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Abstract

Purpose – The purpose of this article is to provide information about interactions between pink-pigmented
facultative methylotroph (PPFM) organisms and plants, their molecular mechanisms of methylotrophic
metabolism, application of PPFMs in agriculture, biotechnology and bioremediation and also to explore lacuna
in PPFMs research and direction for future research.
Design/methodology/approach – Research findings on PPFM organisms as potent plant growth
promoting organisms are discussed in the light of reports published by various workers. Unexplored field of
PPFM research are detected and their application as a new group of biofertilizer that also help host plants to
overcome draught stress in poorly irrigated crop field is suggested.
Findings – PPFMs are used as plant growth promoters for improved crop yield, seed germination capacity,
resistance against pathogens and tolerance against drought stress. Anti-oxidant andUV resistant properties of
PPFM pigments protect the host plants from strong sunshine. PPFMs have excellent draught ameliorating
capacity.
Originality/value – To meet the ever increasing world population, more and more barren, less irrigated land
has to be utilized for agriculture and horticulture purpose and use of PPFM group of organisms due to their
draught ameliorating properties in addition to their plant growth promoting characters will be extremely
useful. PPFMs are also promising candidates for the production of various industrially and medicinally
important enzymes and other value-added products.Wider application of this ecofriendly group of bacteriawill
reduce crop production cost thus improving economy of the farmers and will be a greener alternative of
hazardous chemical fertilizers and fungicides.
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Introduction
A wide range of organisms inhabits the phyllosphere. These organisms have beneficial,
harmful or neutral effects on the plant. Various physiological activities of plants are related to
the interaction between such microorganisms and plants. It is hypothesized that pink
pigmented facultative methylotrophs (PPFMs) of the genus Methylobacterium potentially
dominate the phyllosphere bacterial population.

PPFMs are gram-negative, rod-shaped, aerobic, bacteria, can utilize single carbon
compounds such as formate, formaldehyde and methanol as sole carbon source (Gamit,
Naik, Chandarana, Chandwani, &Amaresan, 2023). They aremostly found in the phyllosphere
and rhizosphere and are associated with the leaves, roots and seeds of most terrestrial plants
and utilize volatile C1 compounds like methanol produced by growing plants during cell
multiplication and early stages of leaf expansion (Irvine, Brigham, Suding, & Martiny, 2012).
PPFMs have importance in agriculture as they promote yield and seed germination capacity,
resist crops from pathogenic attack and also provide crop tolerance to manage drought stress
(Nysanth, Anu Rajan, Sivapriya, & Anith, 2023). PPFMs also help in reducing global warming
by taking greenhouse gases such asCO2 andmethane andmetabolizingmethanol generated by
growing plant leaves (Iguchi, Yurimoto, & Sakai, 2015). They are also involved in carbon
cycling (Iguchi et al., 2015), phosphate acquisition (Agafonova, Kaparullina, Doronina, &
Trotsenko, 2013; Jayashree et al., 2011a, b), phytohormones (indole acetic acid (IAA) and
cytokinins) production (Lee et al., 2004), nitrogen fixation in phyllospheric and rhizospheric
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regions of plants (Lee et al., 2006; Sy et al., 2001) and due to these reasons they are used as
bioinoculants in agriculture (Kumar,Tomar, Lade,&Paul, 2016). Pigments of PPFMshavehigh
antioxidant and UV resistant properties (Abd El-Gawad, Ibrahim, Abd El-Hafez, & Abou El-
Yazied, 2015). PPFMs are potent protease (Jayashree, Annapurna, Jayakumar, Sa, & Seshadri,
2014) and cellulase producers (Jayashree et al., 2011a, b). PPFMs also show effects on disease
suppression by the induction of pathogenesis-related proteins (Pathogenesis related (PR)-
proteins) in plants (Madhaiyan et al., 2004). Ammonium mineral salt (AMS) agar media
supplementedwith 0.5%methanol is used to isolate PPFMs from different plant parts (Holland
et al., 2000). The presence of various types of pigments imparts a prominent pink color to
PPFMs (Mitra, 2012). VariousMethylobacterium spp. are isolated and reported by researchers
as one of the most common PPFMs. The most interesting characteristic of PPFM organisms is
their ability to oxidize methanol by using the methanol dehydrogenase enzyme (MDH), whose
large subunit is encoded bymxaF gene which is considered as a marker gene to identify this
group of bacteria (Valdivia-Anistro et al., 2022). During plant host colonization, their
methylotrophic metabolism is very useful as an adaptive advantage (Sy, Timmers, Knief, &
Vorholt, 2005).Thoughmany reported researchwork established the fact that PPFMorganisms
have plant growth promoting (PGP) properties and in vitro condition they considerably
enhance crop yield; mass production of PPFMs for large scale field use is not yet done for any
major corps.

