvia splendens plants also revealed that exogenous cinnamic acid
efficiently stimulated the total production of phenolic acids [32]. Further, in Larrea divaricata
cell cultures, feeding cinnamic acid on the first day of culture at a concentration of 0.5 pmol
increased the production of certain phenolic acids, particularly p-coumaric acid and ferulic
acid, to 225 and 50 pg/g d.w., respectively [33].

In our earlier studies on black and red aronia agitated cultures, exogenous cinnamic
acid was used to boost the total production of phenolic acids. In both species, feeding this
precursor at 5 mmol/L resulted in almost identical increases in their contents (3.41-fold and
3.42-fold, respectively, on the 10th day of the culture growth cycle), reaching 989.79 and
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661.77 mg/100 g d.w. Feeding cinnamic acid at point “0” resulted in a smaller increase
(1.90-fold and 2.10-fold) [23].

In the case of exogenous benzoic acid addition to A. x prunifolia cultures, a smaller
maximal increase in the total phenolic acid content was observed compared with cinnamic
acid: a 1.72-fold and 1.49-fold increase (0.1 mmol/L at point “0” and 0.5 mmol/L on the
10th day, yielding 387.49 and 334.31 mg/100 g d.w., respectively). In Nicotiana tabacum cv.
Samsun NN suspension cultures, benzoic acid (100 umol) proved to be an efficient precursor
of salicylic acid (o-hydroxybenzoic acid), yielding a maximum of 16 pg/g f.w. [34].

Correspondingly, our experiments with black and red aronia agitated cultures also
showed a much weaker ability of benzoic acid to elevate the total production of phenolic
acids, including depsides, compared with exogenous cinnamic acid: a maximum 1.73-fold
increase (1 mmol/L, 10th day) and a maximum 1.81-fold increase (1 mmol/L, at point “0”
and the 10th day), respectively [23].

In the current A. x prunifolia cultures fed with phenylalanine, the stimulatory effects
on the total production of the tested compounds were satisfactory, with a 2.06-fold and
1.98-fold increase—reaching 463.77 mg/100 g dw. (5 mmol/L, point “0”) and
445.99 mg/100 g d.w. (1 mmol/L, 10th day), respectively (Table 2, Table 3, and Table 10).

In our earlier experiments on phenylalanine-fed black aronia cultures, a similar 2.0-fold
maximum increase in the total production of phenolic acids was documented (0.1 mmol/L,
10th day). An even greater 2.6-fold and 2.8-fold increase in total phenolic acid content was
observed in red aronia cultures at point “0” and on the 10th day of culture, respectively
(1 mmol/L) [23].

In more recent investigations by our team focused on Gingko biloba suspension cultures,
we demonstrated the beneficial effect of exogenous phenylalanine (tested at concentrations
of 100, 150, and 200 mg/150 mL of culture media) on phenolic acid production. In the
cultures maintained for 3 weeks, the greatest phenolic acid content (73.76 mg/100 g d.w.)
was obtained 4 days after feeding with phenylalanine (200 mg/150 mL). Protocatechuic
acid and p-hydroxybenzoic acid were the main accumulated compounds [25].

On the other hand, exogenous phenylalanine (1.25 g/L) primarily stimulated the pro-
duction of p-coumaric acid and ferulic acid in agitated microshoot cultures of Ruta graveolens
maintained in our laboratory (64.3 and 35.6 mg/100 g d.w., respectively). The best effect
was observed in 4-week-old cultures on the second day after precursor addition, with the
total content of phenolic acids reaching a maximum of 109.00 mg/100 g d.w. Feeding with
phenylalanine also increased catechin production (maximum 66.00 mg/100 g d.w.) on the
third day after treatment [26].

