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Abstract: Perfoliate pondweed (Potamogeton perfoliatus L.) is one of the key species in plant associations in the coastal
waters of Lake Ladoga. The chromatograph mass spectrometric study of the low molecular weight metabolome (LMWM)
of this species growing in various littoral biotopes of Lake Ladoga, which differ in the degree of anthropogenic load and
phytoplankton development, revealed the relationships between the LMWM of P. perfoliatus and the degree of
anthropogenic disturbance of littoral biotopes, as well as the level of phytoplankton development and its composition. We
noted a decrease in the content of low molecular weight organic compounds, as well as the absolute and relative content
of fatty acids in the LMWM of P. perfoliatus, with increasing anthropogenic impact. The observed changes in LMWM of P.
perfoliatus are a reflection of physiological processes that ensure the ecological and biochemical adaptation of the plant
to changing environmental conditions, the deterioration of which as a result of excessive development of cyanobacteria
is often associated with anthropogenic factors. Changes in the LMWM of P. perfoliatus can be used as diagnostic signs
of deterioration of the lake environment in the coastal zone of Lake Ladoga. The anthropogenic factor decreases the
stability and resistance of the aquatic ecosystem, making it more vulnerable to harmful algal blooms due to reduced
synthesis of fatty acids by macrophytes.
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INTRODUCTION growing anthropogenic impacts and climate change are

continuously making these issues worse (Gobler, 2019;

The unique ecosystem of Lake Ladoga, the biggest  Giffith, Gobler, 2019; Brenckman et al., 2025).

freshwater lake in Europe, has long been a major area

of study for limnologists, hydrobiologists, and The findings from the investigation of
environmental protectionists (Rumiantsev & low-molecular-weight organic compounds (LMWOC) in
Kondratyev,  2013).  Significant  anthropogenic aquatic ecosystems (Gurevich, 1953, 1973; Fink, 2007;

influences (mostly eutrophication and pollution) have
caused unfavorable changes in the littoral biocenoses
in some regions of the lake's littoral zone, which is
essential to the ecosystem as a whole (Kurashov,
2011). Harmful algal blooms (mostly cyanobacterial
blooms) (HAB) are one of the most destructive
processes linked to anthropogenic influences; hence, it
is imperative to investigate the effects of excessive
cyanobacterial development in the lake and look for
ways to decrease it. The consequences of HAB
development include a variety of threats to aquatic
ecosystems as a whole, as well as to aquatic
organisms, semi-aquatic animals, and humans (Sul&ius
etal., 2017; Huisman etal., 2018). Furthermore,

*Address correspondence to this author at the Yigal Allon Kinneret
Limnological Institute, Israel Oceanographic & Limnological Research, POB
447, Migdal, 1495000, Israel;

E-mail: evgeny_kurashov@mail.ru

Kurashov et al., 2014; Nezbrytska et al., 2022) indicate
that allelopathy is a natural mechanism upon which
contemporary nature-inspired technologies (Kovalchuk
& Naraikin, 2017; Zhironkin et al., 2019; Nature-like...,
2019) for the management of phytoplankton
communities in inland waters can be founded. This
natural phenomenon may prove to be very useful for
the effective prevention and reduction of HAB
manifestations in water bodies (Hu & Hong, 2008;
Macias et al., 2008; Kurashov et al., 2014; Kurashov et
al., 2021; Reynolds & Aldridge, 2021; Gao et al., 2025).

Allelopathy can be found in aquatic and terrestrial
environments (Mallik & Inderjit, 2002). It might show up
as a plant's stimulatory or inhibitory effects on other
plants and microorganisms, including cyanobacteria
(Mushtaq et al., 2020). As in terrestrial ecosystems,
allelopathic interactions linked to aquatic macrophytes
appear to be common in the littoral zone of water
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bodies and, generally speaking, in shallow waters
(Kurashov et al., 2021; Nezbrytska et al., 2022). Note
that many fish species spawn and nurse in Lake
Ladoga's littoral zone, which is particularly significant
for young fish. Thus, maintaining the littoral zone's
favorable biological state and comprehending and
researching the mechanisms that support it are
essential.

