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Abstract: Lonicera caerulea, commonly known as honeysuckle, is widespread on the Eurasian continent. Its berries are rich in bioactive
compounds. However, limited studies have explored the metabolome composition of the berries of varieties and wild accessions
in different subspecies of L. caerulea. Herein, the metabolomic compositions of four varieties of L. caerulea ssp. caerulea and one
variety and five wild accessions of L. caerulea ssp. kamtschatica (Sevast.) Gladkova were investigated using high-performance liquid
chromatography-electrospray ionization-tandem mass spectrometry (HPLC-ESI-MS) and ESI-MS/MS. As a result, 151 compounds
were identified in the two L. caerulea subspecies. In total, 88 and 84 compounds were detected in L. caerulea and L. caerulea ssp.
kamtschatica, respectively. Twenty-one compounds were common in both subspecies, whereas 67 and 63 compounds were specific to
each subspecies, respectively. The honeysuckle berries were rich in polyphenols including flavonoids, flavanones, flavanols, flavan-3-ols,
and anthocyanins. The metabolome of the L. caerulea berries had high compound diversity (39 compound classes) compared to that
of L. caerulea ssp. kamtschatica (27 compound classes). Of the detected metabolites, 44 compounds were tentatively newly identified,
consisting of 37 polyphenols and seven others. Prevalent anthocyanins in the two subspecies were different, such that the L. caerulea
berries had delphinidins, pelargonidins, and peonidins, whereas the L. caerulea ssp. kamtschatica berries had cyanidins, delphinidins,
and peonidins. These results provide new data on the metabolome composition of honeysuckle berries, which is important for the future
exploration into the health benefits of honeysuckle berries.

Key words: Anthocyanins, flavonoids, honeysuckle berries, Lonicera caerulea, Lonicera caerulea ssp. Kamtschatica, metabolomics,
polyphenols, tandem mass spectrometry

1. Introduction

Blue honeysuckle (Lonicera caerulea L.) and Lonicera
caerulea ssp. kamtschatika are widespread on the
Eurasian continent, mainly in its northern part and come
from high mountainous or humid regions. This plant is
used both as a food source and in traditional medicine
in the Siberian part of Russia, and Asian countries
including China and Japan (Mikulic-Petkovsek et al.,
2012; Perova et al., 2023). Its berries are soft to hard,
bluish to dark purple, with a length and width of 1-2
cm and 1 cm, respectively. The plants can withstand
fairly low temperatures (-40 °C) (Senica et al., 2018a).

* Correspondence: amjad_ucauos@yahoo.com

More than 180 compounds have been reported in the
fruits of honeysuckle. Honeysuckle berries contain
more than 85% moisture, followed by fiber (~8%), crude
protein (~2%), fats (>0.1%), and carbohydrates (~0.9%).
They are rich in amino acids and their derivatives,
vitamins, minerals, sugars (e.g., fructose, glucose,
sucrose, saccharose, sorbitol, and others), phenolic
acids, flavonoids, terpenoids, fatty acids, organic acids,
and carotenoids (Senica et al., 2018b, Zhang et al., 2023).
Based on the presence of a range of vitamins, several
studies have referred to it as a “super fruit” compared to
citrus fruits (Rupasinghe et al., 2018).
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Regular consumption of the berries have been
associated with health benefits such as the prevention
of chronic diseases (e.g., diabetes and cardiovascular
diseases) (Sharma and Lee, 2021). Research has highlighted
that the berries are rich in polyphenols, such as tannins,
anthocyanins/anthocyanidins, and phenolic acids. These
may provide mild protection in the prevention of various
metabolic disorders, including lipid imbalance, thereby
protecting against severe disorders associated with diseases
such as nonalcoholic fatty liver disease (Golba et al., 2020).
Of the phenolic compounds, cyanidin-3-O-glucoside, the
most abundant anthocyanin in nature, has been found
to be predominant. An earlier study demonstrated that
cyanidin-3-O-glucoside, isolated from blue honeysuckle,
improved insulin biosynthesis, which then led to
activation of the insulin signaling pathway. Moreover, it
has also been implicated in reactive oxygen species (ROS)
homeostasis by the activation of antioxidant processes
(Park et al., 2017). Anthocyanins can improve metabolism
by activating adenosine monophosphate-activated protein
kinase (AMPK). Kim et al. (2010) showed that AMPK
inactivates hepatic steatosis in animal models induced
by a high-fat diet. Other than their beneficial health
properties, these anthocyanins and flavonols contribute
to the distinct blue color of the berries (Liu et al., 2023).
The metabolomic composition of honeysuckle fruits also
offers other health benefits. These include activities such
as antiobesity, antiinflammatory, antidiabetic, antitumor,
cardioprotective, protection from lung inflammation, and
several other protective effects on the liver and thyroid
(Gotba et al., 2020; Bieniek et al., 2021).

