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Abstract

Phytohormones or plant growth regulators play a crucial role in plant growth and developmental process. Apart from the traditional plant
hormones studied so far i.e., auxin, gibberellins, cytokinin, abscisic acid, and ethylene, various other biomolecules are being reported
to act as hormones. Several novel plant growth regulators discovered in the recent past includes compounds like Melatonin, Serotonin,
Strigolactone, Harzianolide and Karrikins. Melatonin and Serotonin which were previously studied exclusively due to their function as
neurotransmitter in animals are also being reported in plants widely. These two hormones impart specific functions during biotic and
abiotic stress as well as plant growth and developmental processes. On the other hand Strigolactone previously reported as germination
stimulant for weed species, also has important function in plant architecture modification. Strigolactone also imparts resistance to plants
during abiotic stresses i.e. drought, salinity, heavy metal stress, temperature, nutrient starvation as well as various biotic stresses. It can be
used along with the major plant hormones- auxin and cytokinin to regulate organogenesis. Reports elucidating the nature of these newly
discovered biomolecules, there effects on plant growth and developmental processes as well as their interaction with other traditional
hormones and other organic and inorganic molecules keep open the door for further exploration. Harzianolide isolated from Trichoderma
harzianum was studied for its role in plant growth and systemic resistance. These secondary metabolites of Trichoderma promote plant
growth through better root development and activation of plant defense responses. Karrikins are a group of plant growth regulators found
in the smoke of burning plant materials are known to stimulate the germination of seeds. This paper reviews the literature supporting
evidence on different novel plant growth regulators and their potential roles in agriculture.
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1. Introduction germination stimulant for weed species, also has important
function in plant architecture modification. Arbuscular
mycchorrizal (AM) fungi respond to their host as well as non
host species by responding to this chemicals secreted by
these hosts. Apart from this, SL imparts resistance to plants
during abiotic stresses i.e., drought, salinity, heavy metal
stress, temperature, nutrient starvation as well as various

biotic stresses. It can be used along with the major plant

Plant growth regulators or plant hormones are endogenous
factors which play a crucial role in plant growth and
developmental process. Apart from the traditional plant
hormones studied so far i.e., auxin, gibberellins (GA),
cytokinin (CK), abscisic acid (ABA), and ethylene, various other
biomolecules are being reported which act as hormones.
These are broadly known as novel plant hormones. Among

these, melatonin and serotonin- previously identified in
animal kingdom and studied exclusively due to their function
as neurotransmitter, are also being reported in plant kingdom
widely. These two hormones impart specific functions
during biotic and abiotic stress as well as plant growth and
developmental processes. But the mechanism lying under
various physiological responses remains elusive. Transgenic
approach of study has enabled the researchers to propose
the probable mechanism of action of these hormones. On
the other hand strigolactone (SL) previously reported as
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hormones- auxin and cytokinin to regulate organogenesis.
A component of smoke-karrikin, has been reported to
be involved in seed germination by influencing GA/ ABA
ratio. Harzianolide, metabolic component of bio-control
agent- Trichoderma harzianum, shows auxin like activity
and influences early seedling growth. Reports elucidating
the nature of these newly discovered biomolecules, there
effects on plant growth and developmental processes as
well as their interaction with other traditional hormones and
other organic and inorganic molecules keep open the door for
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further exploration. Extensive studies on the unexplained and
unexplored facts about these potential growth regulators will
lead to development of various stress tolerant and improved
cultivars- which is the need of present scenario.

