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Abstract: An actual biological problem is to identify the effect of mycorrhization by fungi of
arbuscular mycorrhiza (AM) on the metabolic profiles of plant roots at the key stages of host plant
development. The aim of the study was to evaluate the effect of Rhizophagus irregularis inoculation
and/or phosphorus treatment on the root metabolome of Medicago lupulina at the stages from the
first leaf to the mature fruit. The assessment of metabolic profiles was performed using GC-MS. 327
metabolites were identified: 26 amino acids, 20 carboxylic acids, 14 fatty acids, 58 sugars, sterols,
phenolic compounds, etc. The efficient AM is characterized with upregulation of the metabolism of
proteins, carbohydrates and lipids, as well as an increase in the content of phosphates. The level of
acids of tricarboxylic acid cycle were generally lower during mycorrhization. For the first time, the
lateral branching initiation stage was shown to have a key importance for the development of
efficient AM symbiosis. 14 metabolic markers of the efficient AM symbiosis development were
identified. The conclusion is that AM significantly improve plant adaptation to low Pi conditions
through metabolic alterations.

Keywords: soil microorganisms; biochemical networks; Medicago lupulina; arbuscular mycorrhiza;
Rhizophagus irregularis; symbiotic efficiency; plant development; physiological stage; root; metabolic
profile

1. Introduction

Phosphorus, along with nitrogen, is the main macronutrient for plants [1]. But up to 80% of soil
phosphorus is immobile and unavailable for plant uptake due to conversion to organic form,
precipitation or adsorption [2]. Meanwhile, plants actively absorb the forms of inorganic phosphorus
(Pi) available for nutrition: HPOs*, HsPOs4 and, mainly, H2POs. Moreover, phosphorus mobilization
is possible due to the development of proteoid roots in phosphorus deficiency conditions [3]. Such
roots produce a significant amount of organic acids (up to 23% of net photosynthesis), acidifying the
soil and chelating metal ions. However, in this way plants are able to absorb only 8% of the Pi from
the rhizosphere [1,4]. The most powerful mechanism for providing plant organisms with phosphorus
is the symbiotic pathway due to the development of arbuscular mycorrhiza (AM) [5].
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It is known that AM fungi form the only class of Glomeromycetes of the monophyletic division
Glomeromyecota [6,7]. They form a symbiosis with more than 80% of terrestrial plant species [5].
Symbiosis with AM fungi allows plants to adapt to low levels of Pi in the soil via several mechanisms:
1) mycelium of the AM fungus increases the absorbent surface of the root 100-fold [5]; 2) AM fungi
help the host plant to overcome the depletion zone with a low Pi content with a radius of 1-2 mm at
the surface of the root and root hairs [8,9]; 3) the host plant and the mycosymbiont form a developed
sphere of interaction with the soil substrate, a zone with a diameter of 10 to 150 mm around the root,
called the mycorrhizosphere [9]; 4) in Pi deficiency conditions, phosphorus uptake into the plant is
possible mainly due to phosphate transporters of the AM fungus, for example, RiPT7 in Rhizophagus
irregularis [10], the expression of plant phosphate transporters [11,12] and H+-ATPases [13]
specifically involved in roots with AM increases; 5) AM fungi secrete organic acids [14] and their own
phosphatases [15], that allows plants to reduce the resources required for phosphatase activity. In the
work of S. Qi et al. it was also found that AM fungi alter the phosphatase activity of plants [16]. It is
known that the contribution of inorganic phosphorus uptake by AM fungi through hyphae and
arbuscules can reach 90-99% of the total demand of the host plant [17-20]. Such diverse processes
cannot proceed without corresponding changes at the systemic level, which are actively studied
using approaches such as transcriptomics, proteomics and metabolomics [21-23]. However, at
present, the mechanisms of plant adaptation to low Pi levels in the soil have not been fully studied
[10].

A significant number of papers have been devoted to the study of metabolic rearrangements of
the host plant during mycorrhization. Mechanisms of adaptation to low Pi levels have been studied
quite actively on such model plants as: Medicago truncatula [24,25], Anadenanthera colubrina [26],
Nightshade lycopersicum [27], etc. Many of the studies contain only an analysis of the vegetation period
stages without evaluating the reproductive stages, or vice versa. Only in a small number of species,
changes in the metabolome were studied during the long-term development of plants in symbiosis
with an AM fungus: Stevia rebaudiana leaves at 69-123 dai [28]; Pisum sativum leaves and roots at 7-
110 dai [29,30], M. lupulina leaves at 14-52 dai [31], Solanum lycopersicum shoots and roots at 7-91 dai
[32] and at 28-140 dai [33].

Studies are often conducted under conditions of low Pi levels in order to identify the greatest
effect of AM fungus on the metabolome of the host plant in the following plant microbial systems
(PMS): “Medicago lupulina + R. irreqularis” [31,34]; “Sorghum caudatum/S. bicolor + Rhizophagus
irregularis/Gigaspora gigantea” [35]; “Malus domestica + Rhizophagus irregularis” [35]; “Coffea arabica +
Funnelliformis mosseae” [36]; etc. On the other hand, studies were provided under conditions of high
Pi levels in such PMS as: “Triticum durum + mixture of strains of 9 AM fungi species, including R.
irregularis” with a weak response to mycorrhization [37]; etc. A promising area of research is the
analysis of the development of PMS in conditions of a sufficient Pi level in the substrate. Such
conditions can be considered as control conditions, since the lack of Pi is a stress factor that has its
own effect on the metabolic profile. Meanwhile, studies related to the development of mycorrhizal
plants under conditions of different levels of Pi are few and do not fully reveal the mechanisms of
adaptation of mycorrhizal plants to the lack of Pi in the substrate [10,16,38]. Thus, in the study by S.
Pu et al. it has been shown the application of phosphorus fertilizer significantly reduces the
Mycorrhizal Growth Response (MGR) in Salvia miltiorrhiza during the formation of AM with Glomus
versiforme [38]. Concentrations of biologically active compounds (rosmarinic acid, salvianolic acid,
dihydrotanshinone, ryptotanshinone), tanshinone I and tanshinone IIA were significantly higher in
the roots of S. miltiorrhiza inoculated with G. versiforme under low Pi conditions. When adding
phosphorus fertilizer, mycorrhizal response of bioactive compounds was absent [38]. Research by S.
Qi et al. in another model system, “Solidago canadensis + Rhizophagus intraradices” showed that
phosphatase activity in S. canadensis decreased significantly with the addition of Pi, but did not
change with the addition of insoluble phosphorus [16]. In the PMS “Glycyrrhiza uralensis + R.
irregularis” it was shews determined that improving phosphorus nutrition under mycorrhization as
a result of symbiosis is of paramount importance in regulating the biosynthesis of secondary
metabolites (increased accumulation of glycyrrhizin and liquiritin). Moreover, the effect of AM on
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the growth of the host plant was higher than the application of phosphorus fertilizer in the amount
of 140 mg P /kg both by dry weight of stems and roots [39]. In the PMS “Medicago sativa + Funneliformis
mosseae” it was demonstrated that mycorrhization intensively increased biomass of aboveground
parts, chlorophyll content in leaves and soluble sugars, but excessive phosphorus application
restrained the increase in these traits [40].

However, some model plant species may be less suitable to study metabolic rearrangements
during mycorrhization. For example, the analysis of PMS “Pisum sativum + R. irreqularis (previously
referred to Glomus intraradices)” under conditions of different Pi availability showed that under low
Pi conditions, a high level of strigolactones in the roots was observed, and under high Pi conditions,
even the addition of exogenous strigolactones did not contribute to the restoration of the root
colonization level. This indicates that strigolactones are not the only factor involved in the interaction
between the plant and the AM fungus, which was almost completely stopped at a very early stage,
before the formation of hyphopodia [41]. On the other hand, it is known that the phosphorus level in
the soil (high and low Pi) does not affect the species richness and diversity of AM fungi in field
experiments in efficient PMS “Daucus carota/Allium cepa + R. irregularis” [42]. In this regard, it is
necessary to select precisely model plants with a high response to mycorrhization not only in
conditions of low, but also in conditions of high Pi level. Thereby the general concept about AM effect
on the host plant metabolic network is absent. The application of metabolomic approach on a
responsive model plant will overcome the problem of the functional dependence of the plant on Pi
with its low content in the substrate and in the absence of a reaction to mycorrhization in conditions
of high Pi content. A study of the effect of various species of fungi on the growth and development
of the phytosymbiont, on the content of metabolites in various plant species showed a lack of
specificity by species of AM fungi [21,43], but revealed the presence of specificity by plant species
[25,29,30,34,44-48]. Therefore, in order to identify the mechanisms of adaptation of the host plant to
the Pi level, our team selected a highly mycorrhizalion responsive Medicago lupulina MIS-1 line,
characterized by MGR>200-350% depending on growing conditions using the highly efficient AM
fungus Rhizophagus irregularis RCAMO00320 [31,34,49,50]. The aim of this investigation was to evaluate
the effect of Rhizophagus irregularis inoculation and phosphorus treatment on the root metabolome of
the Medicago lupulina MIS-1 line throughout key vegetative and reproductive stages from the first leaf
development to the mature fruit.

2. Results
2.1. Medicago lupulina MIS-1 Line Plant Development Under Low and High Phosphorus Levels

Firstly the parameters of plant productivity were estimated: plant height, fresh weight of shoots
and roots. As a control, the variant with the addition of fertilizer without AM-fungus (AM-P+)
inoculation was used since the low Pi level in the substrate in the variant without fertilizer (AM-P-)
is inhibitory (Figure S1; [34]), and any of the variants with AM inoculation (AM+P-; AM+P+) appears
to stimulate the growth and development of the host plant.

The symbiotic efficiency of AM (MGR), calculated on the height of the main stem (Figure 1A),
was reliable under conditions of phosphorus deficiency (P-) at all stages of interest, starting from the
stage of third leaf development, characterized by the appearance of the stem. MGR regarding stem
height of plants grown under the condition of phosphorus treatment (P+) was significant only at the
stage of the third leaf development (3L). MGR calculated on the fresh weight of shoots and roots,
generally, did not exceed 50% under P+ conditions, but was significantly higher at the stage of lateral
branching (BI) initiation of plants under conditions P- (Figure 1B-1C).
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Figure 1. Mycorrhizal growth response of plant height (A), of fresh weight of shoots (B) and roots (C)
per one M. lupulina plant inoculated with R. irreqularis. “1st leaf”, etc. — stages of plant development;
“a”, “b”, “c” — different letters indicate significant differences within the same MGR parameter
(ANOVA and Tukey’s test; p < 0.05). The average values with standard errors are presented.