The phytochemical composition also offers several
benefits to the plants themselves for growth and
development and resistance to stresses (Li et al., 2022).
Thus, the range of compounds present in honeysuckle
plants can also be beneficial for the plants’ interaction
with the environment. For example, one study found
that metabolites related to alkaloid biosynthesis, the
tricarboxylic acid cycle, phenylpropanoid biosynthesis,
and terpenoid biosynthesis were upregulated in salt-
stressed plants compared to the control (Cai et al., 2020).
Similarly, honeysuckle plants increase their phenolic acid
contents under salt stress (Yan et al., 2017). These studies
highlight that the understanding of the metabolome is
important under natural and stress conditions for both the
growth and development of plants, as well as health-related
applications. However, as noted in our recent work, the
metabolome composition of honeysuckle fruits can differ
within varieties as well as under different growth conditions
(Razgonova, et al., 2023a). Other researchers have also
highlighted that honeysuckle berries collected from
different locations differ in their primary and secondary
metabolite contents (Senica et al., 2018a). Considering
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that honeysuckle is grown on a wide geographical range
on the Eurasian continent, continued exploration of the
metabolomic composition of different varieties grown
under different conditions is needed. This information is
useful for both the discovery of new compounds as well
as to understand the impact of growing honeysuckle at
different locations, so that appropriate strategies can be
adapted to harvest the desired metabolomic contents for
medicinal uses.

Herein, the metabolome composition of extracts from
L. caerulea berries (four varieties) and L. caerulea ssp.
kamtschatica berries (one variety and five wild accessions)
were investigated using high-performance liquid
chromatography-electrospray ionization-tandem mass
spectrometry (HPLC-ESI-MS) and ESI-MS/MS analyses.

2. Materials and methods

2.1. Plant material

Six L. caerulea ssp. kamtschatica accessions and four
L. caerulea varieties were studied. The L. caerulea
ssp. kamtschatica varieties (wild accession No. 1, wild
accession No. 2, wild accession No. 3, wild accession
No. 4, wild accession No. 5, and the Elena variety) were
collected and grown in Kamchatsky Scientific Research
Institute, Kamchatka, Russia (N 43°6'34", E 131°52'41").
Four L. caerulea varieties (Goluboe vereteno, Tomichka,
Amfora, and Volhova) were collected and grown in N.L
Vavilov All-Russian Institute of Plant Genetic Resources,
Primorsky Territory (N. 53°11', E 158°23'). The plants
were grown according to the agricultural practices
recommended by the institute. Ripened berries were
collected during the last week of July 2023 from three-year-
old plants (Figure 1). Triplicate samples were collected for
each accession/variety. For sampling, three healthy plants
were selected, and berries were collected from all sides
of each plant and considered as one replicate. Care was
taken to collect healthy, disease- and insect-free berries.
The samples were washed with distilled water and stored
at —80 °C until processed. All the samples morphologically
corresponded to the pharmacopoeial standards of the State
Pharmacopoeia of the Russian Federation (Commission
2020).

2.2. Global metabolome analysis

Analytical grade reagents used were purchased for the
analyses. HPLC grade acetonitrile and MS grade formic
acid were procured from Fisher Scientific (Southborough,
United Kingdom) and Sigma-Aldrich (Steinheim,
Germany), respectively.