Exogenous phenylalanine (1 g/L) was also tested by our team as a biogenetic precursor
of phenolic acids in agitated microshoot cultures of three Hypericum perforatum cultivars—
Elixir, Helos, and Topas. The total phenolic acid content reached its maximum after
7 days, with Elixir cv. at 771 mg/100 g d.w., Helos cv. at 662 mg/100 g d.w., and Topas
cv. at 613 mg/100 g d.w., respectively. The maximal phenolic acid content increased
1.73-fold, 1.31-fold, and 1.61-fold, respectively. The qualitative composition of phenolic
acids in the biomass extracts, after feeding the culture media with the precursor, was richer.
Additionally, the presence of p-hydroxybenzoic acid, p-coumaric acid, and vanillic acid (the
latter found only in selected extracts) was confirmed. The supplementation also enhanced
the total content of flavonoids and catechins by 2.33-fold and 1.33-fold, respectively [27].

Similarly, phenylalanine feeding (at 1.0-2.5 g/L) in agitated microshoot cultures
of Scutellaria lateriflora stimulated the production of specific Scutellaria flavonoids and
verbascoside. The addition of phenylalanine (at a concentration of 1.5 g/L) most effi-
ciently boosted the production of these compounds (maximum 3765 and 475 mg/100 g d.w.
after 7 days, respectively), outperforming the addition of different concentrations of tyro-
sine (1.0-2.5 g/L) or elicitation with methyl jasmonate (10, 50, and 100 umol), and prov-
ing more effective than concomitant feeding with the above-mentioned amino acids and
elicitation [27].
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Studies by other research teams have analogously documented the favorable influence
of exogenous phenylalanine on the production of different groups of phenylpropanoids. In
suspension cultures of Linum flavum maintained in medium containing NAA, a 3-fold to
5-fold increase in the content of 5-methoxypodophyllotoxin was observed after 8-11 days.
On NAA-free medium, the increase was spectacular, with an approximately 40-fold to
50-fold higher content of this lignan estimated (0.161% d.w.) [35].

Comparably, in Abutilon indicum callus cultures maintained with exogenous phenylala-
nine (50-100 mg/100 mL), quercetin content rose by a maximum of 3-fold (75 mg/100 mL),
reaching 0.47 mg/g d.w. (control 0.14 mg/g d.w.) in 4-week-old cultures [36]. In contrast,
in liquid cell cultures of Citrullus colocynthis, the highest 2.3-fold increase in total quercetin
content (free and bound) was confirmed at lower concentrations of exogenous pheny-
lalanine (50 mg/100 mL, 7.25 mg/g d.w., control 3.05 mg/g d.w.). The lowest amounts
of this flavonoid were confirmed after supplementation of the culture medium with the
highest concentration of precursor—4.70 and 4.08 mg/g d.w. at 70 and 100 mg/100 mL,
respectively [37].

In Cistanche deserticola suspension cultures, supplementation with 0.2 mmol/L of
phenylalanine (on the eighth day of the growth cycle) increased the production of phenyl-
propanoid glycosides by up to 175% compared to the control culture, reaching 18.6 g%.
The experiments also documented that phenylalanine was the best precursor among the
parallel-tested tyrosine and phenylacetic acid. Phenylalanine feeding experiments were
also performed in large-scale cultures of C. deserticola—in 2 1 bubble column bioreactors,
a 160% increase in phenylethanoid glycosides was achieved after 20 days, amounting to
about 14.2% [38].

Exogenous phenylalanine (0.1 mmol) also stimulated the production of phenolic acids
in suspension cultures of Vitis vinifera cv. Muscat de Frontignan, where a 1.5-fold increase
in production was confirmed after 4 days. A similarly satisfactory effect was observed with
shikimic acid feeding as a precursor (0.1 mmol) 2 days after supplementation [39].

The addition of exogenous caffeic acid (10 mmol/L, at “point 0”) to A. x prunifolia cul-
tures resulted in a significant 2.49-fold increase in total phenolic acid production, reaching
558.48 mg/100 g d.w. (Tables 8 and 10).

In our earlier experiments on red aronia cultures, caffeic acid at a concentration of
5 mmol/L caused a substantial 5.67-fold increase in the production of phenolic acids, in-
cluding depsides. In contrast, in black aronia cultures, caffeic acid at the same concentration
(5 mmol/L) induced a 2.95-fold increase in the total content of phenolic acids, particularly
depsides [23].