Interaction between PPFMs and plants
Interaction between PPFMs and host plants varies widely, right from rhizospheric symbiotic
(Jourand et al., 2004) to epiphytic (Omer, Tombolini, & Gerhardson, 2004) and endophytic
(Lacava, Ara�ujo, Marcon, Maccheroni, & Azevedo, 2004). PPFMs are isolated by using leaf
impinting method in AMS agar media (Corpe, 1985) from various plants like mustard
(Subhaswaraj, Jobina, Parasuraman, & Siddhardha, 2017) neem (Kumar & Lee, 2009), rice
(Joel, Latha, Gopal, & Sreedevi, 2023), cotton (Ismail &Mohammed, 2023), capsicum (Santosh,
Santosh, & Sreenivasa, 2019), bamboo (Madhaiyan and Poonguzhali, 2014) and also from
human nasal cavity and hair scalp (Uy et al., 2013).Various studies have reported that PPFMs
colonize plant surfaces in a mucilaginous layer (Rossetto et al., 2011). PPFMs have the ability
to form biofilms (Rossetto et al., 2011; Chowdhury, Basak, & Islam, 2023).Methylobacterium
strains are capable of producing quorum sensing inducers like N-acyl homoserine lactones
(AHLs) (Pomini, Cruz, Gai, Ara�ujo, & Marsaioli, 2009). It is reported that PPFMs may also
interact with other microorganisms inside the host including phytopathogens (Lacava, Li,
Ara�ujo, Azevedo, & Hartung, 2006). During plant colonization, PPFMs may regulate gene
coordination by quorum sensing system to ensure efficient plant colonization. Proteomic
study ofMethylobacterium extorquens reveals that in the phyllosphere region of Arabidopsis
thaliana, they help to over express the proteins related to the antioxidant system and decrease
the over expression of Phy R regulator that helps in colonizing in the phyllospheric region.

Methylotrophic metabolism of PPFMs
PPFMs can utilize C1 compounds like methanol, formate and formaldehyde (Santosh et al.,
2019) as a sole carbon source. They are also able to utilize multicarbon compounds which are
with or without carbon-carbon bonds. This ability of PPFMs to utilize several carbon sources
permits them to inhabit different environments, including the phyllosphere of plants
(Abanda-Nkpwatt et al., 2006). Plant releases methanol by stromata during plant growth, cell
expansion due to pectin breakdown by pectin methylesterase (Rossetto et al., 2011). Methanol
concentration in the phylloplane of plants may also change according to various
environmental conditions, plant age (�Smejkalov�a, Erb, & Fuchs, 2010) and physiological
state because in mature (yellow) leaves and during abscission, methanol release increases
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significantly (Sun, Copolovici, & Niinemets, 2012). Thus, PPFMs take advantages during
plant colonization in presence of methanol released by plants than other plant-associated
bacteria because genes related to methylotrophy (Gamit et al., 2023), such as mxaF are
expressed in presence of methanol.