Berries (50 g) stored at —-80 °C were used for the
extraction via fractional maceration. The extraction was
carried out according to the method described in our
previous study (Razgonova, et al, 2023a). The LC and
MS processing of the extracts, experimental conditions,
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Figure 1. Representative figure of the L. caerulea ssp. kamtschatica samples used for
the metabolome analysis. a-b) L. caerulea ssp. kamtschatica growing in the N.I. Vavilov
All-Russian Institute of Plant Genetic Resources, Primorsky Territory. ¢) wild L.
caerulea spp. kamtschatica No. 4, d) wild L. caerulea spp. kamtschatica No. 5, e) wild L.
caerulea spp. kamtschatica Elena, and f) berries of L. caerulea (photos by E. Rusakova).

equipment, column, reagents, software, and detection
were also performed as described in our previous study
(Razgonova, et al., 2023a).

2.3'. Data analysis

The detected compounds were annotated according to
a database built and maintained by Far Eastern Federal
University, Russia. Moreover, the PubChem database
was used for annotating the compounds'. Bar plots were
prepared using Microsoft Excel 2019 (Microsoft Corp.,
Redmond, WA, USA). The Venn diagram was prepared
using InteractiVenn (Heberle et al., 2015). Scatter plots
were prepared in TBtools (Chen et al., 2020).

3. Results

3.1. Global metabolome profiles of L. caerulea and L.
caerulea spp. kamtschatica

In order to achieve the highest resolution and signal in the
shortest amount of run time, the HPLC conditions were
optimized. For the purpose of separating the polyphenol
chemicals, a variety of chromatographic parameters,
including the gradient program, injection volume, flow
rate, column temperature, and mobile phase composition,
were investigated and optimized. The gradient program
was evaluated at a flow rate of 0.25 mL/min with several
mobile phase compositions (ethanol-water, ethanol-0.1%

1ht'cps:/ /pubchem.ncbi.nlm.nih.gov/ [accessed on 29 July 2024].

(v/v) formic acid aqueous solution, acetonitrile-water,
and acetonitrile-0.1% (v/v) formic acid aqueous solution)
(data not shown). The maximum number of peaks in
the berry extracts of L. caerulea and L. caerulea ssp.
kamtschatica within 60 min were resolved best using a
mobile phase consisting of 0.1% (v/v) formic acid aqueous
solution (A) and acetonitrile (B) at a flow rate of 0.25 mL/
min and column temperature of 50 °C.

A total of 151 compounds were detected from the berry
extracts of L. caerulea and L. caerulea kamtschatica: 101
chemical compounds from the polyphenol group and 44
others (Appendix 1). The polyphenols belonged to subclasses
such as lignans, coumarins, stilbenes, flavan-3-ols, flavones,
flavonols, phenolic acids, anthocyanidins, etc. Overall, the
detected metabolites were annotated to 41 compound classes
(Figure 2a). Of these, 88 and 84 compounds were detected
in L. caerulea and L. caerulea spp. kamtschatica, respectively;
21 compounds were common in both subspecies (Figure
2b). The highest number of metabolites were flavonols (20),
followed by flavone (18), anthocyanins (17), phenolic acids
(11), flavan-3-ols (1), and hydroxycinnamic acid (8) (Figure
2a). These numbers indicate that the L. caerulea berries are
rich in flavonoids. Moreover, the observation of a higher
number of anthocyanins indicates their roles in the color
formation of the berries.
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Figure 2. Statistics summary of the metabolite compounds detected in L. caerulea and L. caerulea spp.
kamtschatika. a) Bar plot of the number of metabolites for each compound class. b) Venn diagram

showing the number of common and specific

metabolites. The Venn diagram was prepared using

InteractiVenn (Heberle et al., 2015). ¢) Anthocyanins were detected in the extracts of the L. caerulea

and L. caerulea spp. kamtschatika berries. Kam =

Of the detected compounds, 67 and 63 were
specifically detected in both L. caerulea and L. caerulea
spp. kamtschatica, respectively, whereas 21 were common
in the two types of honeysuckle (Figure 2b). The detection
of the 21 compounds in both indicated fair similarities
between the two subspecies. This similarly was particularly
characterized by the occurrence of polyphenols, including
flavonols, flavones, phenolic acids, and others (Appendix
1).