In the current A. x prunifolia cultures fed with two exogenous biogenetic precursors—
benzoic acid and caffeic acid—we observed a generally stronger stimulatory effect on total
phenolic acid production when these precursors were added to MS medium at point “0.” In
contrast, when phenylalanine and cinnamic acid were used as precursors, the amounts of
phenolic acids were generally higher when these compounds were added on the 10th day of
culture (Tables 2-10). These effects differ from those observed in previously tested black and
red aronia cultures. In black aronia cultures, the 10th day of culture was generally the better
time for supplementation with all precursors. On the other hand, in red aronia cultures, for
certain concentrations of phenylalanine and cinnamic acid (0.1 and 0.5 mmol/L) and caffeic
acid (0.1 and 4.0 mmol/L), the better time for media supplementation was point “0” [23].

This short review of feeding experiment results concludes that identifying optimal
feeding conditions—such as the type of precursor, its concentration, timing of supplemen-
tation, and timing of biomass collection—is essential for obtaining applicable results.

Summarizing the current results, we propose that the optimal conditions for stimulat-
ing the total production of phenolic acids in A. x prunifolia cultures fed with exogenous
precursors are achieved by adding cinnamic acid at 5 mmol/L at both point “0” and on the
10th day of culture (603.03 and 570.57 mg/100 g d.w., respectively), and by adding caffeic
acid at 10 mmol/L on the 10th day of culture growth (558.48 mg/100 g d.w.).
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Similarly, in in vitro cultures of black and red aronia, cinnamic acid and caffeic acid
were also the most effective among the four tested precursors for stimulating the production
of phenolic acids [23].

Among the tested compounds, two depsides—chlorogenic acid and neochlorogenic
acid—were predominant in A. x prunifolia biomass extracts. These compounds show invalu-
able biological activities, including antioxidant properties, as well as anti-inflammatory, anti-
cancer, neuroprotective, cardioprotective, hepatoprotective, and antimicrobial actions. They
also influence lipid and glucose metabolism [40—43]. The highest contents of these depsides
achieved after feeding the four tested precursors to the media were 278.96, 388.29, 167.66,
and 180.00 mg/100 g d.w. (control cultures: 105.30 mg/100 g d.w.) for chlorogenic acid, and
146.65, 146.53, 148.49, and 263.54 mg /100 g d.w. (control cultures: 90.01 mg/100 g d.w.) for
neochlorogenic acid, respectively. We propose that feeding cinnamic acid at a concentration
of 5 mmol/L at point “0” is optimal for maximizing chlorogenic acid production while
feeding caffeic acid at 10 mmol/L at point “0” is optimal for stimulating neochlorogenic
acid production.

A more practical and universal approach for achieving the highest production of
these two depsides would be to maintain agitated cultures of A. x prunifolia enriched with
cinnamic acid at 5 mmol/L at point “0”.

The precursors tested in the present experiments are readily available and inexpen-
sive chemical compounds. Therefore, they can be tested in scaled-up cultures, such as
in bioreactor systems (e.g., commercially available TIS (Temporary Immersion Systems)
bioreactors like RITA® or PlantForm dedicated to microshoot cultures). Initial experi-
ments conducted by our team using PlantForm bioreactors with A. x prunifolia cultures
have shown promising results. However, it is necessary to verify the repeatability of
these findings.

4. Materials and Methods
4.1. Establishment of Agar Basal Microshoot Cultures

The basal microshoot cultures of A. x prunifolia (Marsh.) Rhed. were established
from leaf buds of plants sourced from the Arboretum in Rogoéw (Poland), a unit of Warsaw
University of Life Sciences, Forest Experimental Station in Rogéw (see Szopa et al., 2018 [18]
for details).

4.2. Agitated Experimental Microshoot Cultures

The agitated experimental microshoot cultures of A. x prunifolia were derived from
agar basal cultures. These cultures were maintained in 300 mL Erlenmeyer flasks con-
taining MS [20] medium enriched with 1 mg/L 6-benzylaminopurine (BAP) and 1 mg/L
1-naphthaleneacetic acid (NAA). Each flask contained 2 g of fresh microshoots (inoculum)
and 100 mL of MS medium.