The values of root mycorrhizal intensity in root M, abundance of arbuscules and vesicles in root,
A and B, respectively, increased throughout the development of the host plant under P- conditions
(Figure 2). But under conditions of optimal phosphorus (P+) supply, all analyzed mycorrhization
parameters had a lower value at the third leaf (3L) development and the lateral branching (BI)
initiation stages. The most intense differences in the mycorrhization parameters were revealed in the
AM+P+ and AM+P variants at the BI stage, which can be attributed to the fact that by this time AM
contributes to a significant adaptation of plants to phosphorus deficiency in the soil (it can be seen
the highest MGR value in the AM+P variant was observed at the Bl stage; Figure 1).
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Figure 2. Mycorrhizal intensity, M (A), abundance of arbuscules, A (B) and abundance of vesicules, B
(C) in M. lupulina roots at different development stages. “1st leaf”, etc. — stages of plant development;
“a”,"b”, “c” — different letters indicate significant differences within the same mycorrhizal parameter
(ANOVA and Tukey’s test; p < 0.05). The average values with standard errors are presented.

2.2. General Characteristics of Metabolic Profiles

The resulting metabolic profile of M. lupulina roots included 327 metabolites (Figure 3-9). Of
these, 92 were identified and 59 more were annotated to a class (pentoses, hexoses, sterols, etc.). These
included 26 amino acids, including 18 standard, 20 carboxylic acids, including intermediates of
energy metabolism, 14 fatty acids and their derivatives, as well as nitrogenous bases, sterols, phenolic
compounds, etc. Sugars and their derivatives were most widely represented in the obtained profiles
(58), including pentoses, hexoses and complex sugars.
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Figure 3. Differences in the profiles of plant metabolites at different development stages (A) and with
different mycorrhization and phosphorus status (B). Graphs of PCA accounts and the result of a
decrease in the dimension of MDS. The points correspond to the profiles of metabolites, % is the
proportion of variance associated with the main component (PC), ellipses are 90% intervals.
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Figure 5. 2nd leaf stage (2L). A. Differential accumulation of metabolites. A heat map of the difference
between the average values (normalized and logarithmic) of the content of metabolites in the roots of
plants AM+P+, AM+P-, AM-P- and the control AM-P+. The metabolites were selected according to
VIP>1 predictive components of the OPLS_DA models. The red color corresponds to a higher level
relative to AM-P+. B. Enrichment analysis for groups of metabolites.
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metabolites. A heat map of the difference between the average values (normalized and logarithmic)
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metabolites were selected according to VIP>1 predictive components of the OPLS_DA models. The
red color corresponds to a higher level relative to AM-P+. B. Enrichment analysis for groups of
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Figure 7. Branching initiation stage (BI). A. Differential accumulation of metabolites. A heat map of
the difference between the average values (normalized and logarithmic) of the metabolites content in
the roots of AM+P+, AM+P-, AM-P- and the control AM-P+. The metabolites were selected according
to VIP>1 predictive components of the OPLS_DA models. The red color corresponds to a higher level

relative to AM-P+. B. Enrichment analysis for groups of metabolites.


https://doi.org/10.20944/preprints202412.0239.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 December 2024

d0i:10.20944/preprints202412.0239.v1

2-Ketoglutaric acid
roxyacetone
rythronic acid

Dihy

Fumaric acid
Glyceric acid
Glycerol
Glycerol-3P
Glycerophosphoglycerol
Maleic acid

Malic acid

Malonic acid
Methyimaleic acid
Qnonitol

Succinic acid

Threonic acid
Aminoadipic acid
Aminomalenic acid
Asparagine

Aspartic acid

b-Alanine

GABA

Glutamine

Glycine

Homoserine

Leucine

Methionine

Norleucine

QO mithine

Proline

Pyroglutamic acid
Serine
Threonine
Tryptophan
yrosine
Valine
2-Pyrrolidinone
3-Amino-2-piperidone
3-Aminopentan-2-ol
Adenine

Adenosine
Ethanolamine
Ethanolaminephosphate
Guanine

Putrescine

Urea

Uridin

Caffeic acd
Chlorogenic acid
allic acid
Hydroquinone
Pyrogallol

Quinic acid
Methyl phosphate
Phosphoric acid

pentacid_RI=1784
pentalc RI:WZQ

 RI=1742
pentose_RI=1757
Fructose

Glucose
hexacid_R1=2022
hexalc_RI=1866
hexalc_RI=1949
hexalc_RI=2173
hexalc_RI=2185
hexose-P_RI=2347
hexose-P_RI=2387
hexose RI=1821
hexose RI=1879
hexose RI=1881
hexose RI=1883
hexose RI=1894
hexose_RI=1899
hexose RI=1920
hexose RI=2118
inositol_RI1=1938
inositol_RI=1972
myo-Inositol
myo-Inositol-2P
compsug_RI=2193
compsug_RI1=2324
compsug_RI=2373
compsug_RI=2405
compsug_RI=2438
compsug_RI=2439
compsug_RI=2550
compsug_RI=2718
compsug_RI=2722
compsug_RI=2815
compsug_RI=2823
compsug_RI=2859
compsug_RI=2899
compsug_RI=2922
compsug_RI=2997
compsug_RI=3142
compsug_RI=3273
compsug_RI=3388
compsug_RI=3395
compsug_RI=3465
compsug_RI=3501
compsug_RI=3509
compsug_RI=3511
Trehalose

11

FLOWERING

content relative to AM-/P+

AM-P-

o
*
=
<

AM+P+

L=

T =

4 <

rPAAPP A rgdan

p- 4 <4 a4 >
1 dd4dq 4>« rd

rAaddPpPp

> P

'y

i

=

| 3

L

> b’-
ERE L1 4 2

[

rd

v

set enrichment analysis

X

¥

N
™
Lysine degradation
Lysine biosynthesis
Tropane, Elperidine and pyridine alkaloid biosynthesis
+ C5-Branched dibasic acid metabolism
2-Oxocarboxylic acid metabolism
w Valine, leucine and isoleucine biosynthesis
v Porphyrin metabolism
v D-Amino acid metabolism
A Glutathione metabolism
Arginine and proline metabolism
v Histidine metabolism
Alanine, aspartate and glutamate metabolism
Arginine biosynthesis
Biosynthesis of cofactors
v Glyoxylate and dicarboxylate metabolism
v Citrate cycle (TCA cycle)
Glycine, serine and threonine metabolism
v Cysteine and methionine metabolism
v Biosynthesis of amino acids
¥ Aminoacyl-tRNA biosynthesis
v Cvanoamino acid metabolism
¥ Glucosinolate biosynthesis
Phenylpropanoid biosynthesis
Phenvialanine, tyrosine and tryptophan biosynthesis
Pyruvate metabolism
Oxidative phosphorylation
Tyrosine metabolism
Phenylalanine metabolism
Nicotinate and nicotinamide metabolism
Butanoate metabolism
Propanoate metabolism
Glycerophospholipid metabolism
Glycerolipid metabolism
Pentose and glucuronate inter conversions
Fatty acid me 1sm
Sterc vnthesis
Biosynthesis of terpenoids and steroids
Phosphatidylinositol signaling system
Inositol phosphate metabolism
Pantothenate and CoA biosynthesis
beta-Alanine metabolism
Pyrimidine metabolism
4 Purine metabolism
v Nucleotide metabolism
Pentose phog)hate pathway
Glycolysis / Gluconeogenesis
Biosynthesis of nucleotide sugars
Starch and sucrose metabolism

v vv Galactose metabolism

Fructose and mannose metabolism

MSEA, E

= 0.01
A oreouiation
vdownrgg ulation P

M5

Figure 8. Flowering stage (F). A. Differential accumulation of metabolites. A heat map of the

difference between the average values (normalized and logarithmic) of the content of metabolites in
the roots of AM+P+, AM+P-, AM-P- and the control AM-P+. The metabolites were selected according
to VIP>1 predictive components of the OPLS_DA models. The red color corresponds to a higher level
relative to AM-P+. B. Enrichment analysis for groups of metabolites.
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Figure 9. Mature fruit stage (MF). A. Differential accumulation of metabolites. A heat map of the
difference between the average values (normalized and logarithmic) of the content of metabolites in
the roots of AM+P+, AM+P-, AM-P- and the control AM-P+. The metabolites were selected according
to VIP>1 predictive components of the OPLS_DA models. The red color corresponds to a higher level
relative to AM-P+. B. Enrichment analysis for groups of metabolites.

2.3. Changes in the Root Metabolome During Plant Development

In order to identify and visualize the similarities and differences of the metabolomes, we
presented them in smaller spaces obtained using the principal component method (PCA). In Figure
3.A, the AM-/P+ metabolic profiles are presented in the account space of the first two PCs. As well as
the first two measurements obtained by the MDS method, conducted at Pearson distances (1-r). The
samples are grouped according to the development stages. Along PC1, which explains 33.7% of the
disorder, the early stages of development are separated from the later stages (F; MF). Along PC2
(24.1%), the samples are also arranged according to age, but only until the flowering stage. After the
transition to fruiting, the vector of changed to the opposite. Thus, developmental processes play a
crucial role in determination of the metabolite profile. The most significant changes were revealed
during the transition to flowering and fruiting. Therefore, the analysis of metabolomic profiles fully
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corresponds to the idea of plant development as an uneven and nonmonotonic process, regardless of
how optimal the development conditions are.

2.4. The effect of Mycorrhization by AM Fungus and Phosphorus on the Metabolic Profile of Roots.
Exploratory Analysis

Since the age of plants severaly affected the profile of metabolites, we examined the metabolic
differences between mycorrhizal and control variants (roots) at each point of development
separately. The primary PCA revealed common patterns in the similarities of the obtained profiles
(Figure 3.B). At the first leaf (1L) stage, the metabolic profiles are grouped according to both the status
of mycorrhization and phosphorus. The effect of mycorrhization associated with PC1 was 26%, and
phosphorus with PC2 was 19.5%. Thus, at this stage, the influence of both factors is expressed, and it
is proportionate. At the stage of the second leaf (2L) the situation changes. In the PC1 space (28%)
there are no differences between AM+P+ and AM+P-, AM-P- is maximally distant from these variants,
and the AM-P+ is between them. Thus, the effects of phosphorus and mycorrhization are partially
similar, and considerably the effect of mycorrhization compensates the lack of phosphorus. The
differences between P+ and P- plants are associated with PC3 (12.3%). At the next stage, SI/3L
distribution along PC1 is similar, but it already explains 40% of the variance. Thus, the effects
associated with mycorrhization have increased. The differences between P+ and P- plants are
associated with PC2 (14.3%) that is similar to the previous development stage. Further, at the Bl stage,
the distribution along PCl1 is similar, but it already explains 29.5% of the variance. The effect of
phosphorus on mycorrhization is weakly expressed. Some distance between AM+P+ and AM+P- is
observed in the PC2 and PC3 spaces. At the flowering stage (F), the effect of phosphorus during
mycorrhization was not revealed. AM-P+ plant metabolic profiles were formed along PC1 (29.5%),
and AM-P- along PC2 (23.1%). A similar pattern is observed at the mature fruit (MF) stage: also, the
effect of phosphorus under mycorrhization is almost not pronounced. AM-P- plants were notable
along PC1 (25.7%), and AM-P+ plants along PC2 (23%).