Anthocyanins are major color forming pigments

L. caerulea spp. kamtschatika.

pelargonidins (Figure 2c). These observations provided
interesting insight into the color formation mechanism
of both subspecies and indicated the need for further
exploration of the key pathways at the metabolome and
transcriptome levels.

3.2. Newly detected compounds in L. caerulea and L.
caerulea spp. kamtschatica

Of the detected metabolites in the berries of the two L.
caerulea subspecies, 37 polyphenols and seven other
compounds were identified for the first time. These

in honeysuckle berries (Guo et al, 2023). The extract included flavones  (2’-hydroxygenistein, diosmetin
analyses of the berries of both L. caerulea (four varieties) O-hexoside, chrysoeriol ~ O-diglucoside),  flavonols
and L. caerulea ssp. kamtschatica (six accessions) by (myricetin, astragalin, kaempferol-3-O-glucoside,

employing HPLC-ESI-MS and ESI-MS/MS resulted in the
detection of 16 anthocyanins. A notable result was that the
berry extracts of the four L. caerulea varieties contained
delphinidin 3-O-glucoside, delphinidin 3-O-rutinoside,
delphinidin 3-O-b-D-sambubioside, pelargonidin 3-O-(6-
O-malonyl-b-D-glucoside), pelargonidin-3-O-glucoside,
and peonidin 3-O-rutinoside. However, cyanidins
were absent from the extracts of the L. caerulea berries,
whereas those of the L. caerulea ssp. kamtschatica berries
had cyanidins, delphinidins, and peonidins, but lacked
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taxifolin-3-O-hexoside, kaempferol glycosyl-rhamnoside,
kaempferol-3,7-di-O-glucoside),  flavan-3-ols  ((epi)-
catechin O-hexoside, (epi)-gallocatechin-(epi)-catechin
dimer, lignan syringaresinol, coumarin 4-methylesculetin),
etc. Whereas the other newly detected compound classes
in the berries were omega-hydroxy amino acid (hydroxy
decenoic acid), saturated fatty acid (hydroxydodecenoic
acid), sesquiterpenoid (atractylenolide II), polyunsaturated
long-chain fatty acid (hexadecadienoic acid), and
phenanthraquinone tanshinone V, etc.
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Several of the newly and tentatively identified
collision-induced dissociation (CID)-spectrums of the
chemical compounds in the L. caerulea spp. kamtschatika
berry extracts are presented in Figure 3. Among the
newly identified metabolites, neochlorogenic acid was
found in the L. caerulea spp. kamtschatika berry extracts
(Figure 3a). The [M-H]" ion produced a fragment ion
with m/z 191.22, which further produced a characteristic
daughter ion with m/z 172.64. This fragment ion with
m/z 172.64 further produced one daughter ion (m/z
126.80). The L. caerulea spp. kamtschatika extracts also
contained phenanthraquinone tanshinone (Figure 3b)

