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BACKGROUND: The ability of plants to adapt to oxygen deficiency is associated with the presence of various adaptations,
many of which are mediated by significant changes of metabolism. These changes allow resistant wetland plants to grow even
in oxygen-deficient environment.

AIM: The aim of the study was to carry out metabolic profiling of the leaves of the wetland species Epilobium palustre and
Epilobium hirsutum, and the mesophyte species Epilobium angustifolium in order to identify the most characteristic metabo-
lome traits of hypoxia-resistant plants.

MATERIALS AND METHODS: Metabolite profiling was performed by GC-MS. Statistical analysis of metabolomics data was
processed using R 4.2.1 Funny-Looking Kid.

RESULTS: The resulting profile included about 360 compounds. 70 of these were identified and 50 compounds were de-
termined to a class. Sugars (64) were the most widely represented in the obtained profiles. 16 amino and 20 carboxylic ac-
ids, lipids and secondary compounds have been identified. Significant differences were revealed between the profiles of leaf
metabolomes of mesophyte E. angustifolium and hydrophytes E. hirsutum and E. palustre. The mesophyte was characterized
by high levels of sugars. The metabolomes of wetland Epilobium species practically did not differ from each other and were
characterized by the accumulation of amino acids, including GABA shunt intermediates, dicarboxylic acids of the Krebs cycle,
and metabolites of glycolysis and lactic acid fermentation, which reflects the stimulation of anaerobic respiration, nitrogen
metabolism, and alternative pathways of NAD(P)H reoxidation in wetland plants.

CONCLUSIONS: Traits of metabolic profiles detected in hydrophyte Epilobium species can be used to assess the degree of
plant resistance to oxygen deficiency.
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CnocobHoCTb pacTeHuid afanTMpoBaTbCA K KUCIOPOAHOK HeA0CTAaTOYHOCTW CBA3aHa C HalMuMEM PasfiyHbIX NPUCTOCO-
BneHuin, MHOTMe M3 KOTOpbLIX OMOCPEAO0BaHbI CYLLIECTBEHHbIMU M3MEHEHNAMKU 0OMeHa BeLLecTB. 3TM M3MEeHeHWUs NO3BONSIOT
YCTOW4MBBLIM PacTeHUAM-TUAPOGUTaM pacTu Aaxe B fedULMTHON No Kucnopofy cpege. Llenb HacTosweld paboTel cocTosna
B MeTabosM4ecKoM NpohunmupoBaHum NUCTbeB ruapoduTHLIX BULOB Epilobium palustre, Epilobium hirsutum v Me3oduTHOro
Buna Epilobium angustifolium pns BbIABNEHUS Hanbonee XapaKTepHbIX U3MEHEHUI MeTabonoMa, CBONCTBEHHBIX YCTOMYUBLIM
K Aeduumuty Kucnopofa pacteHusM. MpodunupoBaHme MeTabosMToB NPOBOLUNM METOLOM ra3oBoi xpomartorpadum-macc-
cneKTpoMeTpuu. MonyyeHHbIn Npodunb BKoYan okono 360 coeamHeHni. U3 Hux bbino noeHtudmumposato 70 u ewwe 50 co-
efMHeHNn BbiMK onpegeneHbl Ao Knacca. B nomydyeHHbIx npodunsx Hanbonee WMpoKo Bbimv NpencTaBneHbl caxapa (64)
1 ux npousBogHble. MoeHtuduumposaHo 16 ammHokucnoT, 20 KapboHOBBIX KUCNOT, @ TaKKe NIMNUAbI U BTOPUYHBIE COeMHE-
HWs. Bbinu BbISBNEHBI CYLLECTBEHHBIE pasnMuna Mexay npodunsamMu MetabonoMoB nUCTbEB Me3oduTHoro E. angustifolium
u ruapoduTHbIX E. hirsutum v E. palustre. ina Me3oduTa bbinn cBOMCTBEHHBI boMee BbICOKME YpOBHM caxapoB. MeTabono-
Mbl TMAPOMUTHBLIX KUMPEEB NPaKTUYECKM He OTIMYANUCh ApYr OT Apyra U XapaKTepu30BasuCh aKKyMyNALMel aMUHOKUCIOT,
B TOM uucne uHtepmeamnatoB [AMK-wiyHTa, aukapboHoBbix KucnoT umkna Kpebca u MeTabonuToB rMKonM3a U MOMOYHO-
Kucnoro 6poxkeHus, YTO OTpaaeT CTUMYNALMIO Y HUX aHa3pobHOro AbixaHus, a30THOr0 0bMeHa U anbTepHaTUBHBIX MyTel
peokucnenus HAL(®)H.
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BACKGROUND

Elucidating the mechanisms of plant adaptation to
changing environmental conditions is one of the most
important problems of modern plant biology. Plants are
obligate aerobes; however, they can often grow in envi-
ronments where oxygen is low (hypoxia) or completely
absent (anoxia). Oxygen deficiency develops due to water
excess during spring floods, heavy rainfall, and continu-
ous waterlogging, affecting plant cultivation. According
to the Food and Agriculture Organization of the United
Nations, average world crop losses from hypoxia and
anoxia ranged from 10% to 50% per year [1, 2]. Plants of
natural ecosystems living in conditions of waterlogging
or in the aquatic environment also also face the problem
of oxygen deficiency..

