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In the original publication [1], the author’s first and last names in reference [14] were
reversed. Reference [14] in the original publication [1] and reference [66] were not cited.
These citations have now been inserted in the captions of Figures 1 and 5 and should read
as follows:Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 2 of 19 

 

 
Figure 1. Major branches of the flavonoid biosynthesis pathway. Some of the critical enzymes are 
abbreviate as follows: CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; FSI/II, flavone 
synthase I/II; FLS, flavonol synthase; IFS, isoflavone synthase; IFR, isoflavone reductase; LCR, 
leucoanthocyanidin reductase; VR, vestitone reductase. Major classes of end-products are 
emphasized in boxes. 

The process of biological nitrogen fixation converts atmospheric nitrogen into ammonium, a 
form that is readily utilized by plants. The ability of some plant species to supply some, if not all of 
their requirement for nitrogen in this way gives them a substantial competitive advantage over those 
that lack this ability. According to some estimates, biological nitrogen fixation is responsible for the 
fixation in the agricultural system of up to 200 MT of nitrogen annually, representing a major saving 
in the cost (both financial and environmental) of crop production. The only micro-organisms able to 
carry out biological nitrogen fixation are those that produce nitrogenase, an enzyme that is required 
to catalyze the conversion of atmospheric nitrogen to ammonium. In a highly restricted group of 
plant species, the association between the host plant and the bacterial symbiont is a highly intimate 
one: the bacteria are housed within nodules, a specialized organ that forms in the root. Several 
nitrogen-fixing bacterial species are known to associate with non-nodulating plants; while these 
bacteria are generally free-living in the rhizosphere, in some cases they are able to colonize non-
specialized intercellular spaces within the plant root [12]. The efficiency with which nitrogen is 
transferred to the plant by such bacteria is, however, relatively low, and the relationship between the 
two organisms is regarded as opportunistic rather than mutualistic. In genuine mutualistic 
symbioses, the host and symbiont appear to function essentially as a single organism [13]. 

Two types of intracellular endosymbiosis have been recognized, namely one which requires the 
formation of a root nodule, and one that relies on arbuscular mycorrhizae (AM) [14] (Figure 2a). The 
root nodule has evolved to facilitate both nitrogen fixation by the symbiont and the assimilation of 
ammonium by the host plant. Within the nodule, the symbiont receives its carbon and energy from 
the host and in return converts atmospheric nitrogen to ammonium, a process that requires an 
anaerobic environment. The bacteria capable of establishing this form of symbiosis belong to two 
distantly related clades, namely the proteobacterial Rhizobium spp. and the actinobacterial Frankia 
spp. Meanwhile the host species all belong to the so-called “nitrogen-fixing clade” [15], which 
consists of species within either the order Fabales (nodulated by the Rhizobium spp.) or the three 
orders Cucurbitales, Fagales and Rosales (nodulated by the Frankia spp.) [16]. Phylogenetic analyses 
suggest that all nodulating plant species belong to the Fabid (Eurosid 1) clade [15]. AM-based 
symbioses are, in contrast, very widespread in the plant kingdom, involving at least 80% of all 
angiosperm species; the microbial partners are not bacteria, but rather are fungi belonging to the 
phylum Glomeromycota [3]. They themselves do not fix nitrogen, but many studies have 
demonstrated that the presence of AM in the rhizosphere enhances the colonization of legume host 
roots with Rhizobium spp. Some features of root nodule endosymbiosis may have been recruited 
from the more ancient AM symbiosis [17] (Figure 2b), which has prompted the hypothesis that the 
two processes share aspects of the early signaling events [18]. Flavonoids are known to be required 

Figure 1. Major branches of the flavonoid biosynthesis pathway. Some of the critical enzymes
are abbreviated as follows: CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; FSI/II,
flavone synthase I/II; FLS, flavonol synthase; IFS, isoflavone synthase; IFR, isoflavone reductase;
LCR, leucoanthocyanidin reductase; VR, vestitone reductase. Major classes of end-products are
emphasized in boxes. This figure was adapted from Ref. [14].

Int. J. Mol. Sci. 2024, 25, 4144. https://doi.org/10.3390/ijms25084144 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25084144
https://doi.org/10.3390/ijms25084144
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://doi.org/10.3390/ijms25084144
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25084144?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 4144 2 of 2

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 6 of 19 

 

of how flavonoids affect auxin transport is not known, but the evidence from experiments using A. 
thaliana suggests that flavonoids affect the vesicular cycling of PIN family auxin transporters, possibly 
through interactions with other regulatory proteins such as phosphatases and kinases [56,57]. 
Abolishing the activity of isoflavone reductase in the common bean reduces the number of nodules 
formed, while simultaneously down regulating the gene GH3 [58]. In M. truncatula abolishing the 
activity of chalcone synthase however, has no effect on lateral root development [59]. Auxin 
accumulation can also be influenced by the rate of its peroxidase-induced breakdown, a process that 
can be modulated by flavonoids. The isoflavonoid formononetin, which accumulates in the nodule 
primordia of white clover, accelerates auxin breakdown, while 7,4′-dihydroxyflavone (and its 
glycosides), which accumulate in the vacuoles of the cortical cells that later form the nodule 
primordia, inhibit its breakdown [60]. The differential ability of flavonoids and the availability of a 
large range of such metabolites give plants a means to regulate nodule development. 