and the dihydrochalcone phloretin (Figure 3c). The
[M+H]" ion produced one fragment ion with m/z 257.19
(Figure 3c), which produced a characteristic daughter
ion (m/z 230.08). This fragment ion further produced
one daughter ion with m/z 229.24. However, stilbene
resveratrol was identified in both the L. caerulea and L.
caerulea spp. kamtschatica berry extracts (Figure 3d-e).
The [M+H]* ion produced one fragment ion with m/z
179.17 (Figure 3e). The fragment ion with m/z 179.17
produced one characteristic daughter ion with m/z
151.22.
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Figure 3. Collision-induced spectrum of the newly identified compounds from the extracts of the L. caerulea and L. caerulea spp.
berries. kamtschatica. a) CID-spectrum of neochlorogenic acid from extracts of the L. caerulea spp. kamtschatica (wild form 5) berries,
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353.34>191.22 >172.64 m/z. b) CID-spectrum of tanshinone from extracts from berries of L. caerulea spp. kamtschatica (wild form
2), m/z 313.31. At the top is an MS scan in the range of 100-1700 m/z, at the bottom are fragmentation spectra (from top to bottom):
MS2 of the protonated tanshinone ion (313.31 m/z, red diamond), MS3 of the fragment 313.315212.20 m/z and MS4 of the fragment
313.315212.20113.20 m/z. ¢) CID-spectrum of phloretin from extracts from berries of L. caerulea spp. kamtschatica (Elena variety),
m/z 275.23. At the top is an MS scan in the range of 100-1700 m/z, at the bottom are fragmentation spectra (from top to bottom):
MS2 of the protonated phloretin ion (275.23 m/z, red diamond), MS3 of the fragment 275.235257.19 m/z and MS4 of the fragment
275.235257.195230.08 m/z. d) CID-spectrum of resveratrol from extracts of the L. caerulea spp. kamtschatica (wild form 1) berries, m/z
229.21. At the top is an MS scan in the range of 100-1700 m/z, at the bottom are fragmentation spectra (from top to bottom): MS2 of the
protonated resveratrol ion (229.21 m/z, red diamond), MS3 of the fragment 229.215179.16 m/z and MS4 of the fragment 229.21->179.16
>151.16 m/z. ) CID-spectrum of resveratrol from extracts of the L. caerulea (Tomichka variety) berries, m/z 229.21. At the top is an MS
scan in the range of 100-1700 m/z, at the bottom are fragmentation spectra (from top to bottom): MS2 of the protonated resveratrol ion
(229.21 m/z, red diamond), MS3 of the fragment 229.21-5179.17 m/z and MS4 of the fragment 229.215179.17->151.22 m/z.
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3.3. Metabolome profiles of the berries of the four L.
caerulea varieties

The metabolome analysis of the berries harvested
from the four varieties of L. caerulea resulted in
the identification of 88 compounds (Figure 4a;
Appendix 1). These metabolites were annotated to 39
compound classes (Figure 4b). The highest number
of metabolites was detected in the extract from the
berries of the Tomichka variety (57), followed by the
Amfora (34), Volhova (32), and Goluboe (18) varieties.
Seven metabolites, i.e. Herbacetin, kaempferol,
2,3,4,5,6-pentahydroxybenzoic  acid, caffeic acid
isoprenyl ester, L-Histidine, anonaine, and 3,4,8,9,10-Pe
nthahydroxydibenzo[b,d]pyran-6-one were common
to all four varieties (Appendix 1).

In addition to the highest number of detected
metabolites, the Tomichka berry extract also contained
30 specific metabolites. These results indicated that
the Tomichka berries are richer in metabolites such
as flavonoids, amino acids, anthocyanins, coumarins,
flavonols, hydroxycinnamic acid, and phenolic acids
(Appendix 1).

Among others, the Amfora berry extract contained
the second highest number (19) of exclusively
detected metabolites. The Amfora berry metabolome
was relatively more diverse than that of the Goluboe
berries. It was composed of amino acid (L-histidine),
anthocyanins, alkaloid, coumarins, flavan-3-ols,
flavones, and flavonols. It also contained two omega-
3-fatty acids (stearidonic acid and linolenic acid).
Adenosine (ribonucleoside composite of adenine),
sesquiterpene lactone (artemisinin C), vapiprost,
and citric acid were the key components in the
Amfora berries. Among them, the notable detection
of apigenin, gallocatechin, citric acid, adenosine, and
linolenic acid implies its beneficial health properties
(Appendix 1).

While the Goluboe berry extract contained a
limited number of metabolites, it contained four unique
compounds, i.e. dihydroxy-tetramethoxy(iso)flavone,
calycosin-7-O-beta-D-glucoside-6”-O-malonate, and
pinosylvin, caffeoyl shikimic acid (Appendix 1).

However, the Volhova berry extract contained five
exclusively accumulated compounds, i.e. a derivative
of trihydroxy eicosatetraenoic acid, butin,3,4-O-
dicaffeoylquinic acid, quercetin rhamnosyl hexoside,
and monotropein. These results clearly indicated
that the studied varieties contain a diverse range
of metabolites. Considering the beneficial health
properties of monotropein, i.e. the suppression of
H,0,-evoked ROS production in osteoblasts (Ieri et al.,
2013), it is a notable observation in the Volhova berry
extract (Appendix 1).
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3.4. Metabolome profiles of berries of the six L. caerulea
spp. accessions