Prolonged submergence hinders the diffusion of oxy-
gen, carbon dioxide, and ethylene [3, 4] and leads to the
accumulation of toxic gases and ions [4, 5]. These result
in the suppression of aerobic respiration [6, 7] and pho-
tosynthesis [8]. Oxygen depletion causes several cellular
consequences, including severe energy crisis, acidifica-
tion of the cytoplasm, inhibition of protein synthesis, and
accumulation of toxic products of anaerobic metabolism,
particularly acetaldehyde and ethanol [4, 6, 9]. The pro-
duction of reactive oxygen [10, 11] and nitrogen [2, 12]
species is also triggered by anoxia and can cause oxi-
dative damage to lipids and proteins [13-15]. Anaerobic
conditions stimulate glycolysis, with lactic acid fermenta-
tion occurring in the early phase and causing cytoplasmic
acidification [4, 6]. In the later phase, ethanol fermenta-
tion predominates [9, 16].

Adaptations to oxygen deficiency are most often stud-
ied in cultivated mesophyte or terrestrial plant models
(Arabidopsis, tobacco), which are intolerant or middle
tolerant to hypoxia. In contrast, rice is a typical aquatic
plant or hydrophyte that can resist oxygen deficiency.
Studies on the adaptive mechanisms of flora living in
aquatic and bog ecosystems are few compared with stud-
ies on cultivated plants. Conventional classical biochemi-
cal methods have revealed that hydrophytes (e.g. rice,
Salix alba, and Glyceria maxima) are characterized by
low respiration rates and oxygen consumption compared
with mesophytes (e.g. wheat, Populus petrowskiana,
Phaseolus vulgaris) [6, 9]. The transition to anaerobic
metabolim in adapted species occurs gradually, while in
intolerant plants, a rapid, short-term increase in glyco-
lytic activity can be observed in the first hours of an-
aerobic exposure [5, 6, 91. Glycolysis requires an abun-
dant supply of carbohydrates to proceed continuously,
as it leads to overconsumption of sugars, especially in
mesophytic species [6, 9]. Plants in aquatic and semi-
aquatic habitats store significant amounts of carbohy-
drates in their rhizomes (up to 50% of their dry mass)
and seeds, which are utilized during hypoxic or anoxic
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germination [4, 5, 7, 17]. However, despite the pres-
ence of carbohydrate reserves in intolerant plants,
they are unable to mobilize their polysaccharide stores.
This is due to the lack of expression of the genes en-
coding starch phosphorylase and a-amylase during an-
oxia. Stimulation of lactic acid and alcoholic fermentation
occurs in intolerant mesophytic species during shorter
periods of oxygen deficiency at increased levels than
adapted hydrophytes [5, 6, 9]. The intermediate and final
products of fermentation contribute to the cell toxicity
(acetic aldehyde, ethanol, methylglyoxal) and acidifica-
tion of the cytosol (lactate). Well-adapted species accu-
mulate less alcohol and lactate during prolonged oxygen
starvation due to the retardation of anaerobic metabo-
lism and the excretion of end products into the flooded
water and into the air through the aerenchyma [6, 7, 9].
Preventing the accumulation of toxic metabolites can
also be achieved by activating metabolic pathways that
produce compounds other than ethanol or lactate. Many
wetland plants redirect glycolysis intermediates to the
synthesis of alternative end products, such as malate,
succinate, glycerol, alanine, and gamma-aminobutyric
acid (GABA). These alternative metabolites in hypoxia
can be used to re-oxidize reduced nicotinamide adenine
dinucleotide (NADH) to NAD* required for glycolysis
[6, 91. Additionally, accumulation of alanine and GABA can
prevent cytoplasmic acidosis during oxygen starvation
(4, 17].

In recent years, several systems biology approaches
(transcriptomic, proteomic, and metabolomic) have been
used to study the mechanisms of hypoxia and anoxia
tolerance. The metabolomic profiles of the thale cress
(Arabidopsis thaliana) [18], Lotus japonicus [19], rice [20],
soybean [21], wheat [22], and other cultivated plants have
been reported. Significant modifications in the metabo-
lism of sugars, organic acids of Krebs cycle, and amino
acids have been identified, which agree with results using
conventional methods of biochemistry.