The cultures were grown on a rotary shaker (Altel Company, Poland) at 140 rpm for a
20-day growth cycle.

At the start (point “0”) and after 10 days of growth, four different phenolic acids
and depside precursors (phenylalanine, cinnamic acid, benzoic acid, and caffeic acid)
were added to the culture media at five different concentrations: 0.1, 0.5, 1.0, 5.0, and
10.0 mmol/L.

Control cultures (without the addition of precursors) were maintained independently.

The different concentrations of precursors were achieved by adding their respective
0.1 mmol/mL stock solutions and sterile redistilled water to flasks with MS medium (for
details, see [23]).

4.3. Phytochemical Analysis

After 20 days of growth, the microshoots were separated from the medium, dried in a
lyophilizer (Labconco, Kansas City, USA), and powdered. A 0.5 g sample was extracted
with analytical-grade methanol using a reflux condenser (twice, with 50 mL each, for 2 h).
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The extracts were evaporated to a constant mass, and the residues were dissolved in
2 mL of methanol (HPLC grade, Merck, Darmstadt, Germany).

Experimental media (40 mL) were collected, dried in a lyophilizer, and then dissolved
in 5 mL of methanol.

The estimation of phenolic acids and depsides was performed by HPLC analysis
according to Ellnain-Wojtszek and Zgoérka [44] using a Merck-Hitachi apparatus with a
pump L2130 and DAD detector L2455. The analysis was conducted with an RP—18 e
column (Merck, 250 x 4 mm, 5 um) at 25 °C. The mobile phases used were methanol
(A) and methanol: 0.5% acetic acid (1:4 v/v) (B). Gradient elution was used as follows:
0-20 min, 100% B; 20-35 min, 80% B; 35-45 min, 70% B; 45-55 min, 60% B; 55-60 min, 50%
B; 60-65 min, 25% B; 65-75 min, 0% B; and 75-90 min, 100% B. The flow rate was 1 mL/min,
the injection volume was 10 pL, and the detector was set to 254 nm.

Quantitative analysis was based on comparing the peak areas with standard calibration
curves. The following standards of phenolic acids and depsides were used:

e Cinnamic acid derivatives: caffeic, caftaric, m-coumaric, o-coumaric, p-coumaric,
ferulic, gentisic, hydrocaffeic, isoferulic, synapic, and vanillic acids;

e Benzoic acid derivatives: gallic, p-hydroxybenzoic, protocatechuic, salicylic, and
syringic acids;
Phenylacetic acid derivatives: 3,4-dihydroxyphenylacetic acid;
Depsides: chlorogenic, cryptochlorogenic, isochlorogenic, neochlorogenic, rosmarinic,
and ellagic acids.

Additionally, standards of the parent compounds of phenolic acid subgroups (cin-
namic, benzoic, and phenylacetic acids) and phenylalanine were used. All standards were
purchased from Sigma-Aldrich, St. Louis, MO, USA.

4.4. Statistical Analysis

Statistical analysis was performed with the STATISTICA 12.0 software package (Stat-
Soft. Inc., Tulsa, OK, USA). All data are expressed as mean values + standard deviation
(£SD). The Student’s t-test was used to compare the results with the control samples. The
statistical significance was set at p < 0.05. The results are presented as the mean values from
three independent experiments in three repetitions (1 = 5). Error bars indicate standard
deviations. Significant difference is marked with an asterisk “*” (p < 0.05).

5. Conclusions

The results of the extensive research with agitated microshoot cultures of A. x prunifolia
documented that feeding the culture media with two of the four tested biogenetic precursors—
cinnamic acid and caffeic acid—resulted in high production of two depsides: chloro-
genic and neochlorogenic acids. These findings are an important step toward proposing
A. x prunifolia microshoot extracts as a rich source of these bioactive compounds, which
have high antioxidant activity, for use in phytopharmaceuticals, health foods, and phy-
tocosmetics. However, scaling up the in vitro cultures to bioreactors is necessary for
practical application.
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