Key aquatic plants such as Potamogeton perfoliatus
L. (perfoliate pondweed) play a significant role in
shaping the lake environment (Raspopov, 2011). This
species also exhibits allelopathic effects on
phytoplankton, including cyanobacteria, by the
synthesis of allelochemicals—particularly carboxylic
acids—that inhibit the growth of cyanoprokaryotes
(Kurashov et al., 2018).

The substantial potential of fatty acids as
allelochemicals that support aquatic ecosystem
restoration and protection from HAB has so far been
demonstrated by observational and experimental
research (Kurashov et al., 2021; Nezbrytska et al.,
2022; Krylova et al., 2023). However, there is proof that
anthropogenic pressure reduces this potential
(Kurashov et al., 2018; Kurashov et al., 2024).

This study seeks to elucidate the correlation
metabolome

between the low-molecular-weight

(LMWM) of P. perfoliatus in various water zones of
Lake Ladoga, characterized by differing levels of
anthropogenic impact and phytoplankton development,
specifically focusing on carboxylic acids generated by
perfoliate pondweed.

MATERIALS AND METHODS

The material for this study consisted of P.
perfoliatus samples collected during the flowering and
fruiting phase (late July — early August 2019) in various
littoral habitats of Lake Ladoga, differing in the level of
anthropogenic impact (Figure 1).

According to available information on the state of
the Ladoga littoral zone (Kurashov, 2011; Mitrukova et
al., 2020; Krylova et al., 2022), sampling was carried
out in three types of coastal waters of Lake Ladoga: 1.
Conditions for minimal anthropogenic impact: the
aquatory near Mantinsaari Island; 2. Conditions of high
anthropogenic impact: the water area near Impiilahti
Bay with a pronounced HAB; 3. Conditions of moderate,
multi-faceted anthropogenic impact: the waters near
Koyonsaari Island, the mouth of the Svir River, in
Volkhov Bay (Voronovo settlement), and Osinovets
Cape.

Macrophyte samples were collected at standard
littoral stations (Kurashov, 2011; Figure 1) during the

Figure 1: Location of P. perfoliatus sampling sites in Lake Ladoga: 1 — Mantinsaari Island; 2 — Koyonsaari Island; 3 — Svirskaya
Bay; 4 — Volkhov Bay (Voronovo settlement); 5 — Osinovets Cape; 6 — Impilahti Bay (cartographic materials from the website

https://www.google.ru/maps/ were used).
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period of maximum plant vegetation. Simultaneously,
phytoplankton samples were collected from the same
biotopes. The collected plants were carefully washed
free of any overgrowth and dried in the shade, away
from direct sunlight, until they reached an air-dry state.
Essential oil containing LMWOC was obtained from
dried plants by hydrodistillation for 6 hours using a
Clevenger apparatus (Clevenger, 1928; GOST (State
Standard) 1980, 1988). Before distillation, the dry plant
material was ground to a powdered state in a Waring
BB-25ES blender (Waring, USA). To obtain the
essential oil, 9-15 g samples of dry plant material were
taken. The resulting distillate was extracted with
hexane. The hexane extracts for further chromatograph
mass spectrometric analysis was stored in tightly
closed vials in a freezer at T = -18°C.

The qualitative and quantitative composition of
LMWOC in LMWM of P. perfoliatus was identified using
gas chromatography-mass spectrometry with a
SHIMADZU GCMS-QP2010 Ultra mass spectrometry
complex equipped with a non-polar MTX-1 column 30
m x 0.25 mm x 0.25 ym. Helium served as the carrier
gas. Mass spectra were recorded in full scan mode
(30—1090 m/z) using a temperature program (35°C — 3
min hold, heating at 2°C/min to 60°C — 3 min hold,
heating at 2°C/min to 80°C — 3 min hold, heating at
4°C/min to 120°C — 3 min hold, heating at 5°C/min to
150°C — 3 min hold, heating at 15°C/min to 240°C — 10
min hold). Non-automatic step-by-step processing of
chromatograms was used to identify LMWOCs. The
LMWOCs were identified using the NIST-2014 and
Wiley mass spectra libraries (Wiley, 2011;
NIST/EPA/NIH..., 2014). For more accurate
identification, linear retention indices (Tkachev, 2008)
were used, obtained using C7-C30 alkane standards.