2. Melatonin

Melatonin (N-acetyl-5-methoxytrypalmitine), a well-known
animal hormone was first reported in plants during 1995
by several groups (Dubbel et al., 1995; Kolar et al., 1995;
Hattori et al., 1995). It has been detected and quantified in
different plant parts (shoots, laves, roots, fruits and seeds).
Melatonin possesses resemblances with auxin as both have
common precursors-tryptophan. There exists interrelation
between both the hormones. Melatonin plays important
role in reproductive development, circadian rhythm, cell
protection, vegetative development as well as responses to
both biotic and abiotic stresses (Arnao and Hernandez-Ruiz.,
2006). In 1997, Kolar et al., reported about the presence of
melatonin in chenopodium rubrum L. and also studied the
effect of changes in melatonin levels in light/dark cycles of
12 hours. Anincrease in its concentration during night led to
further experiments which concluded that biosynthesis of this
hormone shows a circadian rhythm (Wolf et al., 2001). This
variation of patterns among various plant species, tissues,
and organs was also reported in various plant species i.e.,
lupin and barley (Hernandez-Ruiz and Arnao, 2008), grapes
(Boccalandro HE et al., 2011), sweet cherry (Zhao et al.,
2012). Melatonin biosynthesis occurred under constant light
in senescent rice leaves and was nearly undetectable under
constant darkness (Tan DX et al., 2007). A remarkable evidence
of melatonin functioning as a stress protecting agent during
reproductive development was provided by Murch and Saxena
() in Hyperium perforatum L. Important effect of melatonin
as membrane integrity factor and protector of cold induced
apoptosis was observed during carrot cell suspension culture
(Lei XY et al., 2004). Increase in level of melatonin due to
oxidative stress was reported in various plants (Boccalandro
HE et al., 2011; Arnao and Hernandez-Ruiz., 2009; 2013).
Transgenic rice seedlings with elevated levels of melatonin
were found to be more resistant to herbicide induced
oxidative stress than their wild type counter parts (Park S et
al., 2013). It is also reported to have protective role against
UV and ozone damage (Tan DX et al., 2002; Paredes et al.,
2009; Wang P et al., 2013), altering photo-oxidation of the
photosynthetic system. At moderate level, it also protect
chlorophyll during senescence (Wang P et al., 2012; 2013,
Arnao and Hernandez-Ruiz, 2009; Sarropoulou V et al.,
2012) in diversity of plant species. Yin | et al (2013) reported
increases resistance to Marssonia apple blotch by exogenous
melatonin application. Melatonin also act as growth promoter
as auxin. A low melatonin level stimulates lateral root growth,
while higher levels promote adventitious root formation.
Inhibitory effect on lateral root growth at higher concentration
of the hormone implies a pathway independent of auxin (Park
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WJ, 2013). Various reports suggest the stimulatory effect
of melatonin in cotyledon expansion (Hernandez-Ruiz, and
Arnao, 2008) and hypocotyls growth (Hernandez-Ruiz, and
Arnao, 2004; 2005). Microarray analysis using endogenous
melatonin rich transgenic rice reported several genes that are
up or down regulated by elevated molecular levels (Byeon Y
et al., 2013). RNA sequencing technologies paved the new
pathway in the arena of melatonin research. Genomic level
study about the effect of both low and high levels of the
hormone concluded about the involvement of different
categories of genes responding differently to both the levels.
Transcript levels of many stress receptors were up-regulated.
Most identified genes in ABA, ethylene, salicylic acid, and
jasmonic acid pathways were up-regulated (Weeda et al.,
2014). Various reports about critical role of melatonin in
plant defense against both biotic and abiotic stresses need
further exploration. Further dissection of the melatonin
mediated pathways, its relation with photoperiodicity, apical
dominance, tropism (photo, geo and others) may lead towards
the novel strategies of crop improvement.

3. Serotonin

Like melatonin, serotonin (5- hydroxytryptamine) was
also discovered as animal hormone. Its presence in plant
was reported during 1954 in medicinal plant- cowhage(
Mucunapruriens) (Whitaker-Azmitia PM, 1999). Biosynthesis
of this hormone involves tryptophan. Tryptophan is
decarboxylated by the enzyme tryptophan decarboxylase
(TDC), which gives rise to another bioactive compound
tryptamine. In plants, modification in TDC- the rate limiting
enzyme, influences the serotonin levels (Erland et al., 2017).
In vegetative tissues of plants, the serotonin level was found
to be highest (Engstron K et al., 1999; Ramakrishna A et
al., 2012; Turi CE et al., 2013), but reproductive tissues i.e
flower, nut, and fruits possess higher level than vegetative
tissues (Grosse W et al., 183; Lavizzari A et al., 2006; Ly D
et al., 2008). Serotonin in involved in vegetative growth and
morphogenesis of the plant i.e promoting shoot production,
growth, and multiplication, biomass accumulation, delay in
senescence, seed germination, and somatic embryogenesis
(Erland LAE et al., 2015). Exogenous application of serotonin
in Hypericum