Methylotrophic metabolism of PPFMs occurs in the periplasm, where the key MDH is
present and it oxidizes methanol into formaldehyde. MDH is a well-studied enzyme. It has
four subunits (α2β2), two substrate-binding sites, calcium atom as a cofactor and
pyrroloquinoline quinone (PQQ) as a prosthetic group (Zhang et al., 2008). Formaldehyde
(the main intermediate of methylotrophic metabolism) is generated during methanol
oxidation. Formaldehyde is utilized in the serine cycle for cellular utilization or for the
generation of energy they finally oxidize to CO2. One molecule of adenoisine triphosphate
(ATP) is generated by one molecule of methanol oxidation.

It was reported that M. extorquens AM1 contains 70 methylotrophic metabolism-related
genes and these genes are located in eight regions of the bacterial chromosome
(Chistoserdova, Chen, Lapidus, & Lidstrom, 2003). The first of these loci contains a cluster
of 12 known genes: mxaFJGIRSACKLDB (Morris, Kim, Perkins, & Lidstrom, 1995), there is
another gene viz.,mxaWadjacent tomxaFwhich undergoes through divergent transcription
(Xu, Viebahn, & Hanson, 1993). To sense the presence of methanol in phyllosphere five genes
are thought to be required for transcription initiation of other genes related to methanol
oxidation in PPFM strains and these putative regulatory genes includemxcQE,mxbDMboth
of which encode a putative sensor-regulator pair and mxaB (Springer, Auman, & Lidstrom,
1998). sensor-regulator pair MxcQE control expression of the sensor-regulator pair MxbDM
and MxbDM in turn control expression of a number of genes involved in methanol oxidation
(Springer, Morris, & Lidstrom, 1997). MDH has two large (66 kDa) and two small (8.5 kDa)
subunits. mxaF and mxaI genes encode large and small subunits, respectively. mxaG gene
encodes cytochrome C which is the primary electron acceptor for MDH (McDonald and
Murrell, 1997). Four of the mxa genes, mxaACKL are required for insertion of calcium into
MDH (Anthony, Ghosh, & Blake, 1994; Morris et al., 1995). The functions of the remaining
mxa genes, including mxaW, are unknown. Periplasmic alcohol dehydrogenase has 50%
sequence similarity withmxaF gene and is encoded by xoxF gene. It is also reported that two
copies of xoxF gene are present in the genome of M. extorquens. The most interesting
observation related to xoxF gene is that when both xoxF genes are absent, the strain loses
methanol dehydrogenase activity and is unable to grow inmethanol as the sole carbon source
instead of the presence ofmxaF gene in the genome. This observation strongly supports that
xoxF acts as a regulatory complex (Skovran, Palmer, Rountree, Good, & Lidstrom, 2011) and
plays an important role in methanol metabolism.

PPFMs in agriculture
In agriculture, an increasing demand and decreasing supply of irrigationwater is observed in
recent years due to insufficient rainfall and indiscriminate use of groundwater which results
in lowering of water tables. The scarcity of irrigation water will be more severe in the
upcoming days. So to fight that inevitable drought condition is a big challenge to scientists.
Apart from this, chemical fertilizers which are now-a-days used on a large scale for increasing
crop yield are highly detrimental to the environment. They increase production cost, decrease
soil fertility, jeopardize plant-microbe interaction and make plants more prone to pathogenic
attack. The performance of biofertilizers, available in the market, can’t solve all these
problems independently in most instances. So, scientists are desperately searching for more
potent biofertilizers that are eco-friendly and have nitrogen fixation, phosphorus acquisition,
phytohormones (IAA, cytokinins etc.) production and iron-chelating properties. PPFMs may
be handy in solving all those problems as from the reported research work it is an established
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fact that they are eco-friendly and not only help plants to ameliorate drought stress effects,
promote seed germination, phosphate solubilization, iron chelation, nitrogen fixation, 1-
aminocyclopropane-1-carboxylate (ACC) deaminase production and increase phytohormones
production, but also protect them against various potent plant pathogenic microorganisms.