2.5. Identification of Differentially Accumulating Metabolites

One of the most important indicators characterizing the metabolic profile is differentially
accumulating compounds. The analysis of the dynamics of this parameter was carried out on the
basis of classification by the OPLS-DA method for each stage of development.

Differentially accumulating metabolites in the AM+P+ vs AM-P+ at the 1L stage. 31% of the variance
in the content of metabolites was associated with the predictive component, Q?Ypred = 0.81. The results
indicate that during this period, the effect of mycorrhiza, even in the presence of phosphorus, in the
formation of the metabolite profiles, was significant. Among the differentially accumulating
metabolites (DAMs), compounds of various classes are revealed (Figure 4.A). Mycorrhization
reduced the content of many carboxylates, including intermediates of the Krebs cycle. Accumulation
of several amino acids (aspartate, lysine) and nitrogen metabolism intermediates (putrescine,
ornithine) has been shown. An increase in the level of hexoses and sugar phosphates indirectly
indicates an increase in the activity of the upper part of glycolysis. At the same time, a number of
complex sugars were characterized by multidirectional changes. Mycorrhiza also causes an increase
in the level of major sterol campesterol, and C16 free fatty acids (FFA). Whereas, the accumulation of
two acylglycerols decreased in comparison with glycerin and its derivatives. Among the secondary
compounds, attention can be paid to an increase in the level of quinic acid, a decrease in cinnamic
and gallic acids. It turned out that mycorrhization increases the accumulation of phosphates even at
an optimal level of phosphorus in the substrate.

Differentially accumulating metabolites in the AM+P- vs AM-P+ variant at the 1L stage. In the OPLS-
DA model, 37% of the variance in the content of metabolites was associated with the predictive
component, Q?Ypred = 0.88. It can be argued that phosphorus supply and mycorrhization are not
metabolically identical, despite similar growth characteristics (Figure S1). DAMs analysis (Figure
4.A) revealed a decrease in the level of tricarboxylic acid cycle (TCA) intermediates: citrate and malate
in AM+P-, as in AM+P+. Among other carboxylates, an increase in the accumulation of lactate,
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malonate and glutarate in AM+P- can be distinguished. The amino acids with an increased content
in the AM+P- include glutamine, methionine, tryptophan, only proline was noted to decrease that is
consistent with the accumulation of intermediates of amino acids metabolism according to MSEA
(Figure 4.B). Among the non-proteinogenic amino acids, the accumulation of f-alanine and ornithine
and a decrease in the level of several others (hydroxyiminoacetic and pipecolic acids) can be noted.
Other intermediates of nitrogen metabolism, such as urea and putrescine, also had a higher content.
Also noteworthy, the accumulation of uracil and the repression of adenine accumulation, which may
be related to the activity of pyrimidine base metabolism that is indicated by MSEA. Differences in the
pattern of monosaccharide content were few and almost always associated with the suppression of
their accumulation, including glucose and fructose. The level of sucrose, as well as a number of other
complex sugars (for example, trehalose), was also lower in AM+P-. Serious rearrangements occur in
the composition of lipophilic compounds. As in the previous AM+P+ variant, in the case of AM+P-
more major palmitic acid and its monounsaturated analog accumulated. However, the level of
monoacylglycerols (MG) is significantly reduced. The accumulation of sterols decreases more often
than it increases. A greater accumulation of campesterol can be noted. Secondary compounds were
also characterized by multidirectional changes. There was an increase in the level of quinic and caffeic
acids, pyrogallol, but a decrease in cinnamic and gallic acids. Interestingly, there was no difference
in the level of phosphates, which indicates that mycorrhiza, even at this stage, copes well with the
supply of phosphorus to the plant. In AM+P, only the level of glycerophosphoglycerol is reduced.

To compare the effects of mycorrhization in the presence and deficiency of phosphorus, the
loadings of the predictive components of the corresponding OPLS-DA models were compared
(Figure S2). It was found that the effect of mycorrhization is generally similar in both cases (rho=0.58,
P<10-19).

Differentially accumulating metabolites in the AM-P- vs AM-P+at the 1L stage. At this stage of plant
development, 41% of the variance in the content of metabolites was associated with the predictive
component, Q?Ypred = 0.91. It is expected that phosphorus deficiency is more pronounced in the
absence of mycorrhization. TCA intermediates (citrate, fumarate and succinate) had a higher level in
AM-P-, unlike malate. The lack of phosphorus had a stronger effect on the accumulation of amino
acids. Half of the standard amino acids showed a decrease, including glutamate, proline, and
phenylalanine. At the same time, the levels of a-alanine and y-aminobutyric acid (GABA) were
reduced. The exceptions were tryptophan, asparagine and glutamine, their accumulation was higher
in AM-P-. Other intermediates of nitrogen metabolism, such as urea, putrecin and uracil, also had a
higher content. Among monosaccharides, a decrease in glucose and fructose levels can be noted,
which is probably due to a decrease in the activity of hexose metabolism. However, the level of
sucrose did not differ significantly. As in the previous variant, AM-P- plants accumulated more major
palmitic and linoleic acids, and the MG level was reduced. The accumulation of sterols was
suppressed. Among the secondary compounds, an increase in the level of 2-furoic and caffeic acids
was observed, with a decrease in cinnamic and gallic acids. The level of phosphoric acid did not
differ, but the level of several organic phosphates was reduced. Probably, at this stage there are still
enough reserves of phosphate obtained from the seed or medium.

Differentially accumulating metabolites at the 1L stage: comparison of effects. To compare the effects
of phosphorus deficiency in the presence and absence of mycorrhization, we compared the loadings
of predictive components from the corresponding OPLS-DA models (Figure 52). As it turned out, the
effects of phosphorus are quite similar (rho=0.45, P<10-1¢).

Differentially accumulating metabolites in the AM+P+ vs AM-P+ at the 2L stage. 27% of the variance
in the content of metabolites was associated with the predictive component, Q?Ypred = 0.87 (P<0.05).
As shown in Figure 5.A, mycorrhization with sufficient phosphorus content causes a greater
accumulation of amino acids, nitrogen-containing compounds, hexoses and some complex sugars,
sterols, phosphorylated forms of glycerol and phosphates. It is possible to separately note the higher
content of aromatic amino acids and secondary compounds during mycorrhization. However,
mycorrhization suppressed the accumulation of carboxylates, especially those associated with TCA.
Also, without mycorrhiza, there was a greater accumulation of FFA and acylglycerols. MSEA (Figure
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5.B) showed that in case of optimal phosphorus supply, the development of AM symbiosis causes
repression of the accumulation of metabolites associated with TCA and carboxylate metabolism,
moderate activation of amino acid-related pathways, activation of monosaccharide metabolism.

Differentially accumulating metabolites in the AM+P- vs AM-P+ at the 2L stage. 35% of the variance
in the content of metabolites was associated with the predictive component, Q*Yprea = 0.83. The
replacement of phosphorus with mycorrhiza (Figure 5.A) led to a decrease in the level of TCA
intermediates such as 2-ketoglutarate, succinate and lactate, but not fumarate and glycolate. The
levels of most amino acids and nitrogen-containing compounds also increased, which probably
indicates the activation of appropriate pathways (Figure 3B). In addition, the accumulation of sterols
was noted. Among the FFA, an increase in the level of 16:1 can be distinguished with a decrease in
the levels of several other FFA and acylglycerols. Sugars showed multidirectional patterns of
differences, but the main sugars glucose, fructose and sucrose did not show such differences. But the
level of trehalose was increased. Higher relative levels of phosphates of both inorganic and organic
phosphorus were found in AM+P- plants. As it turned out, the effect of mycorrhization under
phosphorus deficiency and abundance (Figure S3) is quite similar (rho=0.61, P<10¢), pointing to
intense effect of mycorrhization on black medick metabolism. Its main features are stimulation of the
accumulation of amino acids and sterols, as well as a change in the pattern of accumulation of sugars.

Differentially accumulating metabolites in the AM-P- vs AM-P+ at the 2L stage. In this variant, 33%
of the variance in the content of metabolites was already associated with the predictive component,
Q?Ypred = 0.83. As shown in Figure 5.A and 5.B, there was a deficiency in the accumulation of TCA
intermediates, as well as several other carboxylates. Amino acids have shown different trends. Thus,
among the standard amino acids, glutamine, asparagine and tryptophan showed an increase in
accumulation, but the levels of aspartate, glycine, proline and tyrosine were reduced. Attention is
drawn to the lower content of GABA and the increased level of aminoadipate and aminomalonate.
Sterols and FFA showed a downward trend. Together with a decrease in the level of glycerol
phosphate, this indicates a repression of glycerolipid metabolism. The level of fructose is reduced.
Complex sugars, including sucrose, have shown a general trend towards higher content during
phosphorus starvation. The exception was trehalose.

Differentially accumulating metabolites at the 2L stage: comparison of effects. A comparison of the
effects of phosphorus starvation in the absence of mycorrhization (AM-P+ vs AM-P-) and when
phosphorus is replaced by mycorrhization (AM-P+ vs AM+P-) showed that they are not fully similar
(Figure S3, tho=0.02, P=0.78). But it can be assumed that mycorization neutralises the effects of
starvation.

Differentially accumulating metabolites in the AM+P+vs AM-P+ at the S1/3L stage. 45% of the variance
was associated with the class difference at the 3rd leaf stage, which is higher than at the previous
stage Q?Ypred = 0.90. As shown in Figure 6, mycorrhization under optimal phosphorus content causes
a reduction in the accumulation of metabolites associated with TCA, the metabolism of pyruvate and
other carboxylates. Symbiosis with the AM fungus causes multidirectional changes in the
accumulation of amino acids. The accumulation of metabolites associated with the synthesis of amino
acids, the metabolism of glycine, serine, threonine and tyrosine is somewhat reduced. But the
accumulation of methionine, lysine, and leucine increases. The level of some other intermediates of
nitrogen metabolism increases, such as ornithine, putrescine, etc. Mycorrhization stimulates the
accumulation of sterols, including major stigmosterin and campeterin. The effect of mycorrhization
on the accumulation of FFA, acylglycerines and secondary metabolites was relatively weak or even
repressive. A complex multidirectional dynamics of sugar accumulation was noted: a certain
decrease in glucose accumulation and stimulation of trehalose. Higher levels of phosphates,
phosphorylated forms of glycerol and sugars were detected during mycorrhization.