In the literature, a few studies reported the changes in
the metabolome during oxygen deficiency in hydrophytes.
Anoxic exposure led to metabolomic shifts in both the
roots and shoots of Zostera marina [23]. In the shoots,
anoxia did not affect sugar content but increased lactate,
pyruvate, succinate, and 2-oxoglutarate. Shoot levels of
proline, glutamate, and glycine did not change, while ala-
nine and GABA increased. In comparison, fructose and
glucose contents were significantly reduced in the roots,
while alanine, proline, and GABA content increased. There
were trends of succinate and fumarate accumulation and
malate consumption. Profiling the metabolites of Pota-
mogeton anguillanus shoots under hypoxia and anoxia
revealed the accumulation of soluble sugars and lac-
tate. During hypoxia, malate, citrate, and succinate were
slightly increased, an effect that was significantly acce-
lerated under anoxic conditions. The same patterns were
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demonstrated for alanine, proline, glutamate, glutamine,
and GABA [24].

Metabolomic responses to oxygen deficiency have
also been characterized by comparing tolerant and in-
tolerant forms of rice, wheat, and soybean. In rice, the
M202(Sub1) isogenic line, which carries the SUBTA gene
on an Oryza sativa L. ssp. japonica (variety M202) genetic
background, exhibited higher tolerance [25]. In oxygen
deficiency, both M202(Sub1) and M202 varieties showed
decreased sucrose and increased glucose levels, which
were more pronounced in M202(Sub1). Krebs cycle me-
tabolites, except citrate, were generally exhausted in both
forms, while most amino acids, including GABA, were ac-
cumulated to a greater amount in M202(Sub1). These re-
sults suggest that the SUBTA gene enhances carbon and
nitrogen metabolism involved in adaptations to hypoxia.
Another comparative analysis was performed in two va-
rieties of wheat, a plant that is much more sensitive to
oxygen deficiency than rice. Varieties Frument (intoler-
ant) and Jackson (tolerant) were used [22]. Changes in
the carbohydrate content in the shoots did not reveal dif-
ferences in flood tolerance as soluble sugars decreased
to very low levels in the shoots of both varieties. Twelve
of the seventeen amino acids analyzed (asparagine, glu-
tamine, isoleucine, leucine, valine, lysine, methionine,
phenylalanine, tyrosine, tryptophan, threonine, and pro-
line) increased in both varieties, while five amino acids
(alanine, aspartate, glutamate, serine, and glycine) did
not change or decreased slightly. However, amino acid
accumulation was higher in the shoots of the Frument
variety, which could indicate significantly higher levels
of protein degradation compared to the tolerant Jackson
variety. Unfortunately, these data cannot reveal a clear
relationship between the dynamics of amino acids and
tolerance in different varieties.

A comparison of two soybean varieties, BR4 (tolerant)
and Embrapa 45 (intolerant), was also performed [26].
In this previous study, both the shoot and root metabo-
lomes of these varieties were compared under flooding
conditions and revealed significant differences in their
carbohydrate, carboxylate, and amino acid profiles.
Soluble sugars accumulated markedly in the roots of
the intolerant variety but these changes were absent in
the leaves and roots of the tolerant one. In the roots, a
larger decrease in malate and fumarate was noted in the
tolerant variety, while a greater accumulation of acetate
and succinate was seen in the intolerant variety. In the
leaves, the levels of acetate and succinate decreased
only in the tolerant variety (BR4). Alanine and GABA lev-
els increased in the roots and decreased in the shoots.
These metabolomic changes in the roots of the tolerant
soybean variety overlapped with the profile seen in the
seedlings of tolerant rice.

From these studies, we conceptualized a promising
approach of comparing the metabolic profiles of closely
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related hydrophytes and mesophytes, which differ in tol-
erance to flooding and grow in different biotopes on the
same territory. The data from this approach can help to
identify metabolic changes that are typical of adapted
plants and can serve as guide for monitoring of oxygen
deficiency-tolerant varieties, which is of interest for plant
breeding and agrobiotechnology.

Such plants include the fireweed genus (Epilobium L.)
or the evening primrose family (Onagraceae Juss.).
The genus includes up to 222 species [27] distributed
on all continents except Antarctica [28]. Fireweeds typi-
cally grow in the subarctic, subantarctic, and temperate
regions, while in the subtropics and tropics, their dis-
tribution is limited to cool mountain biomes. In Euro-
pean Russia, including the Leningrad region, there are
12 species of native and invasive fireweeds [29], some of
which are aggressive adventives and are included in the
regional Black Books [30]. Mesophytic fireweed (great
willow herb) [Epilobium angustifolium L. = Chamaenerion
angustifolium (L.) Scop.] is a perennial long-rhizome
plant that grows in light forests, along skirts and glades,
near roads, and on railway embankments. It is also one
of the pioneer types of plants in the overgrowing of clear-
ings and burnt areas, where it develops on light sandy
soils. Great hairy willow herb (Epilobium hirsutum L.) and
marsh willow herb (E. palustre L.) are hydrophytic (he-
lophytic) species that live along the margins of swamps,
banks of water bodies, swampy meadows, and damp
ditches [29].

