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Abstract: Prenylated stilbenoids such as arachidin-1 and arachidin-3 are stilbene derivatives that
exhibit multiple pharmacological activities. We report an elicitation strategy using different com-
binations of cyclodextrin, hydrogen peroxide, methyl jasmonate and magnesium chloride to in-
crease arachidin-1 and arachidin-3 production in peanut hairy root cultures. The treatment of hairy
root cultures with cyclodextrin with hydrogen peroxide selectively enhanced arachidin-1 yield
(132.6 £ 20.4 mg/L), which was 1.8-fold higher than arachidin-3. Similarly, cyclodextrin combined
with methyl jasmonate selectively enhanced arachidin-3 yield (178.2 & 6.8 mg/L), which was 5.5-
fold higher than arachidin-1. Re-elicitation of the hairy root cultures further increased the levels of
arachidin-1 and arachidin-3 by 24% and 42%, respectively. The ethyl acetate extract of the culture
medium was consecutively fractionated by normal- and reversed-phase column chromatography,
followed by semi-preparative HPLC purification on a C18 column to yield arachidin-1 with a recovery
rate of 32% and arachidin-3 with a recovery rate of 39%, both at higher than 95% purity. This study
provided a sustainable strategy to produce high-purity arachidin-1 and arachidin-3 using hairy root
cultures of peanuts combined with column chromatography and semi-preparative HPLC.

Keywords: hairy root; peanut; prenylated stilbenoid; arachidin-1; arachidin-3; elicitation; re-elicitation;
methyl jasmonate; cyclodextrin; hydrogen peroxide

1. Introduction

Peanut (Arachis hypogaea L.) is known to produce stilbenoid-type phytoalexins upon
exposure to biotic and abiotic stresses. The major phytoalexins include the non-prenylated
stilbenoid resveratrol and the prenylated stilbenoids arachidin-1 and arachidin-3 [1-3]
(Figure 1). Prenylation is the process of adding a prenyl (C5) moiety to the backbone
structure of a chemical. In the peanut, it usually occurs at the C-4 position of the stilbene
through the action of a stilbene-specific prenyltransferase [4]. Prenylation plays a major
role in bioactivity by increasing the lipophilicity and affinity of natural products to the cell
membrane [5]. Prenylated aromatic compounds have special therapeutic significance owing
to their various pharmacological activities including anticancer and anti-inflammatory
effects that are interesting for industrial applications, though their exploitation is limited
due to their low abundance in nature [6,7].
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Figure 1. Chemical structures of resveratrol and piceatannol and their prenylated analogs.

Arachidin-1 and arachidin-3 are prenylated analogs of piceatannol and resveratrol, re-
spectively. They exhibit a 3-methyl-1-butenyl moiety rather than the typical 3,3-dimethylallyl
moiety as found in arachidin-2 and arachidin-5 (Figure 1). Both arachidin-1 and arachidin-3
have shown anti-inflammatory, antiviral, antibacterial, antioxidant, antiadipogenic, and an-
titumorigenic effects in in vitro studies [3,8-14]. Recently, arachidin-1 was shown to exhibit
potent antiproliferative activity in triple-negative breast cancer cells at low micromolar
concentrations and it was not toxic to non-cancerous breast cells at these concentrations [15].
In addition, arachidin-1 and arachidin-3 exhibited a higher binding affinity for cannabinoid
receptors when compared to their non-prenylated parent compounds piceatannol and
resveratrol. Furthermore, the prenyl unit in arachidin-1 and arachidin-3 prevented the
formation of glucuronide derivatives in vitro, which indicates the potential for slower
metabolism and enhanced bioavailability than their non-prenylated analogs [12]. Most of
the biological activities of arachidin-1 and arachidin-3 were demonstrated in vitro. Studies
in vivo are limited because these compounds are not commercially available. Therefore,
this study aimed to develop a strategy to produce arachidin-1 and arachidin-3 at high levels
and purity amenable for in vivo testing.

To overcome the supply problem for arachidin-1 and arachidin-3, different strategies
for high-level production of stilbenoids are required. Our laboratory established peanut
hairy root cultures as an elicitor-controlled bioproduction platform for prenylated stil-
benoids [2,16-18]. Hairy root cultures are produced via Agrobacterium rhizogenes-mediated
transformation. These tissue cultures are unique due to their ability to grow rapidly in a
phytohormone-free medium and long-term biochemical stability. Elicitation is a strategy
used to initiate or improve the biosynthesis of specialized metabolites in various plants by
stimulating stress responses with the addition of elicitors. Thus, the combination of elicitors
methyl jasmonate (MeJA), methyl-3-cyclodextrin (CD), and hydrogen peroxide (H,O,)
with MgCl, stimulated the production of prenylated stilbenoids in hairy root cultures of
peanut [18].