Differentially accumulating metabolites in the AM+P- vs AM-P+ at the SI/3L stage. The results
obtained indicate that 37% of the variance was associated with the predictive component, Q?Ypred =
0.88. As can be seen in Figure 6, mycorrhization combination with phosphorus deficiency also
suppresses the accumulation of carboxylates, but not as intensively as in the previous varient
(AM+P+). There was a decrease in the intermediates of TCA: malate and succinate. As in the previous
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variant, there was a repression of glycine, serine and threonine metabolism with an increase in leucine
accumulation. A decrease in methionine, proline and valine was found. You can pay attention to the
greater accumulation of key amino acids such as glutamine, glutamate and GABA. The accumulating
nitrogen-containing compounds include ornithine and putrescine. AM inoculation still stimulated
the accumulation of sterols. Among the FFA, a greater accumulation of unsaturated FFA should be
noted. Whereas, the level of the sterol acid and two acylglycerols was lowered, as in the previous
variant. The pattern of influence on the accumulation of sugars was complex, but at the same time
similar to the action of mycorrhiza in the presence of phosphorus. Interestingly, mycorrhization again
stimulated the accumulation of phosphates even with phosphorus deficiency.

Differentially accumulating metabolites in the AM-P- vs AM-P+ at the SI/3L stage. In this model, 42%
of the variance in the content of metabolites, Q?Ypred = 0.92, was associated with the predictive
component. As can be seen in Figure 6.A, there are much fewer carboxylates among DAMs than was
observed when analyzing the effect of mycorrhization. Only 2-ketoglutarate showed a decrease,
while citrate showed an increase. Glycerin and its derivatives also showed a decrease. Phosphorus
deficiency had a great negative effect on the accumulation of amino acids and nitrogen-containing
compounds. The accumulation of sterols was observed. Herewith, the FFA were characterized by
different trends. The accumulation of monosaccharides was generally suppressed. Separately, an
increase in sucrose levels can be noted.

Differentially accumulating metabolites at the SI/3L stage: comparison of effects. Comparison of the
effects of mycorrhization under deficiency and optimal phosphorus supply (Figure S4) confirms their
high similarity (rho=0.68, P<10-1¢). A comparison of the effects of phosphorus starvation in the absence
of mycorrhization (AM-P- vs AM-P+) and when phosphorus is replaced by mycorrhization (AM+P-
vs AM-P+) showed that they are absolutly not similar (Figure 54, rho=0.1, P=0.07), as at the previous
stage.

Differentially accumulating metabolites in the AM+P+ vs AM-P+ at the Bl stage. 38% of the variance
was associated with the predictive component, Q?Ypred = 0.85. The interaction of AM fungus with
alfalfa again suppressed the accumulation of intermediates of TCA and other carboxylates, but to a
lesser extent (Figure 7). Nevertheless, we note a slight decrease in the level of 2-ketoglutarate,
succinate and glycolate. The main feature of the mycorrhiza influence at this stage is the stimulation
of the accumulation of nitrogen metabolism intermediates and standard amino acids, which is
probably due to the intensification of their metabolism and protein synthesis. The response to
mycorrhization and the pattern of sterol accumulation differed. Attention is drawn to the increase in
campesterol and the decrease in cumoestrol. Among the FFA, an increase of 16:0, 16:1 and 18:1 was
noted. With a lower accumulation of glycosides in AM+P+, the content of sucrose and trehalose
increased along with glucose, fructose and other hexoses. As at other stages of development,
mycorrhiza contributed to a greater accumulation of phosphates.

Differentially accumulating metabolites in the AM+P- vs AM-P+ at the BI stage. 40% of the variance
was associated with the predictive component, which is slightly lower than at the previous stage,
Q%Ypred = 0.92. As shown in Figure 7, mycorrhization under phosphorus deficiency, as usual, helps to
suppress the accumulation of carboxylates, in particular: fumarate, succinate, malate and glycolate,
with the exception of 2-ketoglutarate, the level of which increased. The data obtained may indicate
the repression of the decarboxylation reaction. The AM+P- plants were characterized by an increase
in the level of amino acids and nitrogen metabolism intermediates, but, unlike the previous variant,
their number was not large: f-alanine, leucine, tryptophan and putrescine. In addition, there is a trend
towards increased accumulation of sterols and FFA, for example, monounsaturated fatty acids (FA).
Herewith, the 16:0 major pool did not show significant differences. Among the sugars, higher levels
of sucrose and trehalose can be noted, but glucose and fructose did not differ. As in other cases,
mycorrhiza contributed to a greater accumulation of phosphates, including the phosphorus
deficiency cases.

Differentially accumulating metabolites in the AM-P- vs AM-P+ at the Bl stage. It was found that 33%
of the variance was associated with the predictive component, Q?Ypred = 0.81. AM-P- plants also had
a lower accumulation of carboxylates (Figure 7). Among the TCA intermediates, the accumulation of
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malate and fumarate was suppressed, but the level of 2-ketoglutarate increased. The level of glycerol
and its derivatives also decreased, which is probably due to the suppression of the level of glycerol-
lipid synthesis. The content of several amino acids, including GABA, p-alanine, serine, threonine and
aspartate, was reduced. A very small number of amino acids and other nitrogen-containing
molecules accumulated, for example, asparagine, glutamine and putrescine. Also, the AM-P was
characterized by a pronounced regression of carbohydrate metabolism, observed by a decrease in the
level of a large number of monosaccharides and glycosides. In this variant (AM-P-), as in other cases,
the plants contained less phosphate and phosphorylated glycerol and sugars.

Differentially accumulating metabolites at the Bl stage: comparison of effects. Comparison of the effect
of mycorrhization under deficiency and optimal phosphorus supply (Figure S5) confirms their
significant similarity (rho=0.52, P<10-%), as at the previous stages. However, the effects of phosphorus
starvation in the absence of AM fungus (AM-P- vs AM-P+) and phosphorus replacement by
mycorrhization (AM-P+ vs AM+P-) had very little similarity (Figure S5, rho=0.18, P=0.02), which is
slightly different from the previous stage.

Differentially accumulating metabolites in the AM+P+ vs AM-P+ at the F stage. During the further
stage of development, 43% of the variance was associated with the predictive component, Q?Ypred =
0.87. Figure 8 shows that mycorrhization once again leads to the suppression of the accumulation of
carboxylates, including malate and succinate, which is probably due to the repression of TCA and
the total exchange of oxocarboxylates. The differences in amino acid accumulation were weak. Worth
mentioning a decrease in the level of Branched-Chain Amino Acids (BCAA) metabolism. Together
the levels of glutamine, glycine, GABA and -alanine increased. The content of many nitrogen-
containing compounds has also increased, including such important ones as, for example, putrescine.
Complex sugars, in particular trehalose, increased accumulation during mycorrhization. At the same
time, the level of sucrose did not differ, as well as glucose and fructose. The remaining
monosaccharides showed multidirectional trends. These include the repression of hexose
metabolism. It is also necessary to note the trends towards an increase in the content of sterols,
acylglycerols and FFA. As usual, mycorrhization led to an increase in phosphate pools.

Differentially accumulating metabolites in the AM+P- vs AM-P+ at the F stage. In this comparison
pair, 42% of the variance was associated with the predictive component, Q*Yprea = 0.84. In the absence
of phosphorus supply (Figure 8), 2-ketoglutarate is characterized by a higher level, but the
accumulation of other TCA participants (fumarate and succinate) was suppressed. On the contrary,
several amino acids and other nitrogen-containing compounds accumulated, for example,
tryptophan, GABA, f-alanine, putrescine. Sugars showed various patterns, including some
repression of hexose metabolism. There was a greater accumulation of sterols and acylglycerols, as
well as monounsaturated C16 and C18 FFA. As in the earlier stages, mycorrhization contributed to
the accumulation of phosphates.

Differentially accumulating metabolites in the AM-P- vs AM-P+ at the F stage. The value of the
variance (Q?Ypred = 0.89) associated with the predictive component was 47%. As at the previous stage,
phosphorus starvation led to an increase in the level of 2-ketoglutarate, and a decrease in the level of
fumarate, malate and some other carboxylates. Mostly, the amino acid levels were reduced. But the
content of glutamine, alanine and a small number of other nitrogen-containing compounds, including
ornithine and putrescine, increased. Along with this, there was a pronounced repression of the
metabolic pathways of monosaccharides. Among related lipophilic compounds, an increase in the
accumulation of cumoestrol, acylglycerols and linoleic acid can be distinguished. It was noted that in
AM-P-, as in other variants, the plants contained less phosphate and phosphorylated compounds.

Differentially accumulating metabolites at the F stage: comparison of effects. Comparison of the effects
of mycorrhization under deficiency and optimal phosphorus supply (Figure 56) confirms their very
high similarity (rho=0.82, P<10%). A comparison of phosphorus starvation in the absence of
mycorrhization (AM-P- vs AM-P+) and in its presence (AM+P- vs AM-P+) showed that the effects are
significantly and fairly similar (Figure S6, rho=0.55, P<10-16), which differs from the previous stage.

Differentially accumulating metabolites in the AM+P+ vs AM-P+ at the MF stage. At the last stage, at
the reproductive stage of development of the host plant, 29% of the variance was associated with the
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predictive component, which corresponds to the very beginning of development (Q*Ypred = 0.77). As
shown in Figure 9, the effects of mycorrhization on the accumulation of carboxylates significantly
weakened, malate accumulation and a decrease in 2-ketoglutarate were observed. The level of amino
acids is sharply increased, which is probably due to the repression of protein synthesis (the exception
is a decrease in tyrosine levels), and perhaps with increased proteolysis. There was no effect on the
FA level. But there were some differences in the accumulation of sterols. The content of complex
sugars decreased, but the level of trehalose was higher, and the level of sucrose did not differ from
its level in AM-P+ plants. The accumulation of phosphates was noted during mycorrhization.

Differentially accumulating metabolites in the AM+P- vs AM-P+ at the MF stage. 31% of the variance
was associated with the predictive component, Q?Ypred = 0.75. At this stage, mycorrhization under the
absence of phosphorus application stopped to have an effect on the accumulation of carboxylates.
While, amino acids accumulated in greater quantities (Figure 9), with the exception of tyrosine. The
level of complex sugars has been reduced. The level of sterols decreased more often, including
stigmasterol. Unlike the previous stages, mycorrhization under phosphorus deficiency did not
contribute to the growth of the phosphate pool.