Phytohormones production
PPFM organisms produce phytohormones like IAA, cytokinins which help in plant growth
stimulation. Cytokinin and auxin produced by Methylobacterium strains help plants to
promote cell division and elongation, respectively (Gamit et al., 2023). It is reported that
Methylobacterium extorquens produces adenine derivatives that may act as precursors in the
cytokinin biosynthesis pathway (Pirttil€a, Joensuu, Pospiech, Jalonen, & Hohtola, 2004).
Another study also reported thatM. oryzaeCBMB20 have twomiaAgenes (Kwak et al., 2014).
These genes are essential for the production of cytokinin (mainly zeatin). The IAA hormone
promotes the root development of plants (Aloni, Aloni, Langhans, &Ullrich, 2006). As PPFMs
are able to produce IAA (Ivanova, Doronina, & Trotsenko, 2001), their inoculation to plants
induces plant growth by increasing plant IAA concentration. It is reported that auxin
biosynthesis-related genes of various essential enzymes like aldehyde dehydrogenase,
cyanide hydratase, amine oxidase, nitrile hydratase, N-acyltransferase, amidase is present in
Methylobacterium genus (Kwak et al., 2014; Tani et al., 2012).

Atmospheric nitrogen fixation
One of the limiting nutrients for plant growth is nitrogen. But atmospheric nitrogen is
unavailable to plant metabolism. The conversion of unavailable nitrogen to ammonia by the
process of nitrogen fixation helps plants to use nitrogen. The biological nitrogen fixation is
performed by some microorganisms with the presence of the nitrogenase enzyme (Menna et al.,
2006). Few PPFMs likeMethylobacteriumnodulans isolated fromCrotalaria podocarpa (Sy et al.,
2001),Methylobacterium sp.MV10 (Raja, Uma,& Sundaram, 2006),Methylobacterium sp. CBMB
20 (Madhaiyan et al., 2004) is so far reported to fix atmospheric nitrogen to ammonia.
Methylobacterium sp. MV10 (Raja et al., 2006), Methylobacterium nodulans ORS 2060 (Jourand
et al., 2004) are reported to contain the nif H gene (involved in nitrogen fixation). As
Methylobacterium nodulans can utilize methanol generated through catabolic activities of the
host plant in addition to host photosynthetic products, it has a competitive advantage during
plant colonization and nodule formation over their counterparts (Renier et al., 2011). It is also
reported that loss of methylotrophic function of the Methylobacterium nodulans affects plant
development because nonmethylotrophic mutants of the bacteria decrease the total root nodule
number per plant and nitrogen fixation of C podocarpa. It is also observed that total dry plant
biomass is reduced compared with the wild-type strain (Jourand et al., 2005).

Phosphate solubilization
Phosphorus, an essential nutrient, is present in the soil. Though total phosphorus present in
the soil is in high concentrations, it binds to iron, calcium or aluminum or immobilizes in
organic matter such as myo-inositol hexakisphosphate, phytic acid, etc.(collectively called
phytate). All these bound phosphorus are not readily available to plants. Soluble ionic
phosphate forms that are HPO4

2�, H2PO4
�, are mainly assimilated by bacteria but in soil, the

soluble ionic phosphate concentration is very low. In phosphate metabolism, many PPFMs
(Methylobacterium sp.) have the ability to dissolve inorganic phosphates which are utilized by
both microorganisms and plants (Agafonova et al., 2013). Three different types of microbial
enzymes are involved in phosphate solubilization that is a non-specific acid phosphatase,
phytase, and C-P lyase (or phosphatase). All these enzymes finally release phosphate.
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Phosphate is released from phosphoric ester or phosphoric anhydride by nonspecific acid
phosphatases. Phosphate is released by phytase and C-P lyase from phytic acid and
organophosphates, respectively. It is reported that M oryzae have all three types of
phosphate-releasing enzyme-producing genes (Kwak et al., 2014).