perforatum L. and Mimosa pudica L. led to increase in shoot
growth and application of mammalian inhibitor of serotonin
reduced the effect (Murch et al., 2001, 2004: Ramakrishna
A et al., 2009). Its positive effect on root growth was also
reported in walnut, mimosa, sunflower, barley- suggesting
its possible interaction with auxin in regulating the same
(Csaba G et al., 1982; Pelagio- Flores R et al., 2011; Gatineau
F et al., 1997). Variation in serotonin level was also found
in different stages of seed development in walnut and it
accumulated in cotyledon upon abscission (Grosse W et al.,
1983, 2011; Lembeck F et al., 1984). Role of this hormone
was also reported in modulating microspore development
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by interacting with cAMP signaling pathway (Erland et
al., 2017). It causes overall increase in seedling biomass
by influencing seed germination, coleoptiles weight, and
hypocotyls elongation (Csaba G et al., 1982; Mukherjee S et
al., 2014; Roschina, V.V., 2001). Though the role of serotonin
in regulation flowering and reproductive development in
several species along with gamete compatibility has been
reported, the idea about the happening of these processes
remains unclear (Erland et al., 2017). It plays pathogen specific
role regarding plant defense responses and influences other
downstream processes including programmed cell death and
free radical scavenging. It may also play in long distance and
rapid signaling response during pathogen attack (Erland et
al., 2017). The ability of serotonin in mediating influx of ions
into chloroplast suggests its capacity to increase survival rate
during salinity stress (Pickles VR et al., 1955; Roschina VV,
1990). The high capacity of serotonin to bind with cadmium
was supported by the up-regulation of its biosynthesis enzyme
TDC upon cadmium treatment in rice (Byeon Y et al., 2015).
Lee and Back (2017) reported that overexpression of serotonin
N acetyltransferase 1 in rice confers resistance to cadmium
stress and senescence. It also increases the grain yield. It plays
animportantrole in response to light in modern plants as well
regulates circadian and seasonal rhythms. The ubiquitous
distribution of this hormone in nature suggests its important
role during evolution (Erland LAE et al., 2016).

4. Strigolactone

Strigolactone (SL) group of compounds were first discovered
as growth stimulant compounds for weed species Strigalutea.
Lour, from root exudates of a false host- cotton (Cook et al.,
1966). Later it was found to be distributed in Striga host
i.e., sorghum, maize, proso millet (Siame et al., 1993; Hauck
et al., 1992; Muller et al., 1992). Another weed species
Orobranche was also reported to use SL as germination
stimulant (Yokota et al., 1998). The particular structural
specificity of having C-D ring moiety has been reported for
stimulating germination of various weed species (Yoneyama
et al., 2009). This property of SL can be exploited for better
management of weeds. Developing chemical analogues of SL
to induce suicide germination of the weed seeds and extensive
breeding programme to develop cultivars emitting SL at lower
level- can be followed for better exploitation of this novel
phyto-hormone (Tsuchiya et al., 2010). Tsuchiya et al., 2010
reported a group of cell membrane permeable structurally
similar small molecules as cotylemides (CTL) to increase
endogenous SL level. Further analysis in Arabidopsis also led
them to report that SL sensitize seed and seedlings to light
adapted development by regulating the accumulation of the
COP1 ubiquitin ligase, involved in light signaling. Strigolactone
has both endogenous and exogenous activity in plant. It has
been reported to inhibit axillary lateral meristem activity,
thus regulating shoot branching as well as plant architecture
(Gomez-Roldan et al. 2008; Umehara et al. 2008; Tsuchiya

w
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et al., 2010). Apart from auxin and cytokinin- two major
hormones widely known to regulate shoot branching, SL can
also be used for this purposes in tissue culture (Grobbellar,
2013) or commercially (Liang et al., 2010). While considering
exogenous activity, it is largely involved in symbiotic
relationship between arbuscullarmychorrhiza and their host
and non-host species (Akiyama et al., 2005, Parniske, 2008).
The structure—activity relationship of SLs as branching factors
was extensively studied by Akiyama et al. (2010),Besserer et
al. (2006). This phenomenon involves almost 80% species
of plant kingdom (Tsuchiya et al., 2010). It has significant
role during plant stress responses including drought stress,
nutrient starvation, salinity, temperature and pathogen attack
(Mishra S et al., 2017). Aroca et al. (2013) have suggested
that salt stress induced strigolactone production in AM
associated lettuce plants further triggers AM fungal growth
and thus helps to overcome stress conditions. Ha et al (2014)
reported positive regulation of salinity and drought response
in Arabidopsis through mediation of SL. Strigolactone lowers
the ABA to GA balance and increases cytokinin levels, which
positively affects seed germination. Under high temperature
stress, application of GR24 stimulates germination of SL
defective Arabidopsis mutant (Tsuchiya et al., 2010). It has
also been recognized as a compound to offer resistance to
specific pathogens (Marzec, 2016). Besides phytohormones
and other chemical compounds, SL level is also regulated by
phosphate levels i.e., SL production increases in shortage of
phosphate (Koltai., 2015).