In the present study, we aimed to carry the metabolic
profiling of leaves of two hydrophytic and one mesophytic
fireweed species to identify metabolites characteristic of
plants adapted to oxygen deficiency.

MATERIALS AND METHODS

Research objects

We used the leaves of two hydrophytic species of fire-
weed (Epilobium palustre L. and E. hirsutum L.) and one
species mesophytic fireweed (willow herb) [E. angustifo-
lium L. = Chamaenerion angustifolium (L.) Scop.] in the
experiments. Plants were collected in the canyon of the
River Lava (Kirovskiy district, Leningrad region; coordi-
nates of the collection site: starting point 59°52'56.40"N,
31°35'6.09"E; endpoint 59°53'4.05"N, 31°35'5.70"E).
The Lava River valley is covered with a broad-leaved for-
est of elm, ash, and maple growing on calcareous depos-
its of the Cambrian and Ordovician periods. The riverbed
is rich in rifts and shallows, where numerous hydrophytic
plants grow on stony limestones. The climate at the col-
lection site is temperate, moderate continental, and hu-
mid, with an average temperature of -7.7°C in January
and 17.7°C in July. The annual amount of precipitation
is 500-900 mm. The duration of the growing season
is 85 to 135 days [31].
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For the study of hydrophytes, we harvested the
leaves of plants that grew in a water reservoir or in its
immediate vicinity, partially or completely submerged in
water, indicating limited oxygen access to organs and
tissues. Willow herb (E. angustifolium) leaves were col-
lected nearby in a dry meadow outside the flood zone.
We analyzed 3-4 biological replicates collected from
different plants. Leaves of approximately the same
size and one generation were selected. Inspection was
performed to ensure no samples were affected by
pathogens and phytophages. Samples were collected
over two years in mid-July. Plant tissue (200 mg) was
weighed on a portable electronic scale, cut into small
pieces directly at the collection site, and fixed in 1 mL
of methanol.

Sample preparation

Within 2-3 h, the samples were delivered to the labo-
ratory, where the methanol extract was transferred into
a new microtube, and the plant residues were ground
in a bead mill (Tissue Lyser LT, QIAGEN, Germany,
50 beats/s, 3 times for 2 min) with 1 mL methanol. Extrac-
tion was performed for 1 h on a TS-100C thermoshaker
(BioSan, Latvia) at 800 rpm, 4°C. After extraction, the
samples were centrifuged for 10 min at 15,000 rpm, 4°C
and then the residue was washed twice with 500 pL of
methanol on a TS-100C thermoshaker, with centrifuga-
tion of the sample each time (10 min at 15,000 rpm,
4°C). The supernatants were combined and the to-
tal extract was evaporated to dryness in a Lab-
conco CentriVap vacuum evaporator (USA). The air
in the microtubes was replaced with gaseous nitro-
gen and placed in a freezer at —80°C for storage until
analysis.

For analysis, dry material was dissolved in pyri-
dine (100 pL) containing internal standard C,; (trico-
sane) and 100 pL of a silylating agent, 99% solution
of bis(trimethylsilyl)-N, O-trifluoroacetamide with 1%
trimethylchlorosilane (Sigma, USA). Samples were de-
rivatized by incubation on a TS-100C thermoshaker at
800 rpm, 90°C for 20 min.

Gas chromatography-mass spectrometry (GC-MS)

For GC-MS analysis, an Agilent 5860 gas chro-
matograph was used under the control of MassHunter
software (USA). Samples were injected using an Agi-
lent 7893 autosampler. The sample was injected in the
splitless mode, with an injected sample volume of 1 pl.
Separation was performed on a J&W DB-5MS capillary
column (30 m long, 0.25 mm in diameter, stationary
phase film thickness 1 pm). The carrier gas was helium;
constant flow was 1 mL/min; evaporator temperature
was 250°C. The column temperature regime started with
an initial temperature of 70°C, then a linear increase at
a rate of 6°C/min to 320°C [32]. The chromatogram was
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registered using an Agilent 5975 mass-selective detec-
tor. The mass range was 50-700 m/z. The temperature
of the ion source was 230°C and that of the quadrupole
mass filter was 150°C. The chromatographic equipment
of the Resource Center of St. Petershurg State University
“Development of molecular and cellular technologies”
was used for this research.