The metabolome analysis of the berries harvested from the
six accessions of L. caerulea ssp. kamtschatica resulted in
the identification of 84 compounds (Figure 4c; Appendix
1). These metabolites were assigned to 27 compound
classes (Figure 4d). The highest number of metabolites
was detected in the Elena berry extract (35), followed by
accessions wild No. 5 (34), wild No. 1 (26), wild No. 4 (19),
and wild No. 2 and No. 3 (17 each). The berries of all six
types of L. caerulea spp. kamtschatica studied accumulated
compounds belonging to anthocyanins, flavan-3-ols,
flavones, flavonols, and indole sesquiterpene alkaloid.
Wild No. 1 was the richest in anthocyanins, followed by
the Elena variety, wild No. 4 and No. 5, wild No. 2, and
wild No. 3. Wild No. 5 was the richest in flavonols and
phenolic acids.

The wild No. 1 berry metabolome was mostly composed
of flavones, flavonols, flavan-3-ols, anthocyanins,
hydroxycinnamic acid, phenolic acids, lignan and coumarin,
amino acid, and indole sesquiterpene alkaloid. Notably,
the presence of amino acid L-theanine and sespendole are
important for their beneficial health and antimicrobial
activity properties, respectively (Appendix 1).

The wild No. 2 berry metabolome showed a
relatively less diverse compound class diversity. The
extracts contained flavone, flavonol, flavone, flavan-3-
ols, anthocyanins, ellagic acid (a hydroxybenzoic acid),
tanshinone V (phenanthraquinone), and sespendole
(Appendix 1).

The wild No. 3 berry metabolome, similar to that of
wild No. 2, was less diverse. However, its composition
was different from that of wild No. 2. In addition to
flavone, flavonols, flavan-3-ols, and anthocyanin (only
petunidin), several other compounds were detected,
such as hydroxycinnamic acid, hydroxybenzoic acid,
hydroxydodecenoid acid, vapiprost, and sespendole
(Appendix 1).

The wild No. 4 berry metabolome was composed of
flavone, flavanols, flavan-3-ols, anthocyanin, tannin (and
ellagitannin), tricarboxylic acid, vapiprost, and sespendole
(Appendix 1).

The wild No. 5 berry metabolome was the richest of
the five wild accessions, as it contained flavones, flavonols,
flavan-3-ols, anthocyanins, hydroxycinnamic acid,
phenolic acids, L-histidine (and hydroxy decanoic acid),
citric acid, vebonol, and sespendole (Appendix 1).