The semi-preparative separation and isolation of prenylated stilbenoids are a signifi-
cant challenge because of their low abundance in nature [7]. In the past, the isolation of
peanut stilbenoids was based on chromatography in silica gel and preparative HPLC [19,20].
However, methods for producing large amounts of purified peanut prenylated stilbenoids
have not been described. This is the first study to report the purification of large quantities
of prenylated stilbenoids arachidin-1 and arachidin-3 from peanut hairy root cultures using
conventional chromatographic techniques and semi-preparative HPLC.

In the present study, we selectively enhanced the production of arachidin-1 and
arachidin-3 in peanut hairy root cultures by treatment with different elicitor combinations.
We also report easy-to-adapt and efficient normal- and reversed-phase column chromato-
graphic techniques followed by a reversed-phase semi-preparative HPLC approach for the
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separation and purification of two major prenylated peanut stilbenoids, i.e., arachidin-1
and arachidin-3, from elicited hairy root cultures.

2. Results
2.1. Growth Kinetics of Peanut Hairy Roots in 500 mL Flasks

Previously, hairy roots of peanut were cultured in 250 mL flasks with 50 mL of MSV
medium [2,17,18]. However, preliminary experiments suggested that a higher biomass of
roots could be obtained by culturing the same amount of root inoculum into larger flasks
with a higher volume of the medium. Therefore, the hairy roots were cultured in 500 mL
flasks with 100 mL of MSV medium, and a thirty-day growth curve was established to
identify the growth stages of the hairy roots grown under these conditions. The pH and
conductivity of the medium were recorded during the 30 days to understand the behavior
of the roots in the medium (Figure 2A). The conductivity of the medium decreased as the
biomass increased, indicating that nutrients were taken up from the culture medium by
the hairy roots during their growth. The rate of change in conductivity leveled off after
the hairy roots reached their highest biomass on day 15. The pH dropped for the first
three days, slowly increased for the next nine days, and then decreased again on day 18.
From day 18 to the end of the growth curve period, the pH slowly increased. Based on the
dry weight of the hairy roots, a lag phase of about 3 days was observed, followed by an
exponential growth phase between days 3-15 and a stationary phase from day 15 to 30
(Figure 2B). The specific growth rate, growth index, and doubling times were calculated as
0.31 day~!, 107.33, and 2.22 days, respectively. The highest biomass attained was 18.63 +
1.19 g DW/L at 15 days. The specific growth rate was found to be similar to that described
for peanut hairy roots grown in 250 mL flasks [17].
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Figure 2. Growth kinetics of hairy roots of peanut. (A) Conductivity (brown) and pH of the medium
(blue) at different stages of growth. (B) Growth curve of the hairy roots. Values represent the average
of three biological replicates and the error bar represents the standard deviation.

2.2. Phenotype of Hairy Root Cultures upon Multiple Elicitor Treatments

To selectively enhance the production of the prenylated stilbenoids arachidin-1 and
arachidin-3, 12-day-old peanut hairy root cultures were treated with a combination of
elicitors for different time points (48, 96, 144, and 192 h). Interestingly, peanut hairy root
cultures co-treated with CD+MeJA, and CD+MgCly,+HpOp+MeJA showed the most intense
color after 192 h elicitation (Figure 3). The color of the culture medium turned from clear
as observed in the non-treated control hairy root cultures to a dark yellow color upon the
elicitation, which is indicative of the secretion of specialized metabolites into the medium.
In addition, the hairy root tissue showed a brownish-yellow color after the elicitor treatment
compared with the non-treated control group.
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Figure 3. Phenotype of hairy root cultures of peanut upon treatment with different combinations of
elicitors for 48, 96, 144, and 192 h. CD: methyl-p-cyclodextrin; MgCl,: magnesium chloride; HyO,:
hydrogen peroxide; MeJA: methyl jasmonate.

2.3. Effect of Different Elicitor Treatments on Yield of Archidin-1 and Arachidin-3

To determine the yield of arachidin-1 and arachidin-3 during the elicitation period,
ethyl acetate extracts from the culture medium after 48, 96, 144, and 192 h of elicitor treat-
ment were analyzed by HPLC (Figure 4A-F). Arachidin-1 and arachidin-3 were detected in
the medium of all the elicited cultures. However, the levels differed significantly among
particular elicitor treatments (Figure 5A,B). As described in previous studies with hairy root
cultures of peanut, arachidin-1, and arachidin-3 were not detected in the non-treated control
group [2]. Previous studies showed the production of prenylated stilbenoids arachidin-1
and arachidin-3 in the hairy root culture media of peanuts after the elicitation by differ-
ent chemical elicitors [2,18]. These results showed that arachidin-1 and arachidin-3 are
inducible specialized metabolites only secreted into the medium after the stress caused
by elicitors.