5. Karrikins

Though chemicals in smoke were known to help in better
germination in some fire follower species, the first active
compound in smoke having the same activity was discovered
after using sophisticated techniquesi.e., gas chromatography-
mass spectrometry, and nuclear magnetic resonance during
2004 (Flematti et al., 2004). The first butenolide compound
discovered in smoke water and its analogs were named as
“karrikins” or KARs (“karik”- the word for smoke in Noongar
Aboriginals’ language of South-west Australia) (Waters M T,
2017). Karrikins show similarity with SL in having essential
butenolide moiety for bioactivity (Flematti et al., 2009),
germination stimulating activity (Flematti et al., 2004, Nelson
et al., 2012). The report of response to KARs in Arabidopsis,
a non- fire following species, became a boon for subsequent
scientific discoveries (Nelson et al., 2009). The response
to KARs in Arabidopsis in presence of Gas and light was
similar as that of fire following species (Nelson et al., 2009),
suggesting these compounds alone cannot overcome seed
dormancy rather requires other components to stimulate
seed germination (Merrit D et al., 2007; Long RL et al., 2011).
The similarities in chemical structure of KARs and SL revealed
various analogy and homology in many components of
signaling pathways of these two hormones (Flematti et al.,
2015; Morffy et al., 2016). KARs have inhibitory effect on
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hypocotyls elongation (Nelson et al., 2010, Waters and Smith
2013), enhance seedling photomorphogenesis by promoting
cotyledon expansion and chlorophyll accumulation (Nelson
et al,, 2010). Hence, it can be hypothesized to be an efficient
solution to alternate plant shade avoidance syndrome (Waters
M. T., 2017). The effect of KARs with other hormones involved
in germination i.e., GA and ABA was also studied. It was
reported that, ABA has negative effect on KAR activity while
GA is needed for KAR to increase seed germination (Nelson
etal., 2009). Considering another phytohormone Auxin, KARs
suppress the expression of IAA response genes (Yang et al.,
2004, Nelson et al., 2011; Gilkerson et al., 2015) and may also
accelerate germination process by suppressing the signals of
IAA. Apart from Arabidopsis and fire following species, KARs
are reported to have various effect on seed germination
activity of several crop species i.e., lettuce (Drewes et
al., 1995), tomato (Jain et al., 2006), soybean (Meng et
al.,2016) etc. Suicidal germination of agricultural weeds can
be achieved through KAR treatment in soil, which will help
eliminate weeds easily (Flematti et al., 2015). Waters M. T.
(2017) has suggested the reduction of pre-harvest sprouting
of soybean by spraying KARs solution on mother plant, as it
has inhibitory effect on soybean seed germination. Study on
effects of KARs on important crop species i.e., rice, wheat,
maize, pulses etc. should be of greater interest. There remains
various interacting pathways and further cross-talks of other
hormones with KARs to be elucidated which will enhance its
importance as a potent novel plant growth regulator.

6. Harzianolide

Harzianolide was discovered from cultures of the fungus
Trichoderma harzianum during the studies on metabolites
of this bio-control agent and was shown to be 3- (2’-
hydroxypropyl)-4-(hexa-2’, 4’- dienyl)- 2(15H)- furanone, by
NMR methods (Claydon et al., 1991). Till date it has been
isolated from three different strains of T. harzianum (Almasi
F etal., 1991; Claydon et al., 1991; Ordentlich A et al., 1992).
A study about bioactivity of this compound by Cai et al (2013)
revealed its role in both plant growth promotion and systemic
resistance induction. The results showed a significant increase
in growth of tomato seedlings by up to 2.5- fold (dry weight)
at a 0.1 ppm concentration of harzianolide while compared
with the control. It also influences early stages of plant growth
through better root development. This novel metabolite has
been reported to enhance seedling growth in tomato, canola,
wheat and show an auxin like activity on etiolated pea stems
(Vinale et al., 2006; 2008). It can act as auxin like compounds
which show dose dependent activity (Cai et al, 2013). Various
metabolic products of the T. harzanium strain are involved in
different biotic as well as abiotic stress responses (Vishevetsky
etal.,, 2011; Samolskietal., 2012; Ranaetal.,2012; Caloetal..,
2006; Dana yet al., 2006). Again different studies have been
done regarding role of harzianolide in inducing the expression
of the genes involved in the salicylic acid, jasmonate/ ethylene
o
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signaling pathway (Cai et al., 2013; Vinale et al., 2008). Hence,
the role of harzianolide in regulation of biotic and abiotic stress
management by influencing different hormonal signaling
pathway can be studied extensively. The role of this novel
metabolite as plant growth regulator still provides a vast area
of exploration.

7. Conclusion

Role of SLin various stress tolerance should be more exploited
more. Likewise, a clear concept of mode of action of serotonin
and melatonin still needs further investigations. Role of these
hormones in stress management along with interaction with
other hormones as well as signaling pathway should be the
focus of study. An unexploited arena of research is karrikins
and harzianolide as potent plant growth regulators, still
remains to be untangled. This may lead to develop stress
tolerant cultivars with high yielding ability.
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