Interpretation of GC-MS results

The resulting chromatograms were processed using
the MS-DIAL 4.9 program [33]. We used the Golm Me-
tabolome Database (GMD) library (Germany) [34], as well
as the library of the Laboratory of Analytical Phytochem-
istry of the Botanical Institute of the Russian Academy
of Sciences. Additionally, the AMDIS and NIST MSEARCH
NIST (National Institute of Standards and Technology,
USA) programs, in combination with the NISTO08 libraries,
were used to identify the mass spectra. The identification
of metabolites was performed by the similarity of the
mass spectra with the library ones and by the retention
indices (RI). The Rl was determined by calibration using
saturated hydrocarbons. The content of metabolites was
normalized to the internal standard tricosane (normal
hydrocarbon C,,).

Statistical analysis

Analysis of metabolomic data was performed using
R4.2.1 “Funny-Looking Kid" [35]. The data were normalized
to the sample median. Outliers were detected and exclu-
ded based on the Dixon test in the outliers package [36].
Data were taken logarithmically and standardized.
If a compound was not found in a particular sample but was
present in other replicates, this was considered a techni-
cal error, and imputation was performed using the KNN
(k-nearest neighbors) method using the impute package
[37]. Principal component analysis (PCA) was performed
using pcaMethods [38]. OPLS-DA (discriminant analysis
by orthogonal projections on latent structures) was per-
formed using the ropls package. Factor loadings of the
predictive component and VIP (variable importance in the
projection) were used to assess the statistical relation-
ship between the variables and the factor of interest [39].
Models were evaluated by R?Y predictive component
and Q?Y probability (p < 0.01). To avoid bias due to
group imbalance, weighted centering was used [40].
Heat maps were plotted using the ComplexHeatmap
package [41].

The fgsea algorithm was used for metabolite set
enrichment analysis (MSEA) [42]. The sets of metabo-
lites for biochemical pathways were downloaded from
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (Japan) [43] via the KEGGREST package [44],
and Arabidopsis thaliana was chosen as a reference or-
ganism. Graphs were plotted using the Cytoscape soft-
ware [45].
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RESULTS including 13 proteinogenic amino acids. We also identi-
fied approximately 20 carboxylic acids, including inter-
Using GC-MS, we determined the metabolomic pro- mediates of the Krebs cycle (6), metabolites of glycolysis
files of the leaves of three fireweed species, namely the  and fermentation (5), as well as a small number of free
mesophyte Epilobium (Chamaenerion) angustifolium and  fatty acids, acylglycerols, sterols, amines, and pheno-
the hydrophytes E. hirsutum and E. palustre. The result-  lic compounds. Fig. 1 shows the heat maps combined
ing profiles included approximately 360 compounds, ap-  with VIP bar chart from OPLS-DA models comparing the
proximately 70 of which were identified in databases, mesophyte with hydrophytes (top row) and hydrophytic
and a class was determined for approximately 50 more  species with each other (bottom row).
compounds (Fig. 1). Sugars (64), including pentoses (8), We used PCA to identify similarities and differences
hexoses (25), and oligosaccharides (20), as well as between metabolomes as presented in Fig. 2. Accor-
their derivatives, such as sugar alcohols (3) and sugar ding to the principal component 1 (PC1), which explains
acids (8), were most widely represented in the profiles  28.6% of the variance, the profiles of E. angustifolium
obtained. Sixteen amino acids have been identified, metabolites differed significantly from those of the
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Fig. 1. Heatmap of mean normalized content identified metabolites. Barplots — VIPs from OPLS-DA models for comparison: above —
hydrophytes and mesophyte, under — E. hirsutum and E. palustre. In metabolite names: Rl — retention index, -P — phosphate, compsug-
complex sugars or molecules with sugar parts, FA — fatty acid, MG — monoacylglycerol

Puc. 1. TennoBas KapTa cpefjHero HOpManM30BaHHOIO COAEPKaHNA MAEHTUdULMPOBaHHBIX MeTabonuToB. Ctonbuarbie guarpammel — VIP
3 Mopeneii OPLS-DA nns cpaBHeHus: BBepXy — ruapoduToB u Me3oduTa, BHu3y — E. hirsutum w E. palustre. B Ha3BaHusix MeTabo-
JIUTOB: COMPSUQ — CFI0XKHbIe Caxapa UM MoKyl C caxapHbiMM YacTaMm, Rl — uHaeKce yaepxusanus, -P — docdar, FA — xupHas
Kucnota, MG — MoHoauMnramuepuH
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Fig. 2. Unsupervised analysis of metabolite profiles from three Epilobium species sampled at two years. a, b — PCA score plots,
ellipses — 95% Cl; ¢ — dendrogram of hierarchical clustering [with Pearson distance (1-r), Ward method]