The overall yield of arachidin-1 (236.8 &+ 20 mg/L) and arachidin-3 (204.9 & 64.8 mg/L)
was higher in the peanut hairy root cultures medium co-treated with CD+MgCl,+H,O,+MeJA
after a 192 h treatment (Figure 5A,B). The yield of arachidin-1 was approximately 1.1-fold
higher than arachidin-3. Interestingly, the selective accumulation of arachidin-1 was found in
the CD+H,O, co-treated peanut hairy root cultures after 192 h. The production of arachidin-1
was 132.6 £ 20.4 mg/L, which was approximately 1.8-fold higher than arachidin-3. Similarly,
the selective production of arachidin-3 was higher in the CD+MeJA co-treated peanut hairy
root cultures after 192 h. The production of arachidin-3 was 178.2 £+ 6.8 mg/L, which
was approximately 5.5-fold higher than arachidin-1. The lowest amount of arachidin-1
(4.24 + 1.1 mg/L) was detected in the hairy root culture medium co-elicited with CD+MgCl,,
whereas the lowest amount of arachidin-3 (28.6 £+ 10.4 mg/L) was found in hairy root
culture elicited with CD only after 192 h. The selective increment in the production of targeted
metabolites arachidin-1 (CD+H,0O, treatment) and arachidin-3 (CD+MeJA treatment) with low
production of other stilbenoids can facilitate the semi-preparative separation and purification
procedure for these prenylated stilbenoids.
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Figure 4. HPLC chromatograms of extracts from the medium of hairy root cultures of peanut
upon elicitation treatment for 192 h with (A) control (without elicitors); (B) CD; (C) CD+MgCly,
(D) CD+H,0, (E) CD+MeJA; and (F) CD+MgCly+H,O,+MeJA. All chromatograms were monitored
at 340 nm. CD: methyl-f-cyclodextrin; MeJA: methyl jasmonate.

2.4. Re-Elicitation of Elicited Peanut Hairy Root Cultures

The capacity of the elicited hairy root cultures to respond to a second elicitor treatment
was investigated by re-elicitation. After 192 h of elicitation, the hairy root cultures were re-
elicited with the same elicitor combination, i.e., CD+H;0O, or CD+Me]JA, for an additional
192 h. Re-elicited hairy root cultures co-elicited with CD+H,O, showed a decreased amount
of both arachidin-1 (32.3 &+ 2.1 mg/L) and arachidin-3 (8.6 + 0.8 mg/L) compared to the
first elicitation (Figure 6A,B). Interestingly, re-elicited hairy root cultures co-elicited with
CD+MeJ A showed a decreased amount of arachidin-3 (74.5 + 13.1 mg/L), whereas there
was an enhanced production of arachidin-1 (110.3 &= 10.3 mg/L) compared to the first
elicitation (Figure 6A,B). Overall, re-elicited hairy root cultures showed high production of
arachidin-1 in both treatments compared to arachidin-3.

Our results showed that elicited hairy root cultures are amenable to elicitor response
and can be used for re-elicitation which can reduce labor and cost and the overall time of
stilbenoid production and purification process. To the best of our knowledge, this is the
first report on the re-elicitation of peanut hairy root cultures with substantial production of
arachidin-1 and arachidin-3. After the first 192 h elicitation period, the culture medium was
replaced with a fresh medium or a medium with elicitors and the biomass was measured
after an additional 192 h. Notably, the hairy root biomass was higher by 5.2% in the
single-elicited hairy root cultures (replaced with fresh medium) when compared with the
re-elicited hairy root cultures with CD+H,O;. Similarly, the biomass was higher by 3.2% in
the single-elicited hairy root cultures (replaced with fresh medium) when compared with
the re-elicited hairy root cultures with CD+MeJA. These results suggested that the hairy
roots were still viable and could continue to grow after the first elicitor treatments.
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Figure 5. Comparison of (A) arachidin-1 and (B) arachidin-3 yield in hairy root cultures of peanut
upon different elicitor treatments. Yield is expressed in mg/L of medium and each bar represents
the average of three biological replicates and error bars represent standard deviation. Statistical
analysis was performed using two-way ANOVA with Tukey’s multiple comparisons test. In each
elicitation period, the lower-case letters above the column represent significant (between different
letters) or non-significant (between the same letter) statistical differences. Significance level, p < 0.05.