Quantitative  analysis was  performed  using
benzophenone as an internal standard.
Phytoplankton studies were based on

methodological protocols described in (Abakumov,
1983; Krylov, 2024). Water samples were collected
from the surface layer of the water using a bathometer.
The samples were fixed with Lugol's solution (10 g
potassium iodide + 50 mL H,O + 5 g iodine), followed
by the addition of formalin to a final concentration of 4%.
After settling and concentrating each sample, a portion
of it was counted in a Nageotte chamber (V = 0.05 ml)
under a light microscope (AxioLab A1 and AxioVert
CFL 40 ("Carl Zeiss", Germany) (Guseva, 1959).
Species identification was performed using light
microscopy with the help of identification guides
(Komarek & Fott, 1983; Topachevsky & Masyuk, 1984;
Krammer & Lange-Bertalot, 1991; Barinova &
Medvedeva, 1996).

RESULTS AND DISCUSSION

The study results demonstrated a clear relationship
between the level of LMWOC synthesis by perfoliate
pondweed and phytoplankton development in different
littoral biotopes. The highest LMWOC content in the
LMWM of P. perfoliatus was observed in this plant
growing in the waters off Mantinsaari Island, the least
affected by anthropogenic impact among the studied
locations in the lake's intertidal zone (Figure 2, Table
1).

The lowest values of LMWOC content were
observed in samples of pondweed from the habitat at
the exit from Impilahti Bay into the open lake at
maximum values of phytoplankton abundance. This
habitat is characterized by the greatest development of
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Figure 2: The relationship between the content of low-molecular-weight organic compounds (LMWOC, pg/g.dry.m.) in the NM of
P. perfoliatus and the number of phytoplankton (N phyto, thousand cells/l) in the littoral biotopes of Lake Ladoga.
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Table 1: Total Content of LMWOC (upg/g.dry.m.), Composition and Content (%) of Fatty Acids in LMWM of P.
perfoliatus from Different Littoral Biotopes in Lake Ladoga
Compounds Formula Mantinsaari Koyonsaari | Svirskaya | Volkhov | Osinovets | Impilahti

P Island Island Bay Bay Cape Bay
Dodecanoic acid; [Lauric Acid] C12H240; 1.42 0.93 - 0.14 1.82 2,14
Tridecanoic acid Ci3H2602 - 0.36 - - 0.15 -
Tetradecanoic acid; [Myristic acid] C14H250; 11.44 20.54 7.05 4.98 3.18 11,96
Pentadecanoic acid Ci15H3002 1.26 4.32 0.91 0.90 0.99 4,32
(aZC)i;jr]\exadec-Q-enmc acid; [Palmitoleic CieHuOs 6.70 037 5.29 3.10 5.35 16,64
Hexadecanoic acid; [Palmitic acid] C16H320, 38.09 17.63 35.79 26.37 16.97 7,14
Heptadecanoic acid [Margaric acid] C17H340; 0.28 0.31 - 0.1 0.32 -
(92,122,15Z)-octadeca-9,12,15-trienoic _ _ _
acid; [alpha-Linolenic acid] CisHa0O, 533 1.08 0.58
(92,122)-octadeca-9,12-dienoic acid;
[Linoleic acid] C1sH320> - 0.73 - 0.05 0.14 -
(Z)-octadec-9-enoic acid; [Oleic acid] Ci1sH340, - 3.61 2.40 - - -
Octadecanoic acid; [Stearic acid] C1gH3602 0.76 1.44 1.82 0.39 0.57 -
(8E,11E,14E)-icosa-8,11,14-trienoic acid C20H340> 0.91 1.36 3.09 -
(52,82,11Z,14Z)-icosa-5,8,11,14-tetraen _ _ _ _ _
oic acid; [Arachidonic acid] CaoHz0, 0.01
Icosanoic acid; [Arachidic acid] C20H400; - 0.15 0.23 - - -
TOTAL, % 60.85 55.72 54.85 40.20 30.07 42.20
Total content of LMWOC, ug/g.dry.m. 1929 596 255 343 112 83