Puc. 2. AHanu3 6e3 obyueHus npodmnen Metabonutos Tpex BUAOB Epilobium, cobpaHbix B TedeHue AByX NeT: a, b — rpaduku cyeToB
METOZ0M rnaBHbIx KoMnoHeT (TK), anauncel — 95 % foBepuTenbHble MHTEPBabI; ¢ — [AEHAPOrpaMMa MepapXUyeckoii KiacTepusaumu

(c paccTosiHueM lupcoHa (1-r), arnoMepaumst MeTogoM Yopaa)

other two species, which were practically indistinguish-
able from each other (Fig. 2a). However, E. palustre and
E. hirsutum differed in PC4 (5.5% variance, Fig. 2b).
We next performed a hierarchical cluster analysis using
the Spearman distance, 1-rho, where rho is the Spearman
correlation coefficient. This approach reduced the influ-
ence of the normalization method on the result (Fig. 2c).
However, even in this case, E. angustifolium was clus-
tered separately from the other species. Accessions of
E. angustifolium were also grouped according to the
year of collection (1 or 2). The profiles of E. palustre and
E. hirsutum were clustered, first, according to the year of
sampling and, secondly, according to the species (Fig. 2c).
From these data, it can be concluded that, at the level of
the metabolome, the mesophytic E. angustifolium clearly
differed from the other two hydrophyte species. Differ-
ences in the metabolomes of E. hirsutum and E. palustre
were also present, but they were less apparent and were
not observed with annual changes.

In order to identify which metabolites accumulated at
different levels between mesophytes and hydrophytes,
we used discriminant analysis by the method of or-
thogonal projections onto latent structures (OPLS-DA).
The model constructed by OPLS-DA included two
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orthogonal components. Approximately 28% of the vari-
ance was associated with the predictive component, re-
flecting the differences between the groups (Q2%Y = 0.78).
Metabolites with a VIP value of 1 or greater can be con-
sidered to be reliably associated with differences between
hydrophytes and mesophytes. The results are presented
in Fig. 1 (top row of bar chart) of the VIP bar charts for
the above model. A characteristic feature of the hydro-
phytes was a greater accumulation of a wide range of ni-
trogen-containing compounds, primarily the amino acids
5-oxoproline, phenylalanine, valine, leucine, threonine,
a- and B-alanine, tryptophan, serine, glutamate, aspara-
gine, and GABA. Moreover, E. hirsutum and E. palustre
contained larger amounts of organic acids, including
intermediates of the Krebs cycle (fumarate and succi-
nate), glycolysis (glycerate, pyruvate), and fermentation
(lactate). On the other hand, the mesophyte was char-
acterized by higher levels of sugars, including glucose,
fructose, hexose phosphates, and ascorbate. Lipophilic
compounds generally did not differ between ecological
groups, except for phytol and linolenic acid which accu-
mulated in greater amounts in E. angustifolium. Among
secondary metabolites, E. angustifolium accumulated
more quinic and gallic acids.
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Fig. 3. Metabolite sets enrichment analysis based on loadings from OPLS-DA classification of hydrophytes and mesophyte. Nodes are
the paths extracted from KEGG. If the paths share metabolites, then they are connected by edge. Nodes attract with each other in de-
pendence of number of common metabolites. Color — significance of influence on this pathway, size — strength of influence (INES)).

NES — normalized enrichment score. FDR — false discovery rate

Puc. 3. AHanus oborallienns HabopoB MeTabonMToB Ha O0cHOBe QaKTOpHbIX 3arpy3oK u3 OPLS-DA-mopeneit kKnaccuduraumm ruapo-
¢duToB M Me3oduTa. Y3nbl — nyT, nonyyeHHble U3 6asbl KEGG. Ecnn nyt uMeloT oblume MeTabonuTbl, TO OHW coeaMHeHbl pebpoM.
Kpas nputaruBaoTcs B 3aBUCUMOCTM OT KOMMYECTBA 06LLMX MeTabonuToB. LIBeT — 3HaUMMOCTb BMSHUSA Ha 3TOT NyTb, pa3Mep — cuna
BmsHua (INES|). NES — HopManu3oBaHHast oLeHKa oboralleHuns (normalized enrichment score), FDR — ypoBeHb T0XHOMON0KMTESNbHBIX

pe3ynbraTos (false discovery rate)

Figure 1 (bottom row of bar graphs) presents a com-
parison of the metabolomes of the two hydrophytes
E. hirsutum and E. palustre. The model constructed us-
ing OPLS-DA included one orthogonal component. Ap-
proximately 12% of the variance was associated with
the predictive component, reflecting the differences be-
tween the groups (Q2Y = 0.75). Unlike ecological differ-
ences, interspecies differences in hydrophytes were not
exclusive to any of the compound groups. E. hirsutum
exhibited higher content of leucine, B-alanine, urea, or-
ganic acids (with the exception of glycerate), pentoses,
lipophilic compounds, arbutin, and gallocatechin. On the
other hand, E. palustre accumulated more amino acids,
especially serine, tyrosine, and GABA, as well as glyceric
acid and caffeic acid.

