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Flavonoid biosynthesis is responsive to a wide range of stresses, and the numerous synthesized flavonoid species
offer two main evolutionary advantages to land plants. First, flavonoids are antioxidants and thus defend plants
against those adverse conditions that lead to the overproduction of reactive oxygen species. Second, flavonoids
aid in protecting plants against water and nutrient deficiency by modulating root development and establishing

symbiotic relations with beneficial soil fungi and bacteria.

flavonoids auxin cytokinin oxidative stress antioxidants

| 1. Symbiosis with Arbuscular Mycorrhizal Fungi (AMF)

Possibly the best example of flavonoids supporting and modulating the auxin/cytokinin-regulated shoot/root ratio
(and, through that, supporting the plant reproduction/well-being balance) are the symbiotic interactions between
plants and beneficial bacteria and fungi. The overarching theme is that flavonoids act together with auxin to
promote symbiotic interactions, whereas cytokinin—albeit required for some symbiotic development—Ilimits
symbiosis to the level adequate for survival, thus ensuring sufficient but not excessive allocation of carbon for this

process.

AMF symbiosis was one of the major steps in the evolution of land plants [l By interacting with plant roots, the
fungal hyphae serve as an extension of the root system, helping plants with water and mineral nutrient uptake 2. In
turn, the fungus receives carbohydrates from the plant, creating a mutually beneficial relationship. AMF symbiosis

is widespread and is estimated to involve up to 80% of plant species B4,

Both auxin and flavonoids play a positive role in AMF symbiosis [l. Root-secreted flavonoids have been shown to
promote fungal spore germination, hyphal growth, and the fungal colonization of roots [€. Subsequent research
showed a positive correlation between fungal root colonization rates and flavonoid biosynthesis and secretion
levels [, In addition, fungal inoculation itself leads to the increased synthesis of flavonoids, a process that was
shown to be important for successful root colonization and likely based on the flavonoid-dependent inhibition of
auxin transport B, The fungal interaction also increases auxin synthesis and action, and since this symbiotic
interaction is defective in auxin-deficient and auxin-insensitive mutants, this increased auxin action is required for
root colonization [, Contrary to the positive effects of flavonoid and auxin, cytokinin plays a largely negative role in
AMF symbiosis. The establishment of AMF symbiosis leads to increased cytokinin biosynthesis 19 and this is

thought to decrease root growth in favor of increased shoot growth, which is a distinctive response to increased
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nutrient availability and further evidence that cytokinin acts as a satiation hormone 1. In support of that
hypothesis, cytokinin was shown to suppress root penetration and colonization by the fungus 2 as well as hinder
carbon-feeding of the fungus by the plant, thus restricting the colonization of roots to levels that combine optimal

nutrient uptake with the optimal distribution of carbon between the shoots and roots 131,

AMF symbiosis plays a central role in the acquisition of phosphate from soils 24!, Importantly, soil phosphate
content is a major deciding factor in the rate of AMF symbiosis, as high phosphate content tends to suppress this
plant—fungal interaction 151, Phosphate deficiency, on the other hand, leads to a combined increase in auxin action
and decreased cytokinin biosynthesis and sensitivity 11, which generates an optimal hormonal balance for the

fungal colonization of the roots (Figure 1).
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Figure 1. Model illustrating the auxin/cytokinin ratios during the establishment of AMF symbiosis from the
perspective of adaptive control of the shoot/root growth ratio. As long as the plant perceives phosphate deficiency
in the soil, the rate of AMF symbiosis establishment is high, mirroring a low shoot/root growth ratio and the
allocation of resources towards root growth and fungal colonization. Under phosphate-deficient conditions, auxin
action is high, which represses cytokinin action and shoot growth in favor of root growth and symbiosis. Under
phosphate-sufficient conditions, auxin action is reduced, and cytokinin action is released to promote shoot growth,
inhibit root growth, and suppress AMF symbiosis. Flavonoids play an essential role in this process, as they promote

several stages of this symbiotic interaction.

| 2. Rhizobial Symbiosis
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Nitrogen availability is a major limiting factor for plant growth, and the ability of some plant species to engage in
symbiosis with the nitrogen-fixing bacteria of the Rhizobium genus has provided them with the substantial benefit
of having an additional source of ammonium and, thus, nitrogen (16][17][18] |n this symbiotic interaction, the bacteria
are housed in nodules, specialized root structures whose initiation and development are triggered by signal
exchanges between the plant and bacterium. As with AMF, the Rhizobium symbiont benefits by acquiring

photosynthates from the plant.

Flavonoids play multiple roles in Rhizobial symbiosis 2. While flavonoids’ role as bacterial chemoattractants has
been recently questioned [2[211122] it js well established that, under nitrogen-limiting conditions, legumes secrete
flavonoids as root exudates to promote the activation of NodD transcription factors. The activation of NodDs
induces the expression of Rhizobia Nod factors, subsequently signaling for the plant to engage in nodule
development 1920231 |n turn, Rhizobial infection induces flavonoid synthesis, which is important for modulating
auxin action in infected roots, further induction of bacterial Nod factor gene expression, and ensuring host-specific
bacterial interactions 24281 Similarly to AMF symbiosis, auxin plays an overall positive role in Rhizobial symbiosis
by promoting nodule formation, a process that involves auxin transport inhibition by flavonols 28, Cytokinin
signaling is also required to establish Rhizobial symbiosis and functions, mainly by promoting the flavonoid
biosynthesis needed for auxin transport control 281271128 However, the overall effect of cytokinin appears to be the
suppression of nodulation frequency, similar to its satiation hormone activity in AFM symbiosis (Figure 2).
Rhizobium symbiosis leads to increased biosynthesis of cytokinin in shoots, followed by cytokinin transport to the
roots, which reduces nodulation events 22, A recent study shows that this suppression of nodulation requires type-
B response regulators, which are essential components of the canonical cytokinin response pathway 9. Thus, like
AMF symbiosis, cytokinin suppresses further symbiotic engagement (i.e., nodulation) when the nutrient uptake is

sufficient to favor an increase in the shoot/root growth ratio.
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Figure 2. Model representing the actions of auxin and cytokinin on root nodulation from the perspective of adaptive
control of the shoot/root growth ratio. As long as the plant perceives nitrogen deficiency in the soil, nodulation
frequency is high, mirroring a low shoot/root growth ratio and the allocation of resources towards root growth and
nodulation. Under nitrogen-deficient conditions, auxin action is high, which represses cytokinin action and shoot
growth in favor of root growth and nodulation. Under nitrogen-sufficient conditions, auxin action is reduced, and
cytokinin action is released to promote shoot growth and inhibit root growth and nodulation. This mechanism
ensures optimal resource allocation for shoot growth and reproduction under optimal nitrogen conditions.
Flavonoids play an essential role in this process, as they promote several stages in this symbiotic interaction and

thus help with the auxin-dependent promotion of nitrogen fixation.
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