Note: Trivial or most frequently used names of acids are given in square brackets; “—* — component not identified.

cyanobacteria as part of the phytoplankton community
(more than 95000 cells/mL; 91% of the total number).

In biotopes with moderate anthropogenic impact, a
gradual decrease in the LMWOC content in the
pondweed LMWM is observed. This dependence can

be described by a power equation with the coefficient
of determination R?=0.9894 (Figure 2).

As mentioned above, allelochemical substances in
the LMWM of aquatic plants are of greatest interest,
since they allow macrophytes to reduce the
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Figure 3: The relationship between the content of carboxylic acids (CA, pg/g dry weight) in LMWM of P. perfoliatus and the
abundance of phytoplankton (N phyto, thousand cells/L) in the littoral habitats of Lake Ladoga.
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development of phytoplankton, including cyanobacteria.

Such allelochemicals, well represented in pondweed in
Lake Ladoga, include carboxylic (fatty) acids (Krylova
etal., 2024).

It turned out that, like the total content of LMWOC,
the content of carboxylic acids in P. perfoliatus in Lake
Ladoga is linked to the development of Ilittoral
phytoplankton with a very clear dependence (Figure 3)
with a coefficient of determination of R°=0.992.

The proportion of carboxylic acids in the
composition of LMWM of P. perfoliatus was also found
to be related to phytoplankton abundance (Figure 4).
However, this relationship is less pronounced than in
the first two cases (coefficient of determination
R2=0.7161).

A total of 14 fatty acids were identified in the studied
samples of P. perfoliatus from various habitats in Lake
Ladoga (Table 1). At the same time, 9 of them acted as
major components in some cases (content exceeding
1% of the total LMWOC content). Myristic acid, palmitic
acid, and oleic acid have always been major
components, but only the first two were present in all
samples. In addition to myristic acid and palmitic acid,
pentadecanoic acid and palmitoleic acid were detected
in all samples, but in some cases, they could also be
minor components of LMWM.

If we examine the composition and structure of
phytoplankton in the most contrasting biotopes in terms
of anthropogenic impact (Mantinsaari Island and
Impilahti Bay), as well as in biotopes with moderate
anthropogenic impact (as an example, Svirskaya Bay)
(Figure 5), we can note a pronounced dominance of

cyanobacteria in the biotope with the highest
anthropogenic impact (Impilahti Bay) and a more
diverse algal community in biotopes with lower
anthropogenic impact, where cyanobacteria accounted
for only about 50% of the total phytoplankton
abundance (Figure 5).

The following species predominated in terms of
abundance at Mantinsaari Island and in Svirskaya Bay:
among cyanobacteria - Planktothrix agardhii (Gomont)
Anagnostidis & Komarek and Aphanizomenon
flos-aquae Ralfs ex Bornet & Flahault; among
cryptophytes - the small-celled Plagioselmis lacustris
(Pascher & Ruttner) Javornicky; among diatoms -
Skeletonema subsalsum (A. Cleve) Bethge; among
golden algae - Uroglenopsis americana (G.N. Calkins)
Lemmermann.

In the waters near Impilahti Bay, cyanobacteria
were dominant in terms of abundance:
Dolichospermum lemmermannii (P.G. Richter) P.
Wacklin, L. Hoffmann & J. Komarek, Aph. flos-aquae,
Aphanizomenon gracile Lemmermann,
Aphanizomenon klebahnii (Elenkin) Pechar & Kalina ex
Komarek & Komarkova, Limnothrix redekei (Goor)
Meffert, Woronichinia naegeliana (Unger) Elenkin.