Differentially accumulating metabolites in the AM-P- vs AM-P+ at the MF stage. Phosphorus
deficiency was associated with 39% of the variance, Q*Ypreda = 0.82. Phosphorus deficiency in the
absence of mycorrhiza was associated with a large accumulation of fumarate and succinate with a
decrease in 2-ketoglutarate. The accumulation of amino acids and nitrogen-containing compounds
was relatively high in this case as well (Figure 9). It is noteworthy that there was no effect on lipid
metabolism. The accumulation of sugars has been suppressed. And the lack of phosphorus no longer
leads to a smaller accumulation of phosphorus.

Differentially accumulating metabolites at the MF stage: comparison of effects. Comparison of the
effects of mycorrhization under deficiency and optimal phosphorus supply (Figure S7) confirms their
high similarity of metabolomic profiles (rho=0.76, P<10-1). At the last stage, a common feature of the
influence of both mycorrhization and phosphorus is the trend towards increased accumulation of
amino acids and suppression of sugar accumulation, and, consequently, greater physiological
activity in plants, which may indicate a faster aging of AM-P+ plants. Unlike the previous
development stage, at the MF stage, AM-P- plants were characterized by repression of carbohydrate
metabolism in the roots. The distribution of amino acids was different, which showed
multidirectional trends. Thus, GABA, asparagine, phenylalanine and lysine showed high levels in
AM-P-, and p-alanine, tryptophan in AM+P+ plants. AM+P+ plants contained more Pi and
phosphorylated glycerol and sugars. It is also necessary to note the increase in the accumulation of
succinate and some other carboxylates with a lack of phosphorus and the absence of mycorrhization.

The difference in correlations. To identify the effect of mycorrhization on the functional
relationships of pools in the process of ontogenetic changes, the metabolite was mapped by strong
correlations of the average values of their concentrations at each time point (the stage of development
of the host plant). Figure 10 shows graphs where the nodes correspond to metabolites, and the edges
correspond to a strong correlation (r>0.9). The graphs were constructed in such a way that positive
bonds attract metabolites in proportion to the correlation value. The networks differ both in
appearance and characteristics (Table S1). A common feature for all graphs is the distribution of the
number of neighbors similar to the power distribution. Networks demonstrate heterogeneity. In
addition, there are more positive relationships in all networks than negative ones, and the ratio of the
number of positive to the number of negative ones increases in the absence of mycorrhiza and/or
phosphorus deficiency. Besides, AM- and/or P- plants tend to have networks with a smaller diameter
and radius. It is also interesting that the absence of mycorrhiza or phosphorus deficiency leads to an
increase in the average number of neighbors, and a decrease in the characteristic path length, an
increase in the clustering coefficient, network density, at the same time, the combination of AM-/P-
leads to the opposite effect. Thus the nework structure differs significantly. Two large clusters are
expressed in AM+ networks. Nitrogen-containing compounds and sterols are concentrated in the left
cluster. While, in AM+/P+, this cluster consists of two regions, “sterol” and “amino acid”. In the right
cluster, mainly sugars and FA are combined. Carboxylates are located in both clusters. Carboxylates
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from the initial part of the TCA (citrate, 2-ketoglyctarate) were found together with sugars and FA,
and carboxylates from the final part of the TCA (malate, succinate, fumarate) were found together
with amino acids. In the absence of mycorrhiza, they were more heterogeneous. On the left, the AM-
/P+ group has separated with sterols, amino acids and other nitrogen intermediates are
distinguishable. On the right, the cluster was divided into two parts: one with a predominance of
glycosides and FA, and the second with monosaccharides.

In order to determine the similarity of the structure of functional relationships, the variants were
clustered according to the correlation values for all pairs of metabolites (Figure 10, dendrogram). It
turned out that AM+/P+ and AM+/P- are the closest, which indicates a relatively low effect of
phosphorus availability in the presence of mycorrhiza. The absence of mycorrhiza has a greater effect,
especially with phosphorus deficiency.
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Figure 10. The effect of micronization and phosphorus on the metabolite content correlations. Maps
of metabolites based on strong (r>0.90) correlations of average levels of content at each point of plant
development. The nodes correspond to the metabolites, the shape and color reflect the chemical
nature of the compound. The edges correspond to correlations (blue — negative correlation, red —
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positive correlation). Positive relationships tighten the knots. The variants are clustered by similarity
of correlations for pairs of metabolites, Spearman’s distance (1-rho).

3. Discussion

It is known, that the role of AM symbiosis in ensuring plant growth and development is
especially important under the influence of various environmental stress factors [5]. In order to
determine the mechanisms of development of effective AM, studies are carried out mainly with a
deficiency of basic macronutrients: nitrogen [37], potassium [51] and especially phosphorus [26,27],
since AM fungi are able to significantly enhance the phosphate nutrition of plants. Under Pi
deficiency conditions, sensitive plants to this stress factor show significant phenotypic differences
from development under optimal phosphate nutrition conditions: 1) reduced leaf blades size and
reduced photosynthetic activity; 2) reduced plant height and productivity; 3) weak branching; 4)
delayed developmental stage (Figure S1) [31,34,50,52]. In the presented study, as a result of analysis
under conditions of deficiency and optimal Pi level in the substrate, it was shown that the fresh
weight of both aboveground parts and roots was significantly lower under Pi deficiency conditions
without inoculation with the AM-fungi (AM-R-) (Figure S1). Meanwhile, the phenotype of the host
plant returns to normal ones under AM fungus inoculation conditions.

It is well known that any phenotypic changes are due to the possibility to develop various
adaptive processes, including at the metabolic level. To date, a fairly large number of data has been
accumulated using conventional biochemistry methods, as well as modern methods of metabolic
profiling. They indicate a large range of reactions of primary and secondary metabolism [24,25]. Of
particular interest are the metabolic rearrangements that can be detected in the roots of the host plant
during the development of symbiotic relationships with an effective and ineffective AM fungus
[43,53]. It is noted that the intensity of these rearrangements depends on the efficiency of the
symbiotic plant-fungus association [43]. It should be assumed that the most pronounced effects of
AM on the root metabolome can be expected when using an effective plant-microbial system when
conducting a comparative analysis of development under conditions of deficiency and optimal
phosphorus levels in the substrate for plant nutrition. Unfortunately, there are no experimental works
with this kind of analysis during the main key vegetative and reproductive stages. Therefore, our
study was aimed at a longitudinal (from the 1st leaf stage to the formation of mature fruits) analysis
of the intensity of growth and development of the host plant using various variants of the AM fungus
effect with different levels of phosphate supply from the soil using the highly efficient PMS “Medicago
lupulina + Rhizophagus irreqularis”. The closest studies are the following: weakly efficient PMS “Stevia
rebaudiana + R. irreqularis” at 69-123 day after inoculation (dai) with different Pi treatment [28];
inefficient PMS “P. sativum + R. irregularis” at 7-110 dai [29,30]; efficient PMS “M. lupulina + R.
irreqularis” at 14-52 dai [31], at 14-24 dai [34]; PMS “Solanum lycopersicum + R. irregularis” at 7-91 dai
[32], at 28-140 dai [33]; weakly efficient PMS “Salvia miltiorrhiza + Glomus versiforme” at 120 dai with
different Pi treatment [38]; efficient PMS “Solidago canadensis + R. intradices” at 45 dai [16]; efficient
PMS “Glycyrrhiza uralensis + R. irregularis” at 90 dai with different Pi treatment [39]; efficient PMS
“Medicago sativa + Funneliformis mosseae” at 93-134 dai with different Pi treatment [40] and PMS “M.
truncatula + R. irregularis” at 7-63 dai [10]. However, in the vast majority of these studies under
different Pi supply, there is no detailed analysis of primary metabolites, or PMS is insufficiently
effective for studying metabolic rearrangements in different Pi availability conditions. In the present
study in the PMS “M. lupulina + R. irregularis” it was shown that plants with AM were characterized
by higher levels of monosaccharides (hexose), comlex sugars, lipids (campesterol and a number of
sterols) and phosphates (phosphate, methyl phosphate); the content of FA varied greatly depending
on the stage of the plant; the content of some acids of the TCA cycle was significantly lower during
mycorrhization (Figure 4-9). It was previously shown that the roots of AM plants at 14-24 dai had a
higher content of the following compounds: monosaccharides (hexose, for example); comlex sugars;
lipids (campesterol, other sterols); phosphates (phosphate, methyl phosphate). The content of some
TCA cycle acids was also lower during mycorrhization [34]. Thus, the metabolic profiles of roots
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obtained using GC-MS in this study are generally consistent with the data obtained by us at the early
stages of AM development [34].

As a control, for which changes in the intensity of metabolic processes were calculated, we chose
the variant without AM fungus inoculation under conditions of an optimal level of Pi (AM-P+), since
it was assumed that under conditions of optimal phosphate supply, alfalfa plants would demonstrate
development maximally regulated by endogenous factors. The phosphorus deficiency in the absence
of AM caused significant changes in metabolic profiles, mainly of a repressive nature (Figure 4-9).
Only at the first leaf stage, Medicago lupulina plants enhanced protein metabolism, that corresponds
to the general deterministic development of legumes. Protein biosynthesis and carbohydrate
metabolism in AM-P- vs AM-P+ plants were characterized by significant downregulation. Generally,
under stress conditions (AM-P-), pronounced repression of the monosaccharide metabolic pathways
was observed (Figure 4-9). On the other hand, plants under stress (AM-P-) tended to positively
regulate the metabolism of pyruvate and TCA acids at all developmental stages of the host plant.
Lipid metabolism had a pronounced negative regulation in AM-P- plants. The level of fatty acids
such as FA 16:0, 16:1, 17:0, 18:0, 18:1, 18:2, 18:3, 20:0 was, tend, significantly lower in AM-P- plants up
to and including the FL stage. In AM-P- vs AM-P+ plants, reduced GABA levels were observed with
increased levels of aminoadipate and aminomalonate (for example, 2L stage) with general repression
of glycerolipid metabolism. These data are consistent with previous studies [23].

Let us further consider the metabolic rearrangements in the roots of the host plant caused by the
AM development (AM+P-, AM+P+). Previously, it was demonstrated that in the presence of
phosphorus in the soil and during the AM development, the most intensive plant development was
observed [39,40,54]. The key metabolic rearrangements in AM+P+, AM+P-, AM-P- vs AM-P+ plants
are shown in Figure S8. Sugars were widely represented in the obtained metabolic profiles of the
roots of AM+P+ plants (Figure 4-9). It was shown for the first time that AM significantly suppressed
the formation of carboxylates, but stimulated the growth of metabolites such as glycerin, phosphates
and starch in M. lupulina roots.