ACC deaminase production
Ethylene is an important compound that regulates root growth and development (Madhaiyan
et al., 2006a, b, c). The concentration of ethylene production is related to the biosynthesis
pathway of auxin (HarDOIm, van Overbeek, & van Elsas, 2008). A high concentration of
ethylene has a negative effect on plant growth and root elongation as it imparts stress
conditions in plants which accelerate abscission, aging and senescence (Glick, 1995). The
precursor of ethylene hormone in the ethylene biosynthesis pathway is ACC
(aminocyclopropane-1-carboxylic acid). The precursor of ACC is S-adenosylmethionine
(SAM). SAM is converted to ACC by the enzyme ACC synthase and ACC is converted to
ethylene by the enzyme ACC oxidase. Various biotic and abiotic factors regulate
transcriptionally both of these enzymes (Madhaiyan et al., 2006a, b, c; HarDOIm et al.,
2008). The interesting finding is that the ACC activity of plants is increased when bacterial
IAA production is also increased. This phenomenon indicates the similarity between these
two pathways. According to researcher (HarDOIm et al., 2008), for the maintenance of
endophytic bacterial plant colonization, the fundamental process is the balance between IAA
and ethylene. The acdS gene, which encodes an ACC deaminase enzyme, is present in various
PPFM organisms. This enzyme converts ACC into ammonia (NH3) and α-ketobutyrate. The
whole-genome analysis of various Methylobacterium sp. reveals that in Methylobacterium
oryzae,Methylobacterium nodulans,Methylobacterium radiotolerans ACC deaminase gene is
present (Kwak et al., 2014). Methylobacterium nodulans and Methylobacterium radiotolerans
have the ability to utilize ACC as a sole nitrogen source (Kwak et al., 2014). They break ACC
and reduce the ethylene levels (Fedorov, Ekimova, Doronina, & Trotsenko, 2013). As a result,
the stress ethylene response is also decreased in the host plant.

Siderophores production
Siderophores are low molecular weight compounds that have a high affinity for iron. It helps
bacteria to solubilize iron to promote its efficient uptake. As iron is necessary for various
biological processes, iron is required in almost all forms of life. Iron presents mainly as
insoluble Feþ3 in the environment (Rajkumar, Ae, Prasad, & Freitas, 2010). So, bacteria
acquire iron by releasing siderophores. In this way, theymake iron available for plant uptake,
contributing to plant growth (Bar-Ness, Hadar, Chen, Shanzer, & Libman, 1992). Iron uptake
genes iuc A and iuc C have been found in 35 strains of PPFMs including Methylobacterium
extorquens strains AM1,PA1,DM4 and CM4, andMethylobacterium populi. (Tani et al., 2012).

PPFMs as a bio control agents
The presence of PPFM organisms ensures plant protection against pathogenic attack
(Benhamou, Gagn�e, Le Qu�er�e, &Dehbi, 2000) and improves plant health.Wide varieties of the
large spectrum of antimicrobial compounds are synthesized by various PPFMs (Ryan,
Germaine, Franks, Ryan, & Dowling, 2008), that reduce competition for nutrients with
pathogens (Berg, 2009) or up-regulate systemic resistance (induced systemic resistance (ISR))
(Nigris, Baldan, Zottini, Squartini, & Baldan, 2013), and by this way, they protect host plants.
Volatile organic compounds released from some PPFMs (Naznin, Kimura, Miyazawa, &
Hyakumachi, 2013) induce ISR and some cell wall degrading enzymes such as pectinase,
cellulases and hemicellulases, and glycosidases (Lee et al., 2006; Madhaiyan et al., 2006a, b, c).
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It is also reported that at low-densityMethylobacterium sp. IMBG290 inoculum activates the
plant antioxidant system and induces resistance of potato against Pectobacterium
atrosepticum but at high density, it results in susceptibility to the pathogen (Pavlo, Leonid,
Iryna, Natalia, & Maria, 2011).