The results obtained show that anthropogenic
impact on the lake environment in such a large body of
water as Lake Ladoga leads to a decrease in the
biochemical impact of macrophytes on the lake
environment, as the overall level of LMWOC synthesis,
and particularly the synthesis of carboxylic acids,
decreases. This conclusion aligns with the analysis
conducted in the studies (Gladyshev et al., 2009;
Kurashov et al., 2024), which showed that the role of
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Figure 4: The relationship between the proportion of carbon acids (CA, %) in LMWM of P. perfoliatus and the abundance of
phytoplankton (N phyto, thousand cells/L) in the littoral habitats of Lake Ladoga.
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fatty acids produced by macrophytes and
phytoplankton in aquatic ecosystems decreases with
anthropogenic eutrophication and the proliferation of
cyanobacteria.
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Figure 5: Phytoplankton structure by abundance in the littoral
habitats of Lake Ladoga: A — Impilahti Bay; B — Mantinsaari
Island; C — Svirskaya Bay.

The decrease in fatty acid synthesis by
macrophytes leads to a reduction in the aquatic
ecosystem's resistance to HAB development, as many
fatty acids (including those identified in P. perfoliatus in
the present study) are active allelochemicals and
suppress the growth of cyanobacteria. Thus, a direct
allelopathic effect on phytoplankton is characteristic
and shown for lauric acid (Zhang et al., 2009a; Hu et al.,
2010; Wang et al., 2015), myristic acid (Nakai et al.,
2005; Zhang et al., 2009a; 2009b), pentadecanoic acid
(Clément et al., 2007; Quan et al., 2022), palmitoleic
acid (Wu et al., 2006; Krylova et al., 2023), palmitic
acid (Nakai et al., 2012; Hu et al., 2025), linoleic acid

(Nakai et al., 2005; 2012; Wang et al, 2015),
a-linolenic acid (Gallardo-Williams et al., 2002;
Mohamed, 2017), oleic acid (Nakai et al., 2012; Huang
et al., 2025), stearic acid (Nakai et al., 2005; Wang et
al., 2017), and arachidonic acid (Alamsjah et al., 2005;
Sun et al., 2021).

Reliable existing literature sources suggest that
margaric acid can play an allelopathic role in the
aquatic environment through mechanisms common to
free fatty acids (Li et al, 2014; Li et al., 2021,
Nezbrytska et al., 2022). a-Linolenic acid can also
indirectly act as an allelochemical, but not in its original
form itself, but through its oxidation products (various
oxylipins), which exhibit pronounced allelopathic
activity. a-Linolenic acid acts as a precursor to
bioactive oxylipins (jasmonates, phytoprostanes) that
can mediate stress responses and interspecific
chemical interactions (Leung et al., 2022).

At the same time, the most significant allelopathic
synergistic effect is often observed when a mixture of
different fatty acids acts on phytoplankton (Zhang et al.,
2009a), meaning  that  macrophytes  affect
phytoplankton thru a so-called "allelopathic cocktail." It
is the mixtures of fatty acids (saturated and
unsaturated) with benzoic/lactic acids and polyphenols
that are responsible in most cases for the allelopathic
suppression of cyanobacteria by macrophytes in real
aquatic environments (Nakai et al., 2012; Wang et al.,
2015).

The relationships and results of the LMWOC and
carboxylic acid content assessment in P. perfoliatus,
obtained in this study based on material from 2019, are
in complete agreement with similar results for this plant
studied in a lake in 2014 (Krylova et al., 2024),
including samples taken from habitats that do not
overlap with those we investigated.

Thus, the results presented in this study, along with
the results of research on the LMWOC of pondweed in
2014 (Krylova et al., 2024), show that the composition
and content of LMWOC in LMWM (especially
carboxylic acids) can be a good bioindicator of changes
in the lake environment in the coastal zone of Lake
Ladoga under the influence of anthropogenic factors.