AM upregulates protein biosynthesis. Analysis of key metabolic rearrangements in AM+P+, AM+P-
vs AM-P+ plants (Figure S8) showed that AM plants were characterized by positive regulation of
protein biosynthesis: aminoacyl-tRNA biosynthesis, cofactor biosynthesis, biosynthesis of
proteinogenic amino acids (valine, leucine, isoleucine, arginine, phenylalanine, tyrosine, tryptophan),
metabolism of alanine, aspartate, glutamate, cyanoamic acid were enhanced. AM+P+ plants had
positive regulation of all groups of amino acids presented at both the BI and MF stages. At the same
time, under Pi deficiency conditions (plants AM+P-), mycorrhization led to an increase in the
biosynthesis of proteinogenic amino acids in earlier phases, already beginning from 1L and 2L stages.
The SI stage in both variants (AM+P+ and AM+P-) was characterized, on the contrary, by significant
negative regulation of most processes associated with protein biosynthesis. Under stress conditions
in the AM-P, all stages, except MF, were characterized by significant negative regulation of protein
biosynthesis processes. According to the literature data in the PMS “ Anchusa officinalis + R. irregularis”
mycorrhization also led to an increased content of aspartic and glutamic acids in the roots [55]. The
effective PMS “Allium cepa + Funneliformis mosseae + F. constrictum + Gigaspora margarita + R. irregularis”
showed an increased content of the following amino acids in shoots: phenylalanine, isoleucine,
leucine, histidine, lysine, methionine, threonine, valine, as well as glycine, arginine, aspartic acid,
serine, glutamic acid, cysteine, alanine, tyrosine and proline [56]. In the PMS “Solanum lycopersicum +
R. irregularis/F. mosseae” the content of asparagine, glutamic, aspartic and pyroglutamic acids in the
roots was higher during mycorrhization, but these plants were characterized by lower levels of
phenylalanine, tyrosine, tryptophan, alanine and leucine [27]. Thus, the effect of the AM fungus on
the amino acid content in the host plant largely depends on the type of host plant.

AM upregulates the biosynthesis of carbohydrates. It was shown that the content of trehalose was
significantly higher at all 6 developmental stages in the roots of AM+P- plants and at 5 developmental
stages in the roots of AM+P+ vs AM-P+ plants (only had the same level at 1L stage). This is easily
explained and is associated with the predominantly fungal origin of trehalose formed by the AM
fungus in the mycorrhizal roots of the host plant [57]. At the 1L and 2L stages, increased regulation
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of galactose, fructose, mannose, sucrose, and starch metabolism was observed in AM+P+ vs AM-P+
plants. It is noteworthy, that the addition of phosphorus fertilizer (AM-P+) led to a more active
metabolism of galactose, fructose, mannose and sucrose than mycorrhization (AM+P-).
hexose_RI=1881, compsug_RI=3273, trehalose (Figure S8) can act as marker metabolites of
carbohydrate metabolism for the development of efficient AM symbiosis with positive regulation. A
similar AM-induced enhancement of protein and carbohydrate biosynthesis was obtained in studies
on other plants: M. truncatula [24], Solanum lycopersicum [58], Sorghum caudatum and S. bicolor [43]. In
the PMS “M. truncatula + R. irregularis”, an increased level of amino acids (aspartic and glutamic acid,
lysine) was observed in AM plants with unreliable differences in sugar levels both under conditions
of deficiency and with a sufficient Pi level [24]. On the other hand, in the inefficient PMS “Vitis vinifera
+ R. irregularis” mycorrhization led to negative regulation of sugars [23]. In the PMS “Solanum
lycopersicum + R. irreqularis” and “Solanum lycopersicum + F. mosseae”, upregulation of amino acids
(aspartic and glutamic acid, histidine) was observed [58]. Very interesting data were obtained on
highly efficient PMS “Sorqum caudatum + R. irregularis” and “Sorgqum bicolor + R. irregularis” and
inefficient PMS “Sorgqum caudatum + Gigaspora gigantea” and “Sorgum bicolor + Gigaspora gigantea” [43].
Thus, under Pi deficiency at 30 dai, highly efficient PMS showed upregulation of carbohydrates
(galactose, glucose, fructose, sucrose, trehalose), as well as TCA (citrate, succinate, fumarate and
malate) with negative regulation of GABA and a number of proteinogenic amino acids (serine, lysine,
threonine, tyrosine, aspartic acid, glycine, glutamine, valine, leucine, isoleucine) [43]. Inefficient PMS
“Sorgum caudatum + Gigaspora gigantea” and ” Sorqum bicolor + Gigaspora gigantea” were characterized
by reverse regulation of all listed metabolites, except also positive regulation of sucrose [43]. The
presented data are consistent with the results of our study in the PMS “M. lupulina + R. irreqularis”,
obtained approximately at the same time point (at 28 dai = 28 DAS) at the SI stage, characterized by
a significant decrease in the upregulation of metabolism of amino acids, carbohydrates and lipids up
to the negative regulation of some metabolites. This comparison indicates the importance of dynamic
analysis of PMS “Sorgum caudatum + R. irreqularis”, “ Sorqum bicolor + R. irregularis”, “ Sorqum caudatum
+ Gigaspora gigantea” and “Sorgum bicolor + Gigaspora gigantea” with the inclusion of analysis at the
next developmental stage (at ~35 dai). An analysis of the literature data showed that studies have
revealed some features of the AM effect on carbohydrate and amino acid metabolism in the roots of
the host plant with a deficiency and a sufficient Pi level, but so far the features of the dynamics of
lipid metabolism and energy metabolism have not been fully disclosed with the efficient AM
symbiosis development.

AM upregulates lipid biosynthesis. The metabolism of glycerolipids, glycerophospholipids and
fatty acids had a predominant positive regulation during mycorrhization both under low Pi
conditions and under conditions of its sufficient level (AM+P+ and AM+P-, respectively; Figure S8).
The largest number of probable marker metabolites for the development of efficient AM symbiosis
was revealed in the group of lipid metabolism: glycerol, glycerol-3P, ethanolaminephosphate,
campesterol, sterol_RI=3260, sterol_RI=3362, myo-Inositol-2P (Figure S8). The level of fatty acids such
as FA 16:0, 16:1, 17:0, 18:0, 18:1, 18:2, 18:3, 20:0 was, as a rule, higher in plants AM+P+ and AM+P-. In
general, in AM+P+ vs AM-P+ plants AM causes a greater accumulation of phosphorylated forms of
glycerol and phosphates, amino acids, nitrogen-containing compounds, hexoses and some complex
sugars, as well as sterols. Surprisingly, AM+P- vs AM-P+ showed a higher relative phosphate level
of both inorganic and organic phosphorus (for example, 2L stage). Note that in the inefficient PMS
“Vitis vinifera + R. irregularis” mycorrhization also led to significant positive regulation of certain fatty
acids (C16:1, C18:2, C18:3, C20:4, C20:5) [23]. Lipids are known to stimulate the growth and branching
of the mycelium of the AM fungus [59]. Actually, all fatty acids contained in fungal lipids are
probably derived from host plants (since AM fungi lack de novo cytosolic fatty acid synthase genes;
[60]), although they may not be present in fungi in the form in which they were originally obtained.
Lipids are the main source of organic carbon delivered to the fungus [61]. Moreover, some lipids act
as triggers regulating the development of AM fungi. However, the mechanisms by which AM fungi
import lipids are still unknown [59]. Thus, the AM fungus can import both the acyl and glycerol parts
of 2-monoacylglycerols exported from plants [62], but it remains unclear whether 2-
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monoacylglycerols can be directly imported or they are hydrolyzed in the periarbuscular space to
free fatty acids and glycerol, or converted to other compounds before import. Besides, fatty acids
(C16:1, C15:0, C14:0) are able to stimulate significantly the development of fungal spores [63,64]. In
addition, such lipid biosynthesis enzymes (AM specific) as FatM and RAM2 are necessary for
effective AM symbiosis. FatM increases the outflow of 16:0 fatty acids from plastids for subsequent
RAM2 use to produce 16:0 f-monoacylglycerol, which is transferred to the AM fungus through the
periarbuscular membrane [65].