The Elena berry extract had the most diverse
metabolome, as in addition to the above-mentioned
compounds, it also included dihydrochalcone,
stilbene, quinic acid, sebacic acid, caryophyllene
oxide, atractylenolide II, hydroxy decanoic acid, and
pheophorbide a (Appendix 1).
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Figure 4. Metabolome composition of L. caerulea and L. caerulea spp. kamtschatica. a) Venn diagram showing the number of metabolites
and b) scatter plot of the number of metabolites belonging to different compound classes detected in the four varieties of L. caerulea. c)
Venn diagram showing the number of metabolites and d) scatter plot of the number of metabolites belonging to different compound
classes detected in the six accessions of L. caerulea ssp. kamtschatica. The red circles in Figures b and d refer to the number of metabolites
in each compound class. The absence of a circle indicates that there was no compound detected in that class. Kam 1-5 and Kam Elena
in Figure d refer to the five wild accessions and variety of L. caerulea spp. kamtschatica.
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4. Discussion
Honeysuckle fruits are source of flavonoids and
anthocyanins, which impart health-promoting effects upon
consumption. Earlier research on this species revealed
how the accumulation patterns of different secondary
metabolites, sugars, amino acids, and organic acids change
during fruit development [29]. Lonicera caerulea L. has
seven subspecies (Boyarskikh, 2020). To date, knowledge
on the comparative metabolome compositions of these
subspecies is scarce. However, owing to the reported
health benefits, it is essential to explore the similarities and
differences in their metabolome profiles. The current study
reported the comparative metabolome analysis of the
berries of two subspecies, i.e. L. caerulea L. subsp. caerulea
and L. caerulea subsp. kamtschatica. For each subspecies,
the available accessions and/or varieties were investigated
via HPLC-ESI-MS and ESI-MS/MS analyses.
Honeysuckle berries contain organic acids, free
amino acids, polyols, free fatty acids, monosaccharides,
oligosaccharides, lignans and coumarins, phenolic
acids, lipids, nucleotides and their derivatives, and, most
importantly, flavonoids and anthocyanins (Lee et al., 2015;
Shelenga et al., 2022). In this regard, the results herein,
that the metabolome of L. caerulea varieties is composed
of lignans, coumarins, flavonoids, stilbenes, phenolic
acids, and anthocyanins (Figure 2), are consistent with the
literature. Notably, the large proportion of the polyphenol
classindicates the usefulness of both subspecies for studying
their beneficial health impacts. This is because polyphenols
are a highly functional class of compounds that have been
linked to antioxidant, reduced risk of myocardial infarction,
diabetes, heat stroke, inflammation, and improvement
in blood pressure, antimicrobial, antibacterial effects
(Rana et al., 2022). The common metabolites between
the two subspecies indicated their collective usefulness.
Contrarily, the detection of specific compounds within
each subspecies indicated that the species differ in their
metabolome composition, which is a novel observation in
honeysuckle. Differences in the metabolome composition
of subspecies exist in several plant species, e.g., pine (Rivas-
Ubach et al., 2017), japonica and indica rice (Hu et al.,
2014), brassica subspecies (Zheng et al., 2022), etc. Such
differences are useful for breeding individual subspecies
for the increased production of specific compounds, in
addition to being helpful in subspecies identification at
the metabolite level as well as metabolome-based genome-
wide association (Wei et al., 2021). The presence of 16
anthocyanins in the two subspecies indicated that these
are major pigments in L. caerulea (Guo et al, 2023).
Differences in the composition of the anthocyanins can
be associated with the ultimate color of the berries. For
example, the presence of delphinidins, pelargonidins,

2h'[tps:/ /bakcharopss.ru/catalog/ [accessed on 15 December 2023]
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and peonidins in L. caerulea corresponds to their fruit
color, i.e. purple to dark purple. However, the combined
presence of cyanidins, delphinidins, and peonidins in
L. caerulea ssp. kamtschatica may be associated with the
observable difference in their berries from those of L.
caerulea (Figure 1). Notable factors in the color formation
are copigmentation and temperature (Khoo et al., 2017).
Since the two subspecies were grown at different locations,
differences in the climate may have been a factor affecting
the anthocyanin and other metabolite accumulation. The
results herein, that within each subspecies, the accessions/
varieties differed in their anthocyanin contents (Figure 2c),
suggest that there may have been an effect resulting from
their genetic background as well as the environment. This
is consistent with the earlier reports that the anthocyanin
content of berries can be different between related species
and cultivars within a species (Ponder et al., 2021).