The possibility of using changes in the chemical
composition of pondweed LMWM, particularly in its
glycopolymer and free amino acid content, for
monitoring and indicating the impact of pollutants was
demonstrated in studies of this species in habitats
differing in the degree of nitrogen and oil hydrocarbon
contamination in the Volga River near Saratov
(Sachkova et al., 2005). As our data show, carboxylic
acids can also serve the same purposes.
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The results of this study are consistent with current
evidence indicating that the low-molecular-weight
metabolome of aquatic macrophytes is highly
responsive to changing environmental conditions.
Experimental research has shown that submerged
plants undergo rapid biochemical adjustments when
directly exposed to phytoplankton. In co-culture
experiments with the cyanobacterium Microcystis
aeruginosa, Myriophyllum spicatum exhibits the
induction of novel low-molecular-weight metabolites
and a distinct shift in its metabolic profile relative to
control plants, reflecting the activation of specific
physiological and biochemical pathways involved in
plant—-phytoplankton interactions (Nam et al., 2008).
These findings demonstrate that the metabolome of
macrophytes is highly sensitive to the presence and
development of phytoplankton.

Field observations further support the link between
macrophyte  metabolomes, trophic state, and
phytoplankton dynamics (Riedl et al., 2012). The
metabolic  fingerprint of M. spicatum differs
systematically among lakes with contrasting water
chemistry and trophic conditions, and also varies over
time within the same population. Such spatial and
temporal patterns are strongly associated with
gradients in nutrient concentrations and other
hydrochemical parameters that influence the structure
and seasonal development of phytoplankton
communities. Together, these results indicate that
macrophytes record both short-term fluctuations and
long-term ecosystem-level gradients through
metabolomic  adjustments, which makes their
metabolome a sensitive indicator of ecological
condition (Riedl et al., 2012).

A central role in these metabolomic responses is
played by fatty acids, which act not only as structural
components of plant cells but also as functional agents
mediating biochemical interactions with phytoplankton.
Several studies have shown that saturated and
unsaturated fatty acids released by M. spicatum,
including nonanoic, tetradecanoic, hexadecanoic,
octadecanoic, and octadecenoic acids, account for a
substantial proportion of the plant’s inhibitory activity
against M. aeruginosa (Nakai et al., 2005). Moreover,
experimental mixtures constructed from measured
release rates of polyphenols and fatty acids reproduce
more than half of the allelopathic activity observed in
intact plants (Nakai et al., 2012). These findings
indicate that variation in fatty-acid profiles and release
intensities is not a passive consequence of plant
metabolism, but rather constitutes an active
biochemical mechanism of ecological adaptation to
HAB.

Finally, changes in fatty-acid composition also
reflect macrophyte responses to abiotic and

anthropogenic stressors. Exposure to heavy metals,
such as cadmium, and to thermal stress causes rapid
and highly specific alterations in the fatty-acid profiles
of M. spicatum and Elodea canadensis (Kirichenko &
Pobezhimova, 2013). These shifts are interpreted as
metabolic markers of adaptive stress responses and
have been proposed as indicators of environmental
contamination and altered thermal regimes. Thus, the
fatty-acid component of the macrophyte metabolome
plays an essential role not only in the plant's
interactions with phytoplankton but also in its
adaptation to anthropogenic influences.

Our findings on P. perfoliatus from Lake Ladoga are
consistent with the modern understanding that shifts in
the LMWM of aquatic macrophytes arises from
coordinated biosynthetic and regulatory mechanisms.
Lake Ladoga is characterized by pronounced spatial
and temporal variability in hydrochemical conditions
and phytoplankton dynamics, including periodic
cyanobacterial development in littoral zones. Under
such conditions, the metabolome of P. perfoliatus
reflects a suite of adaptive responses involving
reconfiguration of metabolic fluxes, changes in
fatty-acid composition, and other components of
LMWM. It is possible that the central component of
these shifts is the oxylipin (jasmonate) pathway, which
mediates de novo synthesis of oxylipins from
polyunsaturated fatty acids through the action of
lipases, lipoxygenases and cytochrome P450 enzymes
(Howe & Schilmiller, 2002). Jasmonates function as
key signals (JA) that trigger transcriptional cascades
and systemic defense responses, linking changes in
fatty-acid—derived metabolites to gene-level regulatory
processes. In macrophytes such as P. perfoliatus,
activation of JA signaling is expected to redistribute
carbon fluxes among respiration, storage, and
defense-related biosynthesis—as shown in
metabolomic studies of terrestrial plants (Savchenko et
al., 2019; Xu & Fu, 2022) — and this framework
perhaps explains the observed variability in fatty acids
and the entire LMWM of P. perfoliatus in different
habitats in Lake Ladoga.