It is reported that PPFMs with their various biocontrol efficiencies inhibit various plant
pathogens like Xanthomonas campestris, Selerotium rolfsii, Fusarium oxysporum,
Colletotrichum capsici and Cercospora capsici, measured by the zone of inhibition (Savitha,
Sreenivasa, & Nirmalnath, 2015; Gamit et al., 2023). It also reported that PPFM isolates also
inhibit the growth of wilt causing plant pathogen Fusarium oxysporum (Savitha et al., 2015).
Another study also reported that treatment of four different Methylobacterium strains
combinations inhibits phytopathogen Ralstonia solanacearum by inducing plant defense
responses against this pathogen (Yim, Seshadri, Kim, Lee, & Sa, 2013). Low ethylene levels
due to reduction of ACC accumulation were responsible for reduced disease symptoms.
Methylobacterium sp showed significant biocontrol activity against Aspergillus niger and
Scterotium rolfsii in groundnuts in a pot culture experiment (Madhaiyan et al., 2006a, b, c).

Heavy metal tolerance
Methylotrophic bacteria have the ability to tolerate the high amount of several heavy metals,
such as cadmium (Cd), cobalt (Co), chrome (Cr), nickel (Ni), zinc (Zn), (Idris et al., 2006), arsenic
(As), lead (Pb) (Dourado, Ferreira, Ara�ujo, Azevedo, & Lacava, 2012) and mercury (Hg)
(Fernandes, Albergaria, Oliva-Teles, Delerue-Matos, & De Marco, 2009). In tomato plants,
Methylobacterium oryzae, it is reported that genes related to heavy metal tolerance (uptake
and efflux), copper translocating P-type ATPase which is responsible for copper resistance,
genes related to the cation efflux system protein Czc A which are responsible for zinc-cobalt-
cadmium resistance, several ABC transporters involved in zinc and nickel uptake, and
chromate transport protein are present (Kwak et al., 2014). Therefore, this genus has
increased plant tolerance to heavy metals and decreased plant stresses and thus imparts a
role in plant growth promotion and inhibition of plant pathogens.

PPFMs in bioremediation
According to various reported studies, PPFMs have the ability to degrade a variety of organic
toxic compounds. It is reported that within 10 to 55 days,Methylobacterium sp. strain BJ001
degrades several toxic explosives such as hexahydro-1,3,5-trinitro-1,3,5 triazine (RDX), 2,4,6
trinitrotoluene (TNT) and octahydro-1,3,5,7-tetranitro-1,3,5 tetrazine (HMX) in vitro (Van
Aken, Yoon, & Schnoor, 2004). Industrially used and produced volatile, toxic, halogenated
solvent, dichloromethane (CH2Cl2) is also degraded by Methylobacterium extorquens DM4
(Muller et al., 2011) by converting dichloromethane into methylotrophic metabolic growth
intermediate formaldehyde (Kayser, Ucurum, & Vuilleumier, 2002).Methylobacterium populi
VP2 was able to degrade industrially treated toxic compounds, polycyclic aromatic
hydrocarbons(PAHs) (Ventorino et al., 2014). It is reported thatMethylobacterium sp. showed
a high (99.9%) efficiency of methyl-tert-butyl-ether (MTBE) degradation (Zhang, Chen, &
Fang, 2008).Methylobacterium spp. a combination of a few bacteria had the ability to degrade
MTBE and trichloroethylene (TCE), soil pollutants in presence of heavy metals at high
efficiency (Fernandes et al., 2009). These reports suggest that PPFMs can be effectively used
to bioremediate the contaminated environments.