The effect of AM on energy metabolism has multidirectional trends. During mycorrhization, an
increase in glycolysis and biosynthesis of pantothenate and cofactor A (AM+P+ and AM+P-,
respectively; Figure S8) was observed. But the metabolism of pyruvate and TCA acids was repressed
during mycorrhization in both variants. It has been shown that, both at early and late developmental
stages, downregulation of TCA cycle is observed, including in AM+P+ (Figure 4-9). Worth
mentioning, that earlier we also showed the repressive effect of mycorrhization on the metabolites of
the Krebs cycle (citrate, succinate, malate and fumarate levels) under Pi deficiency conditions at the
early stages of AM symbiosis development from 14 to 24 DAS [34]. The reason for this may be the
inhibition of the early stages of the Krebs cycle, as well as the intensification of transamination
reactions, leading to rapid depletion of the ketoacids pool. This may be due to activation of
mitochondrial and plastid metabolism during mycorrhization [24,66], the negative effect of AM
symbiosis on central catabolism. The content of citric acid (citrate), 2-ketoglutaric acid, glutamic acid,
succinic acid (succinate), fumaric acid (fumarate) at the 1L, 2L, 3L/SI stages is reduced most of all in
AM+P+ plants. In AM+P- plants, content is also reduced at the key developmental stages, except for
the content of 2-ketoglutaric acid, an increased content of which was observed at the Bl and FL stages.
The negative regulation of TCA cycle has previously been shown in the roots in the efficient “M.
truncatula + R. irregularis” PMS (primarily for fumarate and cisaconate) also at 42 dai [24], as well as
for citric acid, isocitric acid, fumaric acid, malic acid in inefficient dicots PMS [25]: in “M. truncatula +
R. irreqularis” the content of citrate, succinate, fumarate and malate was reduced, and in the “Plantago
major + R. irreqularis” PMS the content of isocitrate was reduced. Positive AM regulation of TCA cycle
in Plantago lanceolata, Plantago major, M. truncatula, Veronica chamaedrys, Pisum sativum, forming an
inefficient symbiosis with R. irregularis has not been observed [25,29]. Negative AM regulation of
TCA cycle was also observed under conditions of deficiency and a sufficient level of Pi in the
substrate in the “M. truncatula + R. irregularis” PMS [24]. Similar data (reduced levels of citric acid,
succinic acid, malic acid) were previously also obtained in leaves in the “Lotus japonicus + F. mosseae”
PMS at 70-84 dai under Pi deficiency conditions [67]. Interestingly, in the “Vigna radiata +
Claroideoglomus etunicatum” PMS (a salt-sensitive plant genotype was used) under salt stress (100 mM
NaCl) at 15-70 DAS, it was shown that the level of malic acid in the leaves was lower during
mycorrhization in the absence of stress, but, conversely, higher during mycorrhization under salt
stress [68]. The opposite reaction (positive regulation of TCA cycle) was obtained in the roots of
monocot cereal (Poaceae) in the “Poa annua + R. irregularis”, “Hordeum vulgare + Glomus sp.” PMS [69],
which may be due to differences in the metabolism of dicotyledonous and monocotyledonous plants.
Thus, cereals (Poaceae) are characterized by lower AM colonization of roots compared to
dicotyledonous species, which is consistent with the results of other studies [70]. Differences in
colonization levels may reflect opposite strategies for obtaining nutrients. For example, according to
[71], monocotyledonous species allocate more resources to the development of the root system, and
dicotyledonous plants (including M. lupulina) develop more symbiotic structures. Thus, under
conditions of high Pi levels in cereal PMS “Triticum durum + a mixture of strains of 9 species of AM
fungi (including R. irreqularis)” with a weak response to mycorrhization [37], it was shown that
inoculation reduced the concentration of most compounds in all metabolic pathways in roots,
especially amino acids and saturated FA, while the activity of amination in the roots decreased, most
likely due to the transition from the biosynthesis of common amino acids to the biosynthesis of GABA
[37]. In addition, positive AM regulation of TCA cycle may probably play a role in the activation (for
citric acid, succinate) and suppression (for cis-Aconitate, a-ketoglutarate, fumarate) of the immune
responses [72]. Thus, in the “T. aestivum + R. intraradices” PMS, an increased level of citric acid (as
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well as succinic acid) in the leaves was observed with the addition of As, but the level of pyruvic acid
under stress was significantly lower [73]. An increased level of tricarboxylic acids (fumaric acid, malic
acid) was observed during salt stress in leaves in the “Zea mays + F. mosseae” PMS [74]. In the AM
absence under the salt effect, an increased level of succinic acid was observed in the T. aestivum leaves
with a reduced level of citric acid, cis-aconitate, fumaric acid and malic acid [75]. It is known that
under salt stress, all TCA enzymes are inhibited by salt. But this inhibition is overcome by increasing
the activity of the GABA shunt, which provides an alternative carbon source for mitochondria,
bypassing salt-sensitive enzymes, which promotes enhanced respiration [75]. TCA metabolites can
play an important role in chelation of metals and nutrients, redox regulation, can bind signaling
proteins, serve as precursors of phytohormones, and can also be regulated by them [76]. Thus, the
analysis of organic acids of the TCA should be detailed, evaluated depending on the developmental
stage and the influence of certain stresses. Interestingly, the AM fungus affects both the glyoxylate
pathway and the GABA shunt pathway of the TCA cycle. Increasing the enzymatic activity of the
GABA shunt is one of the strategies of AM plants for the predominant synthesis of GABA, rather
than proline, from a common precursor, glutamate [68]. Nevertheless, a detailed analysis of the
developmental stages of M. lupulina conducted by us showed that a significantly increased GABA
content in the AM+P+ and AM+P- vs AM-P+ in the roots of M. lupulina was observed only at the FL
and MF stages (Figure 4-9). Thus, phosphates methyl phosphate and phosphoric acid can act as
marker metabolites of energy metabolism for the development of efficient AM symbiosis with
positive regulation, and succinate and, to a lesser extent, citrate with negative regulation (Figure S8).

Key metabolic rearrangements during the change of the host plant developmental stage. The results of
the study showed that during the transition to each subsequent stage, the largest number of changes
in the metabolism of key processes (Figure S8) were characterized by BI and MF stages (stage
transitions 1L-2L, 2L-SI and BI-FL on average had ~1.5 times fewer changes in metabolic profiles than
SI-BI and FL-MF transitions). Since, changes from the FL to the MF stage are primarily associated
with a difference in the aging processes of the host plant, and not with AM symbiosis, only one
transition, from the SI to the Bl stage (the beginning of lateral branching), is associated with critical
changes in AM, both under conditions of low and high Pi level. The symbiotic efficiency was maximal
under conditions of a low Pi level (AM+P-) at the branching initiation (BI) stage, which is consistent
with previously obtained data [31]. But the symbiotic efficiency under phosphorus supply to the
substrate (AM+P+) was minimal during this stage (Figure 1), which is shown for the first time. These
data correlate with high rates of mycorrhization (M, A, B) at the BI stage in AM+P- plants and low
values of these parameters in AM+P+ plants at the 3L/SI and the BI stage (Figure 2). Probably, with
the development of lateral branching (BI) in plants, multidirectional metabolic rearrangements occur
under conditions of a low and sufficient level of Pi in the substrate for plant nutrition. In particular,
during the transition from the 3L/SI to the BI stage, M. lupulina plants under an optimal Pi level
(AM+P+) showed an increase in protein biosynthesis, carbohydrate metabolism (galactose, fructose
and mannose), lipid metabolism, pantothenate and CoA biosynthesis, there was no increase in the
biosynthesis of steroids and terpenoids, and under Pi deficiency in AM+P- plants, no significant
increase in the biosynthesis of proteinogenic amino acids was observed. On the contrary, there was
an increase in starch and sucrose metabolism with negative regulation of galactose, fructose and
mannose metabolism, and AM+P- plants were characterized by increased lipid metabolism while
maintaining significant activity of steroid and terpenoid biosynthesis (Figure S8). Meanwhile, many
works are aimed at research at the late developmental stage: in Lotus japonicus at 84 dai [67]; Plantago
lanceolata, P. major, Veronica chamaedrys, M. truncatula, Poa annua at 62 dai [25]; Senecio jacobaea at 70
dai [77]; Vitis vinifera at 60 dai [23]; Withania somnifera, Tagetes erecta at 90 dai [78], Glycyrrhiza glabra
at 180 dai [78], Elymus nutans, E. sibiricus at 85 dai [79]; Leymus chinensis at 127 dai [80] On the other
hand, there are very few studies covering the effect of a wide range of stage transitions of the host
plant during the AM development on the metabolome [24,28-33]. Only in a study [10] it was shown
that approximately at the Bl stage (at 42 dai), the gene expression of both the fungal RiPT7 transporter
and the plant phosphate MtPT4 transporter was greatest in the “M. truncatula + R. irreqularis” PMS,
which is consistent with the highest AM efficiency obtained in our study in the “M. lupulina + R.
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irregularis” PMS. In this regard, it can be concluded that the BI stage has not yet been considered as a
stage determining critical metabolic rearrangements in the development of efficient AM symbiosis.

The effect of mycorrhization and phosphorus on the metabolite relationships. The analysis of the
relationships between the components is an important aspect of systemic biological research.
Correlation analysis is often used to assess how closely metabolites are related [81]. Since, stimuli
cause changes in the activity of transporters and enzymes binding pools of metabolites, this, in turn,
will be reflected in their correlation patterns [82-84]. It is known, that correlation patterns are specific
to organs and tissues [85,86], to the genotype, including point mutations [86] and to environmental
conditions [87-89]. Clustering of variants based on the similarity of correlations of average values
(Figure 10, dendrogram) showed that mycorrhizal plants were the most similar to each other, and
non-mycorrhizal plants were close to them under fertilizer supply conditions. The most peculiar were
non-mycorrhizal plants with phosphorus deficiency. Thus, mycorrhization is the most important
driver determining the pattern of metabolite relationships in the context of development. The fact
that plants without mycorrhiza, but with sufficient phosphorus levels, turned out to be closer to
mycorrhizal ones, indicates that the effects of mycorrhiza on metabolic connections are associated
with the phosphorus supply to the plant.

Mapping of metabolites by strong correlations is often used to analyze and visualize the
correlation pattern. To reveal the AM influence on the structure of interrelations of metabolite levels
dynamic changes during development, they were mapped by strong correlations of their average
content at each time point. The networks differ both in appearance (Figure 10) and in characteristics
(Table S1). This indicates significant functional differences between the variants. The networks turned
out to be similar in structure to scale-free networks. This pattern is often found in the analysis of
biological systems. A characteristic feature of such networks is heterogeneity [90]. In our case (Figure
10), heterogeneity manifested itself in the fact that two large clusters are expressed in AM+ networks.
Nitrogen-containing compounds and sterols are concentrated in one of the clusters; in the case of
AM+P+, this cluster forms two regions. The other cluster contains mainly sugars and FA. The TCA
cycle intermediates did not form a single group. Carboxylates from the initial part of the TCA cycle
turned out to be together with sugars and FA, and carboxylates from the final part of the TCA cycle
turned out to be together with amino acids. The formation of clusters in the correlation networks by
compounds related metabolically observed regularly [29,86,88,89]. Under AM-, networks became less
homogeneous, in particular, the group with sterols separated. In AM-P+ plants in the right cluster,
one region was distinguished — with a predominance of glycosides and FA, and the second — with
monosaccharides.

Interestingly, the AM+P- and AM-P+ networks differed in the largest number of edges. For
AM+P+, the number is less by a quarter, and for AM-P-, it is almost half as much. Correlations are
the result of a combination of all reactions and regulatory processes [82-84]. This suggests that this is
due to stricter regulation under only mycorrhization or only P deficiency. A characteristic feature of
the networks was the predominance of positive correlations (Table S1). Positive correlations are
observed in various biological systems, including: roots and leaves of arabidopsis [85], human tumor
cell cultures [89], microalgae cultures [91]. The reason for the high positive correlation may be, on the
one hand, proximity to equilibrium and a high level of metabolic flow [82,92]. On the other hand,
negative correlations between metabolite levels are determined by the energy conservation law [83].
The ratio of the number of positive to the number of negative correlations increases under AM
absence and/or under phosphorus deficiency. Interestingly, the lowest ratio of positive and negative
correlations is typical for AM+P+ plants. This may be the result of an intense metabolism between the
plant and the fungus. It is known that in exchange for macronutrients (mainly phosphates), AM
consumes up to 20% of photoassimilated carbon [5]. With a more intense outflow of photoassimilates,
there may be some metabolites deficiency, which determines a large proportion of negative
correlations.

4. Materials and Methods

4.1. Plant and Fungus Biomaterials


https://doi.org/10.20944/preprints202412.0239.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 December 2024 d0i:10.20944/preprints202412.0239.v1

27

Medicago lupuling MIS-1 line, characterized by high AM symbiotic efficiency (Mycorrhizal
Growth Response, MGR), was used under conditions of deficiency (starvation) or abundance of Pi
(treatment by phosphorus fertilizer). The efficient strain RCAMO00320 Rhizophagus irregularis was
isolated in the Laboratory No. 4 of Ecology of Symbiotic and Associative Rhizobacteria at All-Russia
Research Institute for Agricultural Microbiology, ARRIAM; the strain was previously known as
strain CIAMS8 Glomus intraradices Shenck&Smith. The strain forms a highly efficient AM symbiosis
with most crops [93-96] and was identified by members of the author’s team [97]. R. irregularis is an
obligate symbiont of plants, therefore the culture of AM fungus was grown in Plectranthus australis
in Laboratory No. 4 at ARRIAM. The preparation of the AM fungal inoculant was described earlier
[31]. To inoculate one M. lupulina seedling, a fragment of the P. australis root with ~100 vesicles of the
AM fungus was used.