These metabolic reconfigurations are frequently
accompanied by the upregulation of specialized
secondary metabolic pathways (Vogt, 2010). The
phenylpropanoid pathway, regulated by transcription
factors and hormonal signals, produces phenolic and
flavonoid compounds with key photoprotective and
antioxidant roles (Vogt, 2010). For P. perfoliatus
growing in the chemical and trophic gradients
characteristic of Lake Ladoga, activation of
phenylpropanoid biosynthesis likely also represents an
important mechanism of protection against oxidative
stress and adverse factors.
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Furthermore, studies in Arabidopsis and leafy
vegetables demonstrate that signaling mechanisms
and transcriptional networks act as integrated
regulatory modules that coordinate complex
metabolome responses (Kusano et al., 2011; Kitazaki
et al., 2018). Given the wide variation in environmental
conditions (including anthropogenic pressure) in Lake
Ladoga, similar signaling processes are likely to
influence the metabolic architecture of P. perfoliatus,
including its fatty acid and phenolic pools.

CONCLUSION

Thus, the established correlation between the
LMWM of P. perfoliatus and the extent of
anthropogenic disruption in littoral biotopes, alongside
the degree of phytoplankton proliferation and
composition, indicates that the LMWM of aquatic
macrophytes may serve as a metric for assessing the
degradation of the aquatic ecosystems (including
littoral zone of Lake Ladoga), particularly in relation to
the emergence of HAB, as exemplified in Impilahti Bay.
At the same time, standard, swiftly fluctuating
hydrochemical measures may not consistently
represent the comprehensive scenario linked to
anthropogenic influence (Krylova et al., 2024).

A decrease in the absolute and relative content of
fatty acids in the LMWM composition of macrophytes in
any body of water during monitoring studies can be an
indication that the anthropogenic load on this aquatic
ecosystem, such as pollution or eutrophication, is
increasing. Since each species of aquatic macrophytes
has unique biological and ecological characteristics,
particularly in terms of stressor resistance (including
anthropogenic ones), it is likely that the observed
pattern will not apply to all of them. This emphasizes
the necessity of doing additional in-depth studies on
the LMWM composition of aquatic macrophytes and its
variations, broadening the scope of species examined
in diverse ecological settings.

The anthropogenic factor leads to a decrease in the
resilience and resistance of the aquatic ecosystem to
such a negative factor as HAB thru processes that
reduce the synthesis of fatty acids by macrophytes.
Additionally, the high content of fatty acid -
allelochemicals found in P. perfoliatus in Lake Ladoga
suggests that this species could be a potential raw
material source for obtaining allelochemicals for their
further use in creating new-generation algicides
(Kurashov et al., 2021).

Taken  together, the available evidence
demonstrates that the LMWM of aquatic
macrophytes—particularly its fatty-acid fraction—forms
an integrated biochemical system that reflects the

combined effects of biotic interactions, ecosystem-level
trophic gradients, and anthropogenic stressors. This
highlights the value of metabolomic approaches for
assessing ecological adaptation and environmental
status in aquatic ecosystems.

In conclusion, metabolome shifts in P. perfoliatus
from Lake Ladoga reflect the activity of integrated
hormonal, transcriptional, and enzymatic regulatory
systems that enable the plant to adapt to changing
phytoplankton dynamics, hydrochemical regime, and
trophic gradients. These findings support the use of
macrophyte metabolomes as sensitive indicators of
ecological conditions in freshwater ecosystems.
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