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Plants possess physical and chemical defenses which have been found to deter
herbivores that feed and oviposit on them. Despite having wide variety of defenses
which can be constitutive or induced, plants are attacked and damaged by insects
associated with different mouthparts and feeding habits. Since these defenses are
costly, trade-offs for growth and defense traits play an important role in warding
off the herbivores, with consequences for plant and herbivore growth, development
and fitness. Solanum is a diverse and rich genus comprising of over 1,500 species
with economic and ecological importance. Although a large number of studies on
Solanum species with different herbivores have been carried out to understand plant
defenses and herbivore counter defenses, they have primarily focused on pairwise
interactions, and a few species of economic and ecological importance. Therefore,
a detailed and updated understanding of the integrated defense system (sum of total
defenses and trade-offs) is still lacking. Through this review, we take a closer look
at the most common plant defense hypotheses, their assumptions and trade-offs
and also a comprehensive evaluation of studies that use the genus Solanum as their
host plant, and their generalist and specialist herbivores from different feeding gquilds.
Overall, review emphasizes on using ubiquitous Solanum genus and working toward
building an integrated model which can predict defense-fitness-trade-offs in various
systems with maximum accuracy and minimum deviations from realistic results.
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Background

To protect against herbivores that constantly attack them, plants have evolved defenses that have
direct detrimental effects on herbivores affecting their movement, growth, development, feeding,
oviposition (Kessler and Baldwin, 2001; Rostas et al., 2003). Plants also harm herbivores indirectly
by attracting their natural enemies such as predators and parasitoids (Gols et al., 2008). Both direct
and indirect defenses can be constitutive and/or induced (Karban et al., 1997). Constitutive defenses
are present regardless of herbivory pressure and consist of surface wax, cuticle, trichomes, and other
physical barriers or chemical defenses which deter the establishment of insect pests or affects its
growth and development (Gatehouse, 2002). On the other hand, induced defenses are activated as
the response to pest attack, which can enhance the plant resistance to the further attack of that insect
pest and/or for pests possessing different feeding guilds (Karban and Myers, 1989). Physical defenses,
also called structural or mechanical defenses, are the structural modifications that plants possess to
deter herbivory. These are also the first line of defense owned by plants which comprise spines,
thorns, trichomes and plant waxes. Spines are sharply pointed modified petioles, midribs, veins or/
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and stipules and provide protection to the plants against herbivory
(Hanley et al., 2007; Kariyat et al., 2017). Trichomes are the hair like
protuberances from different parts of the plants. These have defensive
function against herbivory by acting as a physical barrier, impeding
insect movement, delaying or/and deterring herbivore feeding and
oviposition, thus making them exposed longer and vulnerable to its
predators (Levin, 1973; Dalin et al., 2008; Peiffer et al., 2009; Kaur J. and
Kariyat R. R., 2020). Chemical defenses are chemical compounds which
are stored in the plant tissues (constitutive) or induced in response to
herbivory (induced; Ryan, 1990; Turlings and Benrey, 1998; Sun et al.,
2019). These include but are not limited to volatile organic compounds,
salicylic, ethylene and jasmonate pathways and various other primary
and secondary metabolites including antibiotics, alkaloids, and terpenes,
to name a few (Ryan, 1990; Kessler and Baldwin, 2001; Rivard et al.,
2004; Howe and Jander, 2008; Degenhardt et al., 2010; Singh et al.,
2021). Besides constitutive and induced defenses of plants, tri-trophic
interactions of host plants with parasitoids and predators of herbivores
also provides them with an additional line of defense. Sometimes the
feeding damage done by herbivores to host plants invites herbivore’s
natural enemies. Plants release volatiles to attract natural enemies such
as predatory mite, Phytoseiulus persimilis (Mesostigmata: Phytoseiidae)
as seen in case of tomato plants, Solanum esculentum (Solanaceae) when
they are fed by two-spotted spider mite, Tetranychus urticae
(Trombidiformes: Tetranychidae; Kennedy, 2003).