4.2. Experimental Design and Plant Growth Conditions

A mixture of soil and sand (2:1) for cultivation was treated in an autoclave at 134°C, 2 atm. for 1
h with repeated treatment in an autoclave after 2 days. The details of the experiment were described
earlier [31]. Agrochemical characteristics of the soil: sod-podzolic loam-poor soil with a very low
phosphorus content (P20s — 23 mg/kg); K20 — 78 mg/kg; organic matter content — 3.64%; pHxa — 6.4,
pHm20 — 7.3. To simulate sufficient phosphorus nutrition of plants, phosphorus fertilizer in the form
of CaH2PO+*2H20 was introduced into half of the pots before the experiment, according to the
prescription of D.N. Pryanishnikov [98]. The final phosphorus content in the soil-sand mixture was
165 mg P2Os/kg. M. lupulina seeds were scarified for 5 min in concentrated H2SOs. The seeds were
then stratified in Petri dishes for 1 day at +5°C, and then germinated for 2 days at +27°C in the dark.
Seedlings of the same size were grown in a soil-sand substrate. Half of the plants at each level of Pi
(starvation and optimal phosphorus level) were inoculated with AM inoculant simultaneously with
planting (variants AM+P- and AM+P+), and the other half were not treated with AM inoculant
(variants AM-P- and AM-P+). The control for assessing the effect of AM and Pi treatment on the
metabolic profile of the roots was the AM-P+ variant, characterized by the absence of the influence of
a stress factor — a low level of Pi in the absence of AM. The plants were grown by 2 seedlings in one
pot filled with 210 g of soil-sand substrate. Plant watering was carried out every other day up to 0.6
of saturated water content. The growing protocol using a light phytobox sterilized by ultraviolet
radiation was described earlier [31,96]. The micro-vegetative method provided optimal conditions
for the development of AM and allowed to avoid spontaneous infection with rhizobia and other
symbiotic microorganisms. Biochemical and microscopic analyses of plants were performed in 6
stages of the host plant development: 1) at the 14th day after sowing and inoculation (DAS), the 1st
true leaf development stage; 2) at the 21st DAS, the 2nd leaf development stage ; 3) at the 28th DAS,
the 3rd leaf development stage, the schooling initiation stage; 4) at the 35th DAS, the lateral branching
initiation stage ; 5) at the 42nd DAS, the flowering stage; and 6) at the 56th day, the mature fruit stage.
The fresh mass of roots and aboveground parts of plants, the height of the main stem of the plant
were determined. For subsequent biochemical analysis, the roots of 8 plants were collected for 1
biological repeat (3 biological repeats per 1 treatment option), weighed and quickly frozen in liquid
nitrogen, and then stored at a temperature of -80°C.

4.3. Evaluation of Mycorrhization Parameters

For AM analysis, the roots were dried at room temperature, then macerated and stained with
trypan blue [99]. Mycorrhization indices were calculated [100]: M - the intensity of root
mycorrhization; A and B — the abundance of arbuscules and vesicles in the root, respectively.
Microscopic analysis of the AM development was carried out using a computer program for
calculating the mycorrhization indicators of plant roots, developed by A.P. Yurkov et al. [101].

4.4. Evaluation of Mycorrhizal Growth Response — AM Symbiotic Efficiency
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The mycorrhizal growth response (MGR, symbiotic efficiency of AM) was calculated as an
increase in the raw weight of shoots and roots, the height of the plant stem, using the well-known
formula of Odum:

MGR = ((AM+) - (AM-)) x 100%/(AM-), (1)
where (AM+) is the value of the productivity parameter in mycorrhizal plants; (AM-) is the value of
the productivity parameter in plants without AM. MGR is evaluated independently for low-level Pi
(P-) variants and under the conditions of phosphorus fertilizer (P+) application.

4.5. GC-MS Analysis

Root samples, weighing 100 mg, were collecteated at 6 different stages of cultivation and
immediately frozen in liquid nitrogen. The plant material was crushed using a mill (MM 400, Retsch,
Germany). The metabolites were then extracted using 2 ml of an extraction mixture: methanol,
chloroform, water (5:2:1) with shaking 900 rpm at 4 °C on thermoshaker (BioSan TS-100C). Tissue
debris was removed by centrifugation at 12,000 g for 10 minutes at 4 °C and resulting supernatant
was collected and evaporated in a vacuum evaporator (CentriVap, Labconco, USA). Dried samples
were dissolved and derivatized in pyridine in the ratio BSTFA:TMCS 99:1 (Sigma-Aldrich) at 90°C
for 20 minutes. An internal standard of tricosan (normal hydrocarbon) was added.

Samples were analyzed with Agilent 6850 chromatograph equipped Rxi-55il (Restek) capillary
column and coupled with an Agilent 5975 quadrupole mass selective (Agilent Technologies, Santa
Clara, CA, USA). Flow rate of the helium was 1 mL/min. Inlet was operated in splitless mode at 250
°C. Column temperature regime: initial — 70 °C, final — 320 °C, rate — 6 °C per min. Electron impact
ionization was performed at 70 V and an ion source temperature of 230 °C. The analysis of the GC-
MS data was processed using the PARADISe software (Department of Food Science Faculty of
Science, University of Copenhagen, Denmark; [102]) coupled with NIST MS Search (National
Institute of Standards and Technology (NIST), USA). The ANDES system (Automated Mass Spectral
Deconvolution and Identification System, NIST, USA) was used for the deconvolution and
identification of metabolites. Analytes were identified by mass-spectra and Kovats retention indices
using libraries: NIST2020, Golm Metabolome Database (GMD; [103]). In addition, the “in house”
library created by the laboratory of analytical phytochemistry with the financial support of the BIN
RAS No. 124020100140-7 was also used.

4.6. Statistical Analysis

Statistical analysis of the metabolomic data were processed using R 4.3.1 [104]. Data were
normalized against sample median. Outliers were detected and excluded on the basis of Dixon’s test
in outliers package [105]. The data were log-transformed and standardized. If a compound was not
detected in a sample but was present in the other replicates it was considered as a technical error and
imputed by KNN (k-nearest neighbors) with impute R package [106]. PCA (Principal Component
Analysis, PCA) was performed with pcaMethods [107]. Orthogonal Partial Least Squares (OPLS-DA)
was used for classification with ropls. Factor loadings of predictive component and Variable
Importance in Projection (VIP) was used to asses statistical relationship between features and factor
of interest [108]. For metabolite set enrichment analysis fgsea algorithm was used [109].

Metabolite sets for metabolic pathways were downloaded from the KEGG database [110]
through KEGGREST package [111] with M. truncatula as reference organism. Lists of metabolites for
pathways were manualy corrected: poor represented or extra-large sets were excluded, for some
metabolites obligatory needful pathways were added, compounds identified up to class (hexose,
disaccharide, among others), were joined relevant pathways. Correlation graphs were built from the
Cytoscape software [112].

5. Conclusions

The effect of R. irregularis inoculation and phosphorus treatment on the content of 327
metabolites (amino acids, carboxylic and fatty acids, sterols, phenolic compounds, sugars) in the roots
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of M. lupulina during key stages of the host plant development from the stage of the first leaf to the
mature fruit was evaluated. The results of the study showed that the highest AM efficiency is in the
highly efficient PMS “M. lupulina + R. irreqularis” manifests itself under Pi deficiency conditions at
the BI stage, and under conditions of optimal phosphorus levels for plant nutrition, on the contrary,
minimal AM efficiency indicators and mycorrhization parameters were observed. Just the BI stage
was characterized by the most significant AM-induced metabolic rearrangements in the roots of the
host plant. Probably, the BI stage is key one for the development of an efficient AM symbiosis. The
development of efficient AM is accompanied by a significant increase in the metabolism of proteins,
carbohydrates and lipids, as well as a significant increase in the content of phosphates (methyl
phosphate, phosphoric asid). Mycorrhization, generally, downregulated the acid content of the TCA
cycle, both in conditions of deficiency and at the optimal Pi level for nutrition. As a result of the study,
among the metabolites of the roots of M. lupulina, the following 14 markers of the development of
efficient AM symbiosis can be distinguished, characterized by upregulation with a deficiency and a
sufficient Pi level: hexose_RI=1881, compsug RI=3273, trehalose (carbohydrate metabolism);
glycerol, glycerol-3P, ethanolaminephosphate, campesterol, sterol _RI=3260, sterol _RI=3362, myo-
Inositol-2P (lipid metabolism); methyl phosphate and phosphoric acid. A significant upregulation of
the phosphate content indicates that inoculation with AM-fungus significantly leveled the effect of
phosphorus starvation on AM+P- plants. A negative marker of the development of efficient AM
symbiosis was succinic acid (and to a lesser extent citric acid), the content of which was, mainly, lower
during mycorrhization, both with deficiency and with a optimal Pi level.

Based on the analysis of metabolic rearrangements, it can be concluded that mycorrhization led
to the adaptation of plants to low Pi level conditions. AM determined the most significant proportion
of metabolic rearrangements with different Pi availability, therefore AM should be considered the
priority factor on the metabolome of the host plant in comparison with the phosphorus supply.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Plant height (A), fresh weight of shoots (B) and roots (B) per one M.
lupulina plant inoculated with R. irre-gularis. “1st leaf”, etc. — stages of plant development; “a”, “b”, “¢” -
different letters indicate significant differences within the same MGR parameter (ANOVA and Tukey’s test; p <
0.05). The average values with standard errors are presented; Figure S2: Loadings of predictive components
from the corresponding OPLS-DA models at the 2L stage. Figure S3: Loadings of predictive components from
the corresponding OPLS-DA models at the 2L stage; Figure S4: Loadings of predictive components from the
corresponding OPLS-DA models at the SI/3L stage; Figure S5: Loadings of predictive components from the
corresponding OPLS-DA models at the BI stage; Figure S6: Loadings of predictive components from the
corresponding OPLS-DA models at the F stage; Figure S7: Loadings of predictive components from the
corresponding OPLS-DA models at the MF stage; Figure S8: Key metabolic rearrangements in AM+P+, AM+P-,
AM-P- vs AM-P+ plants. “+” — apregulation (vs AM-P+); “-” — downregulation vs AM-P+; empty cells — absence
of significant (P>0.05) differences in the compared variants; TCA - tricarboxylic acids; Table S1: Summary
Statistics of networks from Figure 10.
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