PPFMs in biotechnological uses
PPFMs have the ability to produce several industrial products and biodegradable
compounds. Methylobacterium spp. is able to produce biodegradable plastics such as
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biodegradable polyesters polyhydroxy butyric acid (PHB) and polyhydroxyalkanoate (PHA).
To increase the production of PHB and PHAusingmethanol as a substrateMethylobacterium
extorquens was genetically modified (H€ofer, Vermette, & Groleau, 2011). Under nitrogen
limitation, Methylobacterium organophilum was also produced in PHB and PHA using
methane which is a greenhouse gas (Yezza, Fournier, Halasz, & Hawari, 2006).

Glyoxylate is an important compound in perfume manufacture and it is also produced as
an intermediate in drug and pesticide production. It is reported that a genetically modified
Methylobacterium sp. strain that is able to over express a key enzyme component in the serine
cycle that is hydroxy pyruvate reductase enzyme, leading to glyoxylate accumulation (Shen
and Wu, 2007).

In vitro production of two furanoid compounds such as 2,5 dimethyl-4 methoxy-2H-
furanone and 2,5 dimethyl-4 hydroxy-2H-furanone (DMHF) are promoted by
Methylobacterium extorquens DSM 21961 (Verginer et al., 2010). These two furanoid
compounds are responsible for strawberry flavor and thus the bacteria influence the fruit
quality. This report was also reinforced by another study and showed that the expression of
the alcohol dehydrogenase enzyme by the bacteria and the flavor components (DMHF) in the
same tissues (Nasopoulou, Pohjanen, Koskim€aki, Zabetakis, & Pirttil€a, 2014). PPFMs are
potent protease (Jayashree et al., 2014) and cellulase producers (Jayashree et al., 2011a, b) and
their pigments have high antioxidant properties (Gamit et al., 2023).

Omics studies of the PPFM organisms
Modern techniques ofmolecular biology and the advancement of next-generation sequencing
make it possible to sequence many bacterial genomes. Many PPFM organisms such as
Methylobacterium extorquens (AM1, DM4, PA1, DSM13060, CM4), Methylobacterium
nodulans ORS 2060, Methylobacterium populi BJ001, Methylobacterium radiotolerans
JCM2831, Methylobacterium mesophilicum SR1.6/6 sequenced genomes are available in
National Center for Biotechnology Information (NCBI) database.

A recent study showed that Methylobacterium extorquens strain PA1 isolated from
Arabidopsis showed similarity in GC contents with Methylobacterium extorquens AM1
strain. GC content of PA1 and AM1 is 68.2% and 68.5% respectively and most of the genes
(>90%) of these two strains, involved with methylotrophy, showed 95% of sequence identity
at the amino acid level. According to the author, these two strains have similar modules
during C1 growth but a difference in growth rate was observed when they used different
substrates (Nayak and Marx, 2014).

Genomes of nine PPFM organisms analyzed and compared and divided the strains into
three groups with significant features (Kwak et al., 2014). Methylobacterium nodulans and
Methylobacterium sp. 4–46 which contained genes for nitrogen fixation were included in the
first group. Methylobacterium oryzae and Methylobacterium radiotolerans which had genes
related to ACC deaminase and phytase included in the second group. Methylobacterium
extorquens which lacked these previous genes were included in the third group.

Another studies reported that proteome ofMethylobacterium extorquensAM1 differs largely
under methylotrophic growth conditions than when grown on succinate (Bosch et al., 2008).

Thus, these approaches give us essential clues to understand the interaction processes at
the biochemical and molecular levels and help to explore the biotechnological potential in
different areas of interest.

Lacuna in PPFMs research
The biochemical andmolecular basis of interaction of this group of organisms with their host
plants to impart improved seed germination, protection of host plant from pathogenic attack
is not well understood yet.
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Phylloplane microbiome is highly dynamic. Physical parameters like temperature,
sunlight, air current, humidity and concentration of variousmetabolites produced by both the
host and residingmicrobes on phylloplane region change with time in different growth phase
of the host plant which affect the diversity of the residing microbial population, interaction
between the phylloplane microbes within themselves and with the host plant. So, for a clearer
understanding of the interaction between phylloplane environment and PPFMs more in-
depth research is necessary. Genomics study of PPFM organisms reveals that almost 70
methylotrophy related genes are available in their genome (Chistoserdova et al., 2003). The
actual roles of many of those genes are still unknown. So, further research may reveal the
presence of many industrially important proteins in future.