Although plants have evolved an astonishing variety of defenses that
include physical and chemical defenses, that could be constitutive or
induced. Insect herbivores still feed extensively on plants causing
continuous damage affecting their fitness. Over a long period of
evolutionary history, insect herbivores have evolved a wide array of traits
including modifications to their feeding habits and mouth parts.
Additionally, to continue their predatory relationship with plants, they
also possess elaborate mechanisms and behavioral modifications to
avoid, process, sequester, or excrete plant defenses and defensive
compounds allowing them to initiate feeding. For instance, herbivores
such as caterpillars and beetles having chewing and biting type mouth
parts feed on leaves and cause significant photosynthetic tissue loss
(Rowell and Simpson, 1992; Wise, 2007). Sucking and piercing type
herbivores such as true bugs and aphids. Feeding by sucking and
piercing type herbivores such as true bugs and aphids, not only lead to
loss of photosynthates from vascular tissues, but also transmit viral
diseases (Wisler et al., 2007; Ishikawa and Takahata, 2019). The tiger
wing butterfly, Mechanitis isthmia (Lepidoptera: Nymphalidae) have the
cooperative feeding and webbing behavior on solanaceous plants
covered with dense trichomes as a behavioral adaptation to evade
defenses. The young larvae of these butterflies shave the trichomes to
feed on leaf tissues and construct silken webs to avoid their piercing by
trichomes (Young and Moffett, 1979). Tobacco hornworm, Manduca
sexta (Lepidoptera: Sphingidae) feeding on tobacco, Nicotiana spp.
(Solanaceae) is adapted to feed and efficiently excrete nicotine, a
pyridine alkaloid possessing insecticide properties. Monarch butterfly,
Danaus plexippus (Lepidoptera: Nymphalidae) is adapted to feed on,
sequester and use toxic cardenolides in milkweed, Asclepias sp.
(Apocynaceae) to protect itself against predators (Malcolm, 1994). For
more specific details on Solanum herbivores and their feeding habits, see
Supplementary Table 1.

Since plant defenses are costly (Baldwin, 1998; Kariyat et al., 2013;
Yip et al., 2019; Garcia et al., 2021) taking up already limited resources
originally allocated for their growth and reproduction, plants are found
to exhibit trade-offs for growth, reproduction, and defense traits (Bazzaz
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etal, 1987; Kariyat et al., 2013). In general, available plant resources and
their sources, i.e., leaves and roots determine the plant growth,
commonly measured as the biomass gain over time. This gain in biomass
is the result of conversion of primary metabolites into cellular building
blocks (Shih, 2018). Where herbivory has a quantifiable negative impact,
it leads to the redirection of this energy and matter from growth to
defense traits and hence the trade-offs for growth and reproduction
comes into play. For natural and unmanaged systems, in which the cost
of defense has major effects on the evolutionary trajectory of the species,
these trade-offs can have both short- and long-term effects on fitness.
However, one of the true measures of plant fitness—the number of
successful offspring it can produce in future generations is difficult to
measure in such systems, when compared to the agro-ecosystems, where
seed set or general plant growth/ biomass can be used as a measure of
its fitness and thus, easier to measure (Stireman et al., 2005). To
understand the mechanisms governing plant defense trade-offs in both
natural and managed ecosystems, with both pairwise and multi-trophic
interactions involving biotic and abiotic factors, various hypotheses and
theories have been put forward and tested. In this review, we revisit
some of the major theories and use Solanum genus as a model to explain
the assumptions and trade-off traits, providing suggestions for additional
lines of inquiries.