CD: methyl-p-cyclodextrin; MeJA: methyl jasmonate.
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Figure 6. Comparison of (A) arachidin-1 and (B) arachidin-3 yield in hairy root cultures of peanut
upon re-elicitation by CD+H;0O, and CD+MeJA. Yield is expressed in mg/L of medium and each
bar represents the average of three biological replicates and error bars represent standard deviation.

CD: methyl-f-cyclodextrin; MeJA: methyl jasmonate.
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2.5. Purification of Arachidin-1 and Arachidin-3

Column chromatography techniques followed by final purification by semi-preparative
HPLC were performed to purify arachidin-1 and arachidin-3. To obtain the two ma-
jor prenylated stilbenoids arachidin-1 and arachidin-3, peanut hairy root cultures were
treated with CD+H,0, or CD+MeJA. Our study showed that CD+H,0O, and CD+MeJA
selectively enhanced the production of arachidin-1 and arachidin-3, respectively. How-
ever, overall production of arachidin-1 and arachidin-3 was higher in the all-elicitor
(CD+MgCly+H;0,+MeJA) treatment. In this study, we did not use the all-elicitor treated
extract for further purification because it also included several other compounds that
could potentially interfere with the purification process. The extract obtained from peanut
hairy root cultures co-elicited with CD+H;O, was used to obtain arachidin-1 (major target
compound) along with arachidin-3. Similarly, the extract obtained from peanut hairy
root cultures co-elicited with CD+MeJA was used to obtain arachidin-3 (major target com-
pound) along with arachidin-1. The peanut hairy root cultures were elicited with CD+MeJA
and CD+H;0; for 192 h and the entire elicited culture medium was extracted with ethyl
acetate. After evaporation, the extracts were consecutively fractionated by normal- and
reversed-phase column chromatography techniques as described in the Section 4, fol-
lowed by semi-preparative HPLC on a C18 column to yield arachidin-1 and arachidin-3
(Figure 7A,B). Arachidin-1 and arachidin-3 were obtained as an amorphous solid showing
a white color with a yellow tint. Altogether, 295 mg of arachidin-1 and 530 mg of arachidin-
3 were isolated by combining both elicitor treatments. To the best of our knowledge, this
is the first report on the isolation and purification of arachidin-1 and arachidin-3 in large
quantities. After the purification process, the purity of arachidin-1 and 3 was checked
by HPLC-UV by the relative area covered by these compounds in the chromatogram.
Arachidin-1 and arachidin-3 were obtained at over 95% purity (Supplementary Materials
Figures S1 and S2).

arachidin-1 arachidin-3

e

-500 - ;

0.0

3,000 -
{1 mAU

2,000

1,000 4

arachidin-1 arachidin-3

-500 - :
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10.0 20.0 30.0 40.0 45.0

Figure 7. Semi-preparative HPLC chromatograms of 6:4 (MeCN:0.5%HCO,H) octadecylsilane (ODS)
fraction from hairy root cultures of peanut elicited with (A) CD+H;O; and (B) CD+MeJA. CD: methyl-
B-cyclodextrin; MeJA: methyl jasmonate.
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2.6. Identification of Arachidin-1 and Arachidin-3

The identity of arachidin-1 and 3 was confirmed by comparison of HPLC retention
time and UV spectrum with standards isolated and identified in our laboratory previously.
Furthermore, mass spectrometry analysis of the purified compounds showed the same
fragmentation pattern of arachidin-1 and arachidin-3 that was previously reported [21].
The mass spectrometry analysis of arachidin-1 showed a molecular ion at m/z 313 [M+H]*
and fragment ion at m/z 257 in MS?, suggesting the presence of a prenyl moiety. Similarly,
mass spectrometry analysis of arachidin-3 showed a molecular ion at m/z 297 [M+H]*
and a fragment ion at m/z 241 in MS?, indicating the presence of a prenyl moiety (Table 1)
(Supplementary Materials Figures S3-56).

Table 1. Prenylated stilbenoids detected in elicited peanut hairy root culture by UHPLC-PDA-ESI-MS®.