To identify the biochemical pathways most signifi-
cantly associated with environmental differences, we
performed an enrichment analysis (MSEA) using for me-
tabolite ranking the loadings of the predictive component

DOl https://doiorg/10]

from the OPLS-DA model and metabolite sets for path-
ways obtained from the KEGG database. The results of
this analysis are presented in Fig. 3. The hydrophytes ac-
cumulated more metabolites in their leaves, particularly
those involved in the metabolism of organic acids, amino
acids, and other nitrogen-containing compounds. On the
other hand, hydrophyte sugar metabolism was lowered
compared with E. angustifolium.

To compare differences between hydrophytes and
mesophytes with species differences between two hy-
drophytes, we constructed a SUS-plot (shared and unique
structures), where metabolites are presented in the space
of factor loadings of the two OPLS models described
above (Fig. 4). A very weak relationship was registered
(rho = 0.11, p = 0.04). Because the plants were collected
over two years, we also constructed 3 OPLS-DA models
to compare yearly samples for each species. The propor-
tion of variance (%) and Q?Y of the predictive component
were 38% and 0.91 for E. hirsutum, 33% and 0.89 for
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COJEepKaHMa Ha BTOPOM rof, HabnopeHni

E. palustre, and 23% and 0.86 for E. angustifolium, re-
spectively. Thus, annual changes in the hydrophytic fire-
weeds were more pronounced than in the mesophytic
fireweed. As seen in Fig. 5a, annual changes in the two
hydrophytes E. hirsutum and E. palustre were very simi-
lar (tho = 0.7, p < 107%). On the other hand, the annual
changes in E. angustifolium had little in common with
those of the hydrophytes (Fig. 5b, ¢). A common feature
we observed in fireweeds is a greater accumulation of
complex sugars against a decrease in secondary com-
pounds in year 1 of collection. In the case of hydrophytes,
there was a trend toward a greater accumulation of ami-
no acids in the first year.
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DISCUSSION

Metabolomics is a modern and highly informative
method for analyzing adaptation processes in living sys-
tems under the influence of various environmental fac-
tors. Over the past 20 years, there has been an increase
in the studies of plant metabolomes under the influ-
ence of drought, salinity, and unfavorable temperatures.
However, fewer than 5% of these works related to the
study of the effect of oxygen deficiency [46]. The use of
various analytical platforms [GC-MS, liquid chromatog-
raphy-mass spectrometry (LC-MS) and nuclear magnetic
resonance (NMR)] enabled the identification of changes
in sugar metabolism and Krebs cycle and the detection
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of alanine, succinate, GABA, and polyamine accumula-
tion [18, 22, 25, 26, 47-49]. Changes in the metabolome
under oxygen deficiency were also characterized in the
hydrophytes Zostera marina [23] and Potamogeton an-
guillanus [24].