Solanum—The study model

Solanaceae is a diverse plant family consisting of ~90 genera
and ~2,700 species which are found in all habitats ranging from dry
deserts to wet tropical rainforest and have growth habits ranging from
small ephemeral herbs to large perennial trees (Gebhardt, 2016). Among
all the genera in Solanaceae, Solanum genus contributes for over 1,500
species in the family (Tchatchouang et al., 2017). This diverse group can
be a good study model as it contains economically important food crops
such as potato (Solanum tuberosum), eggplant (S. melongena) and
cultivated tomato (S. lycopersicum); drug plants including bittersweet
nightshade (S. dulcamara), dutch eggplant (S. aculeatissimum) and
New Zealand eggplant (S. aviculare); ecologically important weeds
including horsenettle (S. carolinense), silverleaf nightshade
(S. elaeagnifolium), earleaf nightshade (S. mauritianum), black
nightshade (S. nigrum) and American black nightshade (S. americanum);
annuals including hairy nightshade (S. sarrachoides) and west Indian
nightshade (S. ptychanthum); perennials including horsenettle
(S. carolinense) and silverleaf nightshade (S. elaeagnifolium); self-
compatible species including pepino (S. muricatum), hairy nightshade
(S. villosum); self-incompatible including the ornamental nightshade
(S. bulbocastanum) and jasmine nightshade (S. jasminoides; Symon,
1981; Rushing et al., 1985; Blackshaw, 1991; Hermanutz and Weaver,
1996), and species with plasticity in self-incompatibility (S. carolinense,
S. elaeagnifolium; Kariyat et al., 2012a). In addition to this, sequenced
genomes of species such as tomato (S. lycopersicum) and potato
(S. tuberosum; The Potato Genome Sequencing Consortium, 2011; The
Tomato Genome Consortium, 2012) makes the genus amenable for
genome wide molecular work for conspecifics (Kariyat et al., 2012b).

The Solanum defense phenotype

The high species count, and a wide range of growth habits have led
the genus Solanum to evolve tremendous variation in defense traits. The
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species in the Solanum genus have both constitutive and induced,
physical and chemical defenses against herbivory that show variation
both inter and intraspecifically, with consequences for trophic
interactions. Structural defenses in Solanum mainly consist of trichomes,
spines and waxes. An enormous variation in morphology, types, density
and dimensions have been reported for trichomes of Solanum (Anjana
et al., 2008; Howe and Jander, 2008; Kim et al., 2012; Cho et al., 2017;
Kariyat et al., 2018; Watts and Kariyat, 2021a, 2022), with variation for
density and types on abaxial and adaxial surfaces, with functional
consequences for herbivores (Malakar and Tingey, 2000; Horgan et al.,
2007; Kariyat et al., 2013; Kaur I. and Kariyat R. R., 2020; Watts and
Kariyat, 2021b), a similar trend of interspecific variation and anti-
herbivore defenses functions have also been found for spines (Kariyat
etal, 2017), and epicuticular wax (Watts and Kariyat, 2022). Moving
past the structural defense barrier in Solanum, the herbivores are then
exposed to a gamut of chemical defenses starting from the leaf surface
messengers, Ca’* and Reactive Oxygen Species (ROS). For example.,
study in tomato have demonstrated that, the oral secretions of tobacco
hornworm caterpillars induce ROS, which are then suppressed in the
presence of a Ca** chelator, suggesting herbivore-associated elicitor
induced signaling pathway (Gandhi et al., 2020; further reviewed in
detail in Gandhi et al,, 2021). Along with oral secretions, excreta or
oviposition fluids are also known to act as chemical cues perceived by
transmembrane pore proteins in Solanum (Gandhi et al., 2021). More
interestingly, the plants of Solanum carolinense has shown trade-offs
between constitutive and induced defenses (Kariyat et al., 2013) where
the insect suppression reduced the induced resistance significantly more
than the constitutive defenses (Coverdale and Agrawal, 2022). The
intraspecific variation in Solanum genus also can also lead to differential
chemical defense induction (Campbell et al., 2013; Calf et al., 2018;
Miiller et al., 2020) in herbivores with similar feeding habits. Tomato
plants when fed by the corn worm, Helicoverpa zea (Lepidoptera:
Noctuidae) altered more metabolites than feeding by tobacco
hornworm, and that includes defense related metabolites such as
phenolics and precursors of amino acids (Steinbrenner et al., 2011).
Also, the alteration and reallocation of primary metabolites and the
differential induction of metabolites in different leaves have been
documented where tomato plants when damaged by tobacco cutworm,
Spodoptera litura (Lepidoptera: Noctuidae) resulted into reallocation of
primary metabolites like sugars and amino acids from local to systemic
leaves. Differential defense related response was observed as local leaves
increased lignin accumulation, and systemic leaves had significant
induction of secondary metabolites including chlorogenic acid, caffeic
acid and catechin (Kundu et al., 2018). While hormonal signaling
pathways and the gene networks (Kariyat et al., 2012b) that mediate
them warrants a stand-alone review, in a nutshell—the phytohormone
Jasmonic acid is found to play a very important role in plant defense
against herbivores (Howe and Jander, 2008). When chewing herbivores
damage plants, it leads to activation of Jasmonic acid signaling pathway
that leads to both direct toxin induction and also indirect defenses
through the induced emission of various herbivore induced plant
volatiles (HIPV’s), which can act as antifeedants and also as cues for
predators or parasitoids (Kariyat et al., 2012a,b). These defensive
volatiles can be produced either locally or systemically and can
be flavonoids, terpenoids and alkaloids (Wasternack and Parthier, 1997).
For example, on attack by Tuta absoluta, the tomato plants emit volatiles,
induced by jasmonic acid which as a result attracts mirid predators
(Silva et al., 2018). To mitigate the omnipresent impact of herbivory,
plants use trade-offs, and in Solanum, the trade-offs vary by species,
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breeding status and genetic variation of plants (inbred vs. outbred,
maternal families), plant characteristics, herbivore, and environmental
conditions as well.