Arachidins tg min) UV Max (nm) [M+H]* MS?2 Ions 2 MS3 Ions

L 239, 211, 229,
Arachidin-1 13.84 340 313 257 197, 215
Arachidin-3 16.10 335 297 241 223,213,199, 195

3 MS? ions in boldface were the most abundant ions and were subjected to MS® fragmentation.
3. Discussion

Hairy root cultures were used as an attractive system for producing bioactive special-
ized metabolites owing to their characteristic high growth rate, genetic and biochemical
stability, and similar or higher biosynthetic potential to parent plants [22]. Peanut hairy
root cultures are currently attracting significant attention owing to their ability to produce
bioactive prenylated stilbenoids. Indeed, the peanut hairy root cultures treated with var-
ious elicitors are known to produce the prenylated stilbenoids arachidin-1, arachidin-2,
arachidin-3, and arachidin-5 [21]. However, most peanut prenylated stilbenoids were
isolated from fungi-challenged peanut seeds. Thus, Aspergillus and Rhizopus species were
used to challenge peanut seeds to produce novel stilbene phytoalexins and prenylated
derivatives, including SB-1, chiricanine A, arahypin-1, arahypin-2, arahypin-3, arahypin-4,
arahypin-5, arahypin-6 and arahypin-7 [3,20,23-25]. However, the drawbacks of producing
stilbenoids from fungal-challenged peanut seeds are low yield, low recovery, modification
of prenylated stilbenoids by fungi, and presence of mycotoxins [25].

Elicitation is a promising method to induce or enhance the production of secondary
metabolites. In the present study, several combinations of elicitors including CD, MeJA,
H0; and MgCl, were tested to evaluate the capacity of peanut hairy root cultures to
produce large quantities of prenylated stilbenoids arachidin-1 and arachidin-3. Cyclodex-
trins (CDs) are cyclic oligosaccharides derived from starch which are used as elicitors to
increase the levels of secreted specialized metabolites in plant cells and tissue cultures by
forming inclusion complexes with non-hydrophilic compounds. Furthermore, CDs are also
commonly used to prevent feedback inhibition [26]. Methyl jasmonate (MeJA), a methyl
ester of jasmonic acid, is an extensively used effective elicitor due to its outstanding role in
signal transduction pathways. Indeed, various studies have demonstrated enhanced phyto-
chemical contents in plants and hairy roots by MeJA treatment [27,28]. Hydrogen peroxide
(H,Oy) acts as a signal molecule that may trigger oxidative stress resulting in the production
of specialized metabolites [29]. Magnesium (Mg?+) is the most abundant divalent cation in
living cells and acts as a co-factor required for the activity of the prenyltransferases enzyme
which plays a key role in the prenylation of [4,30].

Co-treatment with cyclodextrins and MeJA to hairy root cultures has emerged as a
novel approach for the enhanced accumulation and induction of new secondary metabolites.
Previously, taxol biosynthesis was increased by the joint action of cyclodextrins and MeJA
by 55 times higher than in non-elicited Taxus x media cell cultures [31]. Increased production
of alkaloids vindoline, catharanthine, and ajmalicine were reported in cell cultures of
Catharanthus roseus co-treated with cyclodextrins and MeJA compared to individually
treated cells [32]. This and previous studies showed the synergistic effect of cyclodextrins
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and MeJA in stilbenoid production in peanuts. However, the synergistic effect of CD+H0O,
has not been studied. The effect of exogenous H,O, on the synthesis of stilbenoids was
studied in Vitis rotundifolia hairy root cultures. H,O, induced the secretion of resveratrol
into the culture medium at higher levels than the other two major stilbenoids piceid and e-
viniferin [33]. In the present study, we treated peanut hairy root cultures with CD+H,0; to
investigate the induction of stilbenoid production in the culture medium, and interestingly,
selectively enhanced production of arachidin-1 was found. On the other hand, CD+MeJA
enhanced the production of arachidin-3. This difference in the accumulation of prenylated
stilbenoids could be related to the distinct types of stress and signaling pathways induced
by MeJA versus H,O,. For instance, the latter may increase oxidative stress signaling
pathways and arachidin-1 biosynthesis may be favorable to counteract oxidate stress.
Though the highest yields of arachidin-1 and arachidin-3 were found in the hairy root
cultures treated with CD+MgCl,+H,O,+MeJA, this treatment also induced secretion of
several other stilbenoids which could interfere with the purification steps for arachidin-1
and arachidin-3. However, this four-elicitor treatment could be used to purify these other
minor stilbenoids from the extract.