Metabolomic profiling of two fireweed species,
E. angustifolium [50] and E. hirsutum [51], was previously
performed by LC-MS. However, the study only searched
for biologically active secondary compounds for phar-
macological use and did not aim to compare the species
with each other. In the present study, we detected the
same organic acids and secondary metabolites identi-
fied in the previous study. Using GC-MS, we revealed
significant differences in the metabolic profile of the
leaves of mesophytic E. angustifolium from the profiles
of hydrophytic E. hirsutum and E. palustre (Fig. 1, 2).
As in the case of other hypoxia-tolerant plants, hydro-
phytic fireweeds exhibited stimulation of nitrogen metab-
olism (Fig. 3) and the accumulation of a number of amino
acids, including 5-oxoproline, a-alanine, glutamate, as-
paragine, and GABA. Proline is a stress metabolite in-
volved in osmotic adjustment under drought and salinity
conditions (i. e. water retention in the cell and protection
of macromolecules from denaturation) [52]. In our study,
the level of this amino acid did not differ significantly
in the studied species. Nevertheless, another important
function of proline during stress is antioxidant protec-
tion. In this case, it can be oxidized to 5-oxoproline [52],
which we found to be significantly elevated in the leaves
of hydrophytes (Fig. 1). Oxidative damage is an impor-
tant mechanism of stress during oxygen deficiency. This
effect is most pronounced during re-aeration after hy-
poxia and anoxia but can also develop during root hypoxia
[9, 11, 53, 54]. Wetland plants are characterized by a
more active antioxidant system [11, 55]. Thus, the pres-
ence of oxoproline may indicate oxidative stress in the
tissues of hydrophytic fireweeds which is counteracted by
proline. Elevated levels of alanine, glutamate, and GABA
indicate increased anaplerotic pathways of NAD(P)H
reoxidation in E. hirsutum and E. palustre, particularly
the GABA shunt [5, 6, 9, 21]. This metabolic pathway is a
bypass branch of the Krebs cycle where 2-oxoglutarate
is aminated to glutamate, glutamate is decarboxylated to
GABA, and GABA is converted to succinic semialdehyde
[56]. This reaction is coupled with the transamination of
pyruvic acid to alanine. Succinic semialdehyde is then
converted to succinic acid, which is then converted to fu-
marate. We detected both dicarboxylic acids of the Krebs
cycle (succinate and fumarate) in the leaves of E. hirsu-
tum and E. palustre (Fig. 1) and MSEA showed stimula-
tion of dicarboxylic acid metabolism (Fig. 3). In addition,
an increase in proteinogenic amino acids abundance may
indicate a stimulation of nitrogen metabolism, including
the reduction of nitrate, which can be used as an alter-
native terminal electron acceptor instead of atmospheric
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oxygen (nitrate respiration). Elevated amino acid levels
may also reflect increased synthesis of amino acids
and anaerobic stress proteins during oxygen lack [6, 9].
The levels of glyceric, pyruvic, and lactic acids were also
increased in the tissues of hydrophytes. Accumulation
of these compounds may be a marker of glycolytic pro-
cesses in a hypoxic environment that favor lactic acid
or alcoholic fermentation. Unfortunately, the method of
analysis we used did not enable the detection of the level
of other important anaerobic metabolites (acetaldehyde
and ethanol) that evaporate during sample preparation
and derivatization. The features of leaf metabolomes
of hydrophytic fireweed species we found were simi-
lar to those of other flood-tolerant plants, such as rice
[20, 25], Zostera marina [23], and Potamogeton anguil-
lanus [24].

The mesophytic E. angustifolium metabolome was
characterized by the accumulation of sugars, prob-
ably due to the stimulation of carbohydrate metabolism
(Fig. 1, 3).

Comparison of the metabolomes of two hydrophytic
species with each other showed that the differences were
not specific on any class of compounds and none of the
biochemical pathways were significantly associated with
the differences in the species (Fig. 1, 5). Differences in
the secondary compounds and complex sugars (including
glycosides of secondary compounds) in E. hirsutum and
E. palustre is noteworthy. These findings suggest that
the biochemical divergence of ecologically similar spe-
cies occurs primarily via secondary metabolism.

A comparison of differences between hydrophytes and
mesophytes with the species differences between the two
hydrophytes did not reveal a direct relationship between
them (Fig. 4). Thus, biochemical divergence within one
ecotope may not be similar to changes due to adaptation.

Comparison of annual differences in metabolomic
profiles for each species revealed commonalities in the
changes in E. hirsutum and E. palustre (Fig. 5a). More-
over, the annual differences were stronger than the inter-
specific ones, as the profiles were clustered according to
the year of collection more than according to the species
(Fig. 2c). Thus, growth in the same ecotope and same
environmental conditions, together with phylogenetic
proximity, triggers similar metabolic responses. In me-
sophytic E. angustifolium, annual changes differed from
the hydrophytes (Fig. 5b, c).

In summary, significant differences in the leaf met-
abolic profiles of mesophytic E. angustifolium and hy-
drophytic E. hirsutum and E. palustre were revealed.
The metabolomes of hydrophytic fireweeds were almost
identical and were characterized by the accumulation
of amino acids, including GABA shunt intermediates,
dicarboxylic acids of the Krebs cycle, and metabolites
of glycolysis and lactic acid fermentation. These re-
flect the stimulation of anaerobic respiration, nitrogen




[EHETHECKIME OCHOBHI
3BOSOLNM IHOCKCTEM

metabolism, and alternative pathways of NAD(P)H reoxi-
dation in these aquatic plants. These changes are also
reported to be characteristic of other plants tolerant to
oxygen deficiency, suggesting that this set of metabolites
can be used to assess the degree of tolerance to hypoxia
and anoxia.

It should be taken into consideration that the genus
Epilobium is quite large and consists of several subsets.
E. hirsutum and E. palustre belong to the Epilobium sec-
tion, while E. angustifolium belongs to the Chamaener-
ion section, which some taxonomists, including Russian
botanists, distinguish as a separate genus Chamaenerion
Seg. [29]. Thus, the observed differences in metabolomic
profiles may be due to taxonomic differences and not
just ecological differences. For future studies, it would
be necessary to expand the comparison of metabolomes
of closely related hydrophytic and mesophytic plants to a
larger number of taxonomic groups.
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