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Plants interact with a variety of microbes in their environ-
ment, and the outcome of these interactions for the plant
can range from detrimental to beneficial. While many
microbes are known to promote plant growth, the mecha-
nisms behind the growth promotion are often unknown,
and multiple mechanisms are likely involved (Vacheron
et al., 2013; Vandenkoornhuyse et al., 2015).

The fungus Piriformospora indica colonizes a wide range
of plants, including Arabidopsis (Arabidopsis thaliana) and
barley (Hordeum vulgare), growing as an endophyte within
the roots (Kundu et al., 2022). Piriformospora indica pro-
motes growth of its host plant, possibly by increasing biotic
or abiotic stress tolerance. Plants respond to P. indica coloni-
zation with major transcriptional, hormonal, and metabolic
reprogramming, and many questions about the signaling
pathways and mechanisms responsible for the growth pro-
motion remain to be addressed. In this issue of Plant
Physiology, Kundu et al. (2022) characterize P. indica-medi-
ated growth promotion in tomato (Solanum lycopersicum)
and analyze the associated metabolic reprogramming.

The authors first confirmed that inoculation of P. indica
on tomato roots leads to increased plant growth. They then
used untargeted gas chromatography–mass spectrometry
(GC–MS) to determine how P. indica colonization affects
the root and shoot metabolome. As expected, the colonized
plants showed altered levels of many metabolites; however,
many of these metabolites showed opposite patterns of reg-
ulation in roots compared to shoots. Since P. indica is a root
endophyte, the authors focused on root metabolites using a
statistical model to identify the metabolites that contribute
most significantly to the P. indica-mediated metabolome
changes. From this model, they found putrescine to be the
most important variable driving the metabolome changes.

Putrescine is a polyamine, a low-molecular weight molecule
derived from the decarboxylation of amino acids, often
arginine (Alcázar et al., 2010). The GC–MS data showed
that the arginine metabolic pathway was also affected by
P. indica (Kundu et al., 2022). In addition, P. indica-colo-
nized roots showed increased transcript abundance of
ARGININE DECARBOXYLASE 1 (SlADC1), which encodes
an arginine decarboxylase in the putrescine biosynthetic
pathway. The metabolomic and gene expression data sug-
gest that P. indica specifically induces putrescine produc-
tion in its tomato host (Figure 1A).

The authors next tested the effect of exogenous putres-
cine treatment on each species individually. Piriformospora
indica showed increased mycelium growth on media con-
taining putrescine, and putrescine treatment similarly trig-
gered growth promotion in tomato without P. indica. The
authors therefore hypothesized that increased putrescine
biosynthesis in P. indica-colonized roots could be important
for both fungal growth within the root and for the observed
plant growth promotion. To confirm this hypothesis, virus-
induced gene silencing was used to generate tomato SlADC1
knockdown lines that produce less putrescine.
Piriformospora indica showed a reduced ability to colonize
the silenced lines, and the growth promotion effect was
abolished. Host-derived putrescine is thus required for opti-
mal P. indica colonization (Figure 1B) and the associated
plant growth promotion.

Kundu et al. (2022) further examined the involvement of
putrescine in the interactions between P. indica and another
host, A. thaliana. Similar to tomato, they found that P. ind-
ica inoculation and putrescine treatment both cause plant
growth promotion in A. thaliana. Likewise, biosynthesis of
putrescine by the host is important in this interaction, as
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Atadc1 and Atadc2 mutants supported less P. indica growth
and did not show growth promotion. Notably, P. indica in-
oculation and putrescine treatment both promoted plant
growth to a similar extent, and the combined treatments
did not show additive effects, suggesting that P. indica does
not cause growth promotion through additional putrescine-
independent pathways.

As many growth-promoting microbes, including P. indica,
are known to influence host hormone signaling pathways
(Schäfer et al., 2009; Vacheron et al., 2013), the authors exam-
ined how putrescine treatment affects hormone levels.
Tomato seedlings treated with putrescine showed increased
abundance of auxin (indole-3-acetic acid, IAA) and gibberellins
(GAs). The authors suggest a model in which P. indica-induced
putrescine triggers an increase in IAA and GA levels, which
then leads to plant growth promotion (Figure 1C).

Polyamines and auxin have both been previously impli-
cated as important molecules in plant–microbe interactions,
contributing to successful microbial colonization of the
plant and to plant growth promotion. The genomes of
plant-associated bacteria often contain putrescine uptake
transport genes, and a Pseudomonas fluorescens mutant that
cannot metabolize putrescine is impaired in its ability to col-
onize A. thaliana roots (Liu et al., 2018; de Souza et al.,
2019). The plant growth promotion activity of a Bacillus

subtilis strain also requires bacterial production of spermi-
dine, another polyamine (Xie et al., 2014). In addition, many
plant growth-promoting bacteria produce auxin or modu-
late auxin production and signaling in the host (Vacheron
et al., 2013; Pieterse et al., 2020). The model proposed by
Kundu et al. (2022) connects polyamine and hormone sig-
naling in plant growth promotion. Diverse microbes may
trigger plant growth promotion through different nodes in
this pathway, either by producing the signaling molecules
themselves or, as with P. indica, by influencing host
metabolism.

Many exciting questions remain to be answered about the
role of putrescine in interactions between P. indica and to-
mato: How is SlADC1 expression induced by fungal coloniza-
tion, and how does increased putrescine abundance lead to
changes in hormone levels? The role of putrescine in plant
cell signaling is complex as polyamine biosynthesis pathways
are upregulated under many different biotic and abiotic
stress conditions, and polyamines can potentially regulate
the activities of proteins, such as ion channels and protein
kinases (Alcázar et al., 2010; Gerlin et al., 2021). It is similarly
unclear what function putrescine performs for P. indica.
Although it is required for fungal growth, putrescine may
also serve as a messenger molecule between plants and
microbes, perhaps informing the microbe of the presence of
the host or modulating the plant immune system to permit
microbial colonization (Liu et al., 2018; Gerlin et al., 2021).
The work of Kundu et al. (2022) reveals a mechanism by
which a microbe can modify plant metabolism to the mu-
tual benefit of both microbe and host.
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Figure 1 Working model for the role of putrescine in root coloniza-
tion and plant growth promotion by P. indica. A, Piriformospora indica
alters host metabolism, including increasing ADC1 expression, result-
ing in increased putrescine biosynthesis. B, Putrescine increases
growth of P. indica and is required for robust root colonization. C,
Putrescine increases abundance of the plant hormones auxin (IAA)
and GAs, leading to plant growth promotion. Adapted from Kundu
et al. (2021).
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Loccoz Y, Muller D, Legendre L, Wisniewski-Dy�e F, Prigent-
Combaret C (2013) Plant growth-promoting rhizobacteria and
root system functioning. Front Plant Sci 4: 1–19

Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A,
Dufresne A (2015) The importance of the microbiome of the
plant holobiont. New Phytol 206: 1196–1206

Xie SS, Wu HJ, Zang HY, Wu LM, Zhu QQ, Gao XW (2014) Plant
growth promotion by spermidine-producing Bacillus subtilis
OKB105. Mol Plant-Microbe Interact 27: 655–663

The feeling is mutual PLANT PHYSIOLOGY 2022: 188; 1939–1941 | 1941

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/188/4/1939/6554968 by M

ax-Planck-Institut f. Züchtungsforschung user on 19 O
ctober 2022