Several studies have shown the preparative separation and isolation of compounds us-
ing different parts of the plant. Centrifugal partition chromatography (CPC) and high-speed
countercurrent chromatography (HSCCC) techniques were widely used in the preparative
separation of plant-specialized metabolites [34,35]. To our knowledge, the semi-preparative
isolation of prenylated stilbenoids in large amounts using conventional chromatographic
techniques such as column chromatographic techniques and semi-preparative HPLC has
not been reported yet. In the present study, we isolated arachidin-1 and arachidin-3 in
large quantities from peanut hairy root cultures co-elicited CD+H,0O;, and CD+MeJA us-
ing conventional column chromatographic techniques and semi-preparative HPLC. In
this study, 258 mg of arachidin-1 and 112 mg of arachidin-3 were isolated from peanut
hairy root cultures treated with CD+H,0O,. Similarly, 37 mg of arachidin-1 and 418 mg of
arachidin-3 were isolated from peanut hairy root cultures co-treated with CD+MeJA. All
compounds were isolated with >95% purity based on the relative area covered by HPLC.
To our knowledge, this is the first report of isolation of arachidin-1 and arachidin-3 in such
large quantities with high purity from any plant sources.

In this work, we optimized an elicitation procedure to induce the production of the
prenylated stilbenoids arachidin-1 and arachidin-3 in peanut hairy root cultures at a larger
scale than previously reported. This approach provides a platform to obtain these bioactive
compounds in high amounts for further testing in different bioassays in vitro and in vivo.

4. Materials and Methods
4.1. Hairy Root Cultures of Peanut

Hairy root culture of peanut cv. Hull line 3 was previously established [17] and
maintained in 500 mL flasks containing 100 mL MSV medium [17] supplemented with
3% of sucrose at pH 6. All cultures were maintained under continuous darkness on an
orbital shaker at 90 rpm at 28 °C. Hairy root tips were subcultured every 15 days into a
fresh culture medium.

4.2. Growth Kinetics of Peanut Hairy Roots

A total of twelve 2-3 cm long tips were excised from the hairy roots growing in MSV
medium and cultured in a 500 mL flask containing 100 mL of MSV liquid medium [17] with
3% sucrose to establish a growth curve. The flask cultures were covered with aluminum foil
and maintained on an orbital shaker (Innova 44R, New Brunswick Scientific, Hauppauge,
NY, USA) at 90 rpm and 28 °C under continuous darkness. Three flasks were harvested
at intervals of 3 days through day 30. The harvested hairy roots were frozen and then
lyophilized (Freeze Dry System Freezone 4.5, Labconco™, Kansas City, MO, USA) to obtain
the dry weight. The specific growth rate (1) was calculated as i = In (DW;/DWj)/ At where
DW; =18.63 g/L is the average dry weight of the roots in g/L at the end of the exponential
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growth (day 15), DWj = 0.17 g/L is the average dry weight of inoculum in grams at the
start of the exponential growth (day 0), and t is the interval of time (in days) between 0 and
i (15 days). Doubling time (T4) was calculated as Tq = In (2)/u. The growth index (GI) was
calculated as GI = (DW; — DWj)/DW, where DW; is the average dry weight of the roots
in g/L at the end of the exponential growth (day 15) and DWj, is the average dry weight of
inoculum in grams at the start of the exponential growth (day 0). The conductivity and pH
were measured from the culture media at each of the time points.

4.3. Elicitation of Peanut Hairy Root Cultures

The production of prenylated stilbenoids arachidin-1 and arachidin-3 was evaluated
as a function of the different elicitor combinations:

(i) 18 g/L methyl-p-cyclodextrin (CD; CAVASOL® W7 M, Wacker, Munich, Germany);
(i) 18 g/L CD+3 mM H;0O; (Thermo Scientific, Waltham, MA, USA);

(iii) 18 g/L CD+125 pM methyl jasmonate (Sigma-Aldrich, St. Louis, MO, USA);

(iv) 18 g/L CD+1 mM MgCl, (Sigma-Aldrich, St. Louis, MO, USA);

(v) 18 g/L CD+125 uM MeJA+3 mM H,O,+1 mM MgCl,,

Twelve-day-old peanut hairy root cultures grown in 500 mL flasks containing 100 mL
MSV medium were used for elicitation. Prior to elicitation, the spent medium was removed
and replaced with 200 mL of fresh MSV medium containing 3% sucrose with different
combinations of elicitors as described above. All elicited cultures were incubated on a rotary
shaker (90 rpm) at 28 °C under continuous darkness. A control group was also analyzed
by only refreshing MSV medium [17] without adding any of the elicitors mentioned above.
For the time-course experiment, aliquots of medium from multiple time points (48, 96,
144, and 192 h) were collected from the same flask of elicited culture for HPLC analysis as
described below. All treatments were performed in biological triplicates.