Apart from anthocyanins, the accumulation of
other metabolites in the individual varieties/accessions
highlighted their respective importance. The fact
that the Tomichka berry extract had highest detected
metabolites (as well as 30 specific compounds) among the
L. caerulea varieties, indicated its usefulness in the food
and health industries. Tomichka has been included in the
State Register of Russia since 1987%. The results on its
metabolite composition are useful knowledge for its usage
in breeding for new L. caerulea varieties. Concomitantly,
the detection of stearidonic acid, linolenic acid, adenosine,
L-histidine, artemisinin C, vapiprost, and citric acid in
Amfora indicated that its consumption will impart a range
of health benefits (Walker et al., 2013; Thornthwaite et al.,
2017). However, the presence of specific metabolites in
other varieties, i.e. Goluboe and Volhova, also suggested
that their consumption is useful for improving health,
although their metabolome showed a limited number of
variety-specific compounds. Particularly, the observation
that the Volhova berries contained monotropein, indicated
that their consumption might improve health. It has been
reported that monotropein suppresses the H O -evoked
ROS production in osteoblasts (Ieri et al., 2013). Here, it
is important to note that the location it is grown at, the
growth stage, and genetic background of the varieties can
be notable factors responsible for such differences. This
has been shown in other plant species, such as Echinacea
purpurea (Xu et al.,, 2022), maize (Asiago et al., 2012),
Lycium barbarum (Wang et al., 2020), etc. In the case of
L. caerulea ssp. kamtschatica, there were fewer compound
classes detected than in L. caerulea (Figure 4). This may
have been due to either their different genetic makeup
or the environment where they were grown (Ponder et
al., 2021). Nevertheless, the Elena variety and other wild
accessions in this subspecies offer a range of common
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and specific compounds. Specifically, the polyphenol
compositions of the studied variety and accessions
highlight their potentially beneficial health impacts (Rana
etal., 2022). Berries of the Elena variety and wild No. 1 can
be good candidates for their use as parents for improved
variety development as well as testing the beneficial
health properties of the diverse range of compounds they
contain. The L-theanine detected in wild No. 1 has been
previously linked with disease prevention and health
promoting activity (Williams et al., 2016). The commonly
detected compound sespendole in the Elena variety
and five wild accessions is a sesquiterpene and has been
reported for its antibacterial activity (Kudo et al., 2018).
Ellagic acid and tanshinone V were detected in wild No.
2. These two compounds have been linked with vascular
health, and cardiovascular and therapeutic benefits
(Larrosa et al., 2010), respectively. Similarly, the specific
compounds identified in the other wild accessions and
Elena variety indicated the usefulness of each accession/
variety as a food and resource for the health industry.
Taken together, it was concluded that the two subspecies
differ in the metabolome profiles of their berries. Within
each subspecies, the individual varieties and/or accessions
also have different metabolome compositions.

Secondary metabolites are commonly found in fruit
crops and are important for antioxidant defense and
improving health in humans (Yao et al., 2004). The results
herein finding 37 polyphenols and seven compounds
from other groups highlighted that the health benefits
of L. caerulea should be further explored. Among these,
several compounds have been reported to have beneficial
health effects. For example, 2’-hydroxygenistein can
suppress [3]-dihydrotestosterone due to its receptors
and offer greater antioxidant capacity than its other
forms (Son et al., 2019). Among the flavonols, astragalin
(antitumor activity) (Wang et al, 2021), myricetin
(anticancer, antidiabetic, antiobesity, cardiovascular
protection, osteoporosis protection, antiinflammatory,
and hepatoprotective activity), kaempferol-3-O-glucoside
(hepatoprotective activity) (Wang et al, 2015), and
taxifolin-3-O-hexoside (antioxidant activity) have been
reported for their health benefits. Similarly, the flavan-
3-ols can act as cardio preventive, antioxidant, antiviral,
anticarcinogen, antimicrobial, and neuroprotective agents
upon consumption (Aron and Kennedy, 2008). However,
the other detected compounds, such as hydroxy decenoic
acid (bactericidal and antiinflammatory activity) (Yang
et al., 2018), atractylenolide II (attenuation of wasting in
chronic kidney disease) (Wangetal., 2019), and tanshinone

V (antiantioxidant and anticancer activity) (Ansari et
al., 2021) have been reported to have protective effects
against several conditions. Therefore, their detection in
the respective subspecies of L. caerulea contribute to the
existing list of beneficial compounds in their berries.

5. Conclusions

The present study described a comparative metabolome
profile of the berries of two subspecies of honeysuckle,
ie. L. caerulea and L. caerulea ssp. kamtschatica. The
berries of the two subspecies differed in their metabolome
composition either due to growing at different locations or
owing to their different genetic backgrounds. The varieties
and/or wild accessions within each subspecies also differed
in terms of the berry metabolome profiles. The HPLC-ESI-
MS and ESI-MS/MS analyses suggested that L. caerulea
and L. caerulea ssp. kamtschatica berries are rich in
polyphenols. The predominant classes of polyphenols in the
berries of the two subspecies were flavonoids, flavanones,
flavonols, flavan-3-ols, and anthocyanins. Additionally,
they contained several other metabolite classes including
phenolic acids, indole sesquiterpene alkaloids, iridoid
glucosides, phenolic acids, phenylpropanoid glucosides,
amino acids and derivatives, nucleotides and derivatives,
omega-hydroxy amino acid, etc. Furthermore, more than
40 tentatively newly identified compounds were also
determined from studied varieties/accessions.
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