 
Figure 5. Schematic model of the regulation of auxin transport during nodulation in Medicago 
truncatula. Before rhizobia infection, auxin is transported in the acropetal direction towards the root 
tip. Auxin is also transported in the basipetal direction (from root tip to elongation zone) in the outer 
layer(s). Within 3 h after symbiosis induction (lipochitooligosaccharide treatment), cytokinin 
biosynthesis is upregulated in M. truncatula roots [61]. Cytokinin perception at the inner cortex 
induces/releases certain flavonoids, which act as inhibitors of acropetal auxin transport at the inner 
cortical, endodermal and/or pericycle directly underlying the rhizobia infection site [62]. Flavonoids 
are auxin transport inhibitors thought to disrupt the complex between ABCB1 (ATP-Binding Cassette 
Subfamily B 1) and TWD1 (TWISTED DWARF1) [63,64], affecting transport, and by binding BIG, a 
protein required for PIN cycling [65].The reduction of acropetal auxin transport increases auxin 
concentration at the rhizobia infection site, the location of a future nodule primordium. An increase 
in basipetal auxin transport could also contribute to the increased auxin pool at the nodulation site 
[62]. Pericycle, endodermal and cortical cell divisions are activated within 48 h. The red arrow shows 
the polar auxin transport and the arrow thickness proportional to auxin transport capacity. The green 
color shows the auxin gradient and the darker color denotes higher auxin content. 

Flavonoids may also participate in the systemic regulation of the nodule number. Split root 
experiments have demonstrated that the content of isoflavonoid formononetin (and its glycoside 
ononin) is reduced in both Rhizobium spp.-induced and AM-induced symbioses in a systemic 
manner, suggesting that a related autoregulation signal affects their synthesis [66]. The exogenous 
supply of ononin is able to only partially restore nodulation and mycorrhization, which was taken to 
imply that flavonoids actively control symbiosis [66]. Similarly, a comparison of grafts involving a 
supernodulating soybean shoot or a wild type soybean shoot with a wild type common bean root has 
shown that the accumulation of isoflavonoids in the root is higher in the former case [67]. The 
exogenous supply of either daidzein or coumestrol increases the nodule number and enhances 

Figure 5. A schematic model of the regulation of auxin transport during nodulation in Medicago
truncatula. Before rhizobia infection, auxin is transported in the acropetal direction towards the root
tip. Auxin is also transported in the basipetal direction (from root tip to elongation zone) in the
outer layer(s). Within 3 h after symbiosis induction (lipochitooligosaccharide treatment), cytokinin
biosynthesis is upregulated in the M. truncatula roots [61]. Cytokinin perception at the inner cortex
induces/releases certain flavonoids, which act as inhibitors of acropetal auxin transport at the inner
cortical, endodermal and/or pericycle directly underlying the rhizobia infection site [62]. Flavonoids
are auxin transport inhibitors that are thought to disrupt the complex between ABCB1 (ATP-Binding
Cassette Subfamily B 1) and TWD1 (TWISTED DWARF1) [63,64], affecting transport, and by binding
BIG, a protein required for PIN cycling [65]. The reduction in acropetal auxin transport increases
the auxin concentration at the rhizobia infection site, the location of a future nodule primordium.
An increase in basipetal auxin transport could also contribute to an increased auxin pool at the
nodulation site [62]. Pericycle, endodermal and cortical cell divisions are activated within 48 h. The
red arrow shows the polar auxin transport, and the arrow thickness is proportional to the auxin
transport capacity. The green color shows the auxin gradient, and the darker color denotes a higher
auxin content. This figure was adapted from Ref. [66].
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With this correction, the order of some references has been adjusted accordingly. The
authors state that the scientific conclusions are unaffected. This correction was approved
by the Academic Editor. The original publication has also been updated.

Reference
1. Dong, W.; Song, Y. The Significance of Flavonoids in the Process of Biological Nitrogen Fixation. Int. J. Mol. Sci. 2020, 21, 5926.

[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms21165926
https://www.ncbi.nlm.nih.gov/pubmed/32824698

	Reference