4.4. Re-Elicitation of Elicited Peanut Hairy Root Cultures

To check the capability of elicited hairy root cultures to produce prenylated stilbenoids
arachidin-1 and arachidin-3, elicited hairy root cultures were elicited again with either
18 g/L CD+3 mM H0O; or 18 g/L CD+125 uM MeJA. The elicited culture medium was
collected aseptically after 192 h of elicitation and elicited again with CD+MeJA or CD+H,0,
for an additional 192 h. At the end of the re-elicitation period, the culture medium was
collected and analyzed by HPLC as described below.

4.5. Extraction and Analyses of Arachidin-1 and Arachidin-3

A 900 pL aliquot from the elicited culture medium was extracted with an equal amount
of ethyl acetate in a 2 mL microcentrifuge tube by vortexing for 30 s. Then, 500 uL of the
upper organic phase was removed, transferred to an amber HPLC vial, and dried under
a nitrogen stream using a Reacti-Vap III apparatus (Thermo Fisher Scientific, Waltham,
MA, USA). HPLC analyses were performed in an Ultimate 3000 UHPLC system (Thermo
Fisher Scientific, Waltham, MA, USA). The extract was resuspended in 500 pL of MeOH
and analyzed by reversed-phase HPLC. Briefly, the chromatography was performed in a
SunFire™ C18 column (5 um, 4.6 x 250 mm, UV detection at 340 nm) (Waters, Milford,
MA, USA) at 40 °C and a flow rate of 1.0 mL/min. The mobile phase was composed of
MeOH (A) and 0.5% HCO,;H (v/v) (B). The column was initially calibrated with B for 1 min.
Then, a linear gradient was performed using the following program: 60% A to 65% A for
1-20 min, 65% A and 35% B to 100% B for 20-25 min, and 100% B for 25-30 min. Calibration
curves for reference compounds were established previously [36]. Similarly, re-elicited
culture medium was extracted and analyzed as described above.

4.6. Purification of Arachidin-1 from Peanut Hairy Root Cultures Co-Elicited with CD and H,O,

The extract obtained from peanut hairy root cultures co-elicited with CD+H,O, was
used to obtain arachidin-1. The hairy root cultures were inoculated into thirty 500 mL
flasks containing 100 mL of MSV medium [17]. The cultures were grown till the mid-log
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stage prior to elicitation. The spent medium was discarded and replaced with 200 mL
of MSV medium [17] supplemented with 3% sucrose, 3 mM H,O,, and 18 g/L CD. The
cultures were incubated at 28 °C on a rotary shaker at 90 rpm for 8 days under continuous
darkness. After 8 days, the elicited culture media were collected and extracted with ethyl
acetate twice at a ratio of 1:1 first time and 2:1 second time. The organic layer was separated
from the aqueous layer in a separatory funnel. The organic layer was concentrated in
vacuo to afford 2.9 g of extract from 6 L of elicited culture medium. The extract was
fractionated by silica gel (Sigma-Aldrich, St. Louis, MO, USA) column chromatography
with a step gradient of CHCl;-MeOH (1:0, 20:1, 10:1, 4:1, 2:1, 1:1, and 0:1 v/v). Fraction
3 (10:1) was concentrated to provide a yellowish oil (1.5 g), which was then fractionated
by reversed-phase ODS (Nacalai Tesque, Inc., Kyoto, Japan) column chromatography
with a gradient of MeCN—0.5% HCO,H (2:8, 3:7, 4:6, 5:5, 6:4, 7:3, and 8:2 v/v). Fraction
5 (6:4) was concentrated and extracted with EtOAc. The organic layer was dried over
anhydrous NaySOy, filtered, and concentrated to give a semi-pure material (650 mg). Final
purification was achieved by semi-preparative HPLC (SunFire C18 OBD™ Prep, Waters,
Milford, MA, USA) (10 x 250 mm, 4 mL/min, UV detection at 340 nm) with gradient
elution of MeOH/0.5% HCO,H solution (50:50 to 90:10, eluting over 30 min) to yield
arachidin-1 (258 mg, fg 14.3 min), and arachidin-3 (112 mg, tg 17.0 min). Arachidin-1 and
arachidin-3 were obtained with >95% purity.