On the way to utilize methanol through serine cycle pathway to generate energy, PPFM
organisms generate many value added byproducts which may be further explored for their
commercial use. For this purpose PPFM organisms can be genetically modified to utilize
those useful by products through bioprocess technology. More research is required to
develop methanol-based bioprocess technology.

Direction for future research
PPFM organisms possess all the PGP features. It is known from the reported research work
that they are eco-friendly and not only help plants to ameliorate drought stress effects but
also promote seed germination, enhance yield, make host plants resistant to plant pathogens.
Study of phylloplane metagenome of host plant before and after PPFM treatment will give an
idea about the interaction of PPFM organisms and non PPFM organisms on phylloplane.
Study of phylloplane metagenome and proteome will throw new lights on phylloplane
community dynamics study and will also help in detecting the groups of bacteria get that are
selected after PPFM treatment, proteins that are responsible for their selection and also their
role in the phylloplane. Comparative genomics study of PPFM bacteria will help to identify
the marker characters of this group of bacteria. Whole genome analysis of the PPFM isolates
will give insight into its important genes and genetic regulatory systemswhichwill be helpful
in exploitation of the isolated strains more efficiently.

PPFMs have the capacity to utilize methanol as a carbon source. They produce pink color
in AMS media in presence of 0.01% methanol. Pigment synthesis is also induced by 0.01%
methanol in presence of low concentration of ethanol but when ethanol is present as carbon
source in the media without methanol supplementation, they cannot produce the pigment
(unpublished data). So, potent PPFMs isolate can be used as a methanol biosensor to detect
the presence ofmethanol in various types of country liquors whichwill help in reducing death
toll in underdeveloped and developing countries like India.

Moreover, PPFMs are reported to be useful source of antimicrobial agents and source of
various hydrolytic enzymes like protease, cellulase etc which in turn, can be used in
pharmaceutical and biotechnology industries. So, further research with PPFMs in these
regards is required to get more potent isolates. Carotenoids, isolated from PPFMs show high
UV absorbing and antioxidant properties that protect the host plants from strong sunshine.
Such pigments of PPFMsmaybe purified, characterized and patented for their use in cosmetic
industries as UV protectant and antioxidant to reduce reactive oxygen species in human.

Instead of using single PPFM strain, use of a cocktail of different PPFM strains isolated from
the same host but from different places may be more effective in improving their PGP traits.

Conclusion
PPFM organisms are drawing increasing attention of researchers in recent times due to their
strong PGP activities and their crucial role in alleviating the adverse impacts of climate stress
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on plants. Molecular studies on PPFM organisms reveals the presence of beneficial genes and
their regulatory systems. Further proteomics and metabolomics studies will help us to
understand molecular mechanisms related to plant interaction, explaining how PPFM
organisms induce plant growth, protect plants from various plant pathogens and how
various secondary metabolites produced by them manage draught, salinity, heavy metals
stress, nutrient deficiency and help in the bioremediation of contaminated soils. Those
findings will also help us in using this group of organisms as plant growth promoter and
modulator in a more effective way as bioactive compounds and secondary metabolites are
crucial in modern agriculture. Treatment of seeds during germination, seedling root before
transplantation and foliar spray with isolated PPFM organisms may be helpful in
amelioration of draught stress and in increasing yield and vigor of major crops of draught
infested areas including the coastal region where the crop plants get insufficient water
through their root system due to physiologically dry soil. So, further research on PPFM
organisms is needed to use these organisms more effectively as plant growth promoter for
improved productivity of various crops, spices and vegetables.
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