4.7. Purification of Arachidin-3 from Peanut Hairy Root Cultures Co-Elicited with CD and MeJA

Peanut hairy root culture extract obtained by co-elicitation with CD+MeJA was used
to obtain arachidin-3. Cultures were incubated as described above, except that 18 g/L CD
and 125 uM MeJ A were used as elicitors. After 8 days, the elicited culture media were
collected and extracted with ethyl acetate twice at a ratio of 1:1 first time and 2:1 second
time. The organic layer was separated from the aqueous layer. The organic layer was
concentrated in vacuo to afford 5 g of crude extract from 6 L of elicited culture. The extract
was fractionated by silica gel (Sigma-Aldrich, St. Louis, MO, USA) column chromatography
with a step gradient of CHCI3-MeOH (1:0, 20:1, 10:1, 4:1, 2:1, 1:1, and 0:1 v/v). Fraction 3
(10:1) was concentrated to provide a yellowish oil (3 g), which was then fractionated by
reversed-phase ODS (Nacalai Tesque, Inc., Kyoto, Japan) column chromatography with a
gradient of MeCN—0.5% HCO,H (2:8, 3:7, 4:6, 5:5, 6:4, 7:3, and 8:2 v/v). Fraction 5 (6:4)
was concentrated and extracted with EtOAc. The organic layer was dried over anhydrous
NaySOy, filtered, and concentrated to give a semi-pure material (745 mg). Final purification
was achieved by semi-preparative HPLC SunFire C18 OBD™ Prep, (Waters, Milford,
MA, USA) (10 x 250 mm, 4 mL/min, UV detection at 340 nm) with gradient elution of
MeOH/0.5% HCO,H solution (50:50 to 90:10, eluting over the course of 30 min) to afford
arachidin-1 (37 mg, tg 15.1 min), and arachidin-3 (418 mg, fg 17.2 min). Arachidin-1 and
arachidin-3 were obtained with >95% purity.

4.8. Liquid Chromatography—Mass Spectrometry Analysis

The UltiMate 3000 ultra-high-performance liquid chromatography (UHPLC) system
(Thermo Scientific, Waltham, MA, USA) was used for chromatography. Chromatographic
separation was carried out on a reversed-phase SunFire™ C18 column (5 um, 4.6 x 250 mm,
Waters, Milford, MA, USA) using MeOH (A) and 0.5% HCO,H (B) as the mobile phases
at a flow rate of 1 mL/min. The linear gradient was performed from 50% A to 90% A for
0-30 min, 90% A to 100% A for 30-35 min, and 100% A for 35-40 min. The injection volume
was 10 pl. UV chromatograms were recorded at 340 nm. Mass spectrometry was performed
on an LTQ XL linear ion trap (Thermo Scientific, Waltham, MA, USA) with an electrospray
ionization (ESI) source. Ultrahigh pure helium (He) was used as the collision gas and high
purity nitrogen (N5) as the sheath and auxiliary gas. All mass spectra were performed in
both positive ion mode with ion spray voltage at 4 kV, sheath gas at 45 arbitrary units (AU),
auxiliary gas at 15 AU, and capillary temperature at 300 °C. Full mass scans were recorded
in the range m/z 100-1500. Collision-induced dissociation (CID) was used for the breakage
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of the molecular ion into smaller fragments. The relative collision energy was set at 35% of
the maximum to produce optimum yields of fragment ions. The data were analyzed using
the Xcalibur software (Thermo Scientific, Waltham, MA, USA).

5. Conclusions

This work demonstrated that a simple elicitation practice using exogenous CD, H,O5,
and MeJA could effectively improve the yields of the biologically active prenylated stil-
benoids arachidin-1 and arachidin-3 in peanut hairy root cultures. The results showed
that peanut hairy root cultures selectively increase the levels of arachidin-1 or arachidin-3
depending on the elicitation treatment. The combination of CD with MeJA induced higher
levels of arachidin-3 whereas CD combined with H,O, induced higher levels of arachidin-1.
Furthermore, re-elicited peanut hairy root cultures are also liable to produce an elicitor re-
sponse and are still capable of secreting arachidin-1 and arachidin-3 in substantial amounts
into the medium. These results indicate that elicited and re-elicited hairy root cultures are a
promising source of extracts for the purification process to obtain a high-purity level of the
prenylated stilbenoids arachidin-1 and arachidin-3.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27186118/s1, Figure S1: HPLC chromatograms of
purified arachidin-1 and arachidin-3 (>95%) from hairy root cultures of peanut elicited with CD+H,O5;
Figure S2: HPLC chromatograms of purified arachidin-1 and arachidin-3 (>95%) from hairy root
cultures of peanut elicited with CD+MeJA; Figure S3: LC-MS analysis of arachidin-1 from CD+H,0,
elicited extract in positive ion mode; Figure S4: LC-MS analysis of arachidin-3 from CD+H,O; elicited
extract in positive ion mode; Figure S5: LC-MS analysis of arachidin-1 from CD+Me]JA elicited extract
in positive ion mode; Figure S6: LC-MS analysis of arachidin-3 from CD+MeJA elicited extract in
positive ion mode.
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