Taken together, we have innumerable studies of plant defenses
(Wilkens et al., 1996; Lawrence et al., 2008; Alba et al., 2009; Horgan
etal, 2009; Kaplan et al., 2009; Rodriguez-Lopez et al., 2011; Tian et al.,
2014; Kundu et al., 2018; Kariyat et al., 2012a,b, 2017, 2018, 2019; Taher
et al,, 2019; Kaur I. and Kariyat R. R., 2020; Kaur J. and Kariyat R. R,
2020) and trade-offs (Wise and Sacchi, 1996; Cipollini et al., 2004; Walls
et al., 2005; Wise et al., 2008; Underwood and Halpern, 2012; Kariyat
et al., 2012a,b, 2013) possessed by Solanum plants in case of their
interactions with herbivores. However, how defenses and trade-offs
function simultaneously in plants to ward-off herbivores has not been
recently discussed at length. To address this, in this review, we used
Solanum genus as a model to re-explore trade-offs for defenses by plants
infested by herbivores varying in their feeding habits and specialization
on host plants.

Major hypotheses in plant defenses

Growth-differential balance hypothesis
(GDBH)

Proposed by Loomis (1953), this hypothesis states that plant
defenses are a result of a trade-off between ‘growth-related processes’
and ‘differentiation-related processes’ in different environments. Growth
related processes refers to cell division and enlargement, and
differentiation related processes refers to changes in cells leading to their
maturation and specialization. For example, in case of interaction of
pine trees (Pinaceae) with southern pine beetle, Dendroctonus frontalis
(Coleoptera: Curculionidae), spring was found favorable for the beetles
to attack their host when most of photosynthates are used for growth-
related process of the trees. However, in summer, resin flow (as a result
of differentiation) increases and provides resistance to beetles to attack
the host (Lorio, 1986). Herms and Mattson (1992) also stated that the
plants are in dilemma of increasing their growth to the fullest (growth
process), and to maintain defenses (differentiation process) against
herbivores and pathogens during the growth period to ensure their
survival. The availability of resources also play role in the growth-
differential balance. This was supported in the tomato plants
(Solanaceae) when the allocation of resources to defense related
characters and growth-related characters was evaluated over different
levels of resource availability. With low resource allocation, there was
low sugar phenolics and plant biomass. With intermediate number of
resources, plants had high phenolics but lower growth. In contrary, with
high resource availability, plants had high biomass but very low
phenolics concentration (Wilkens et al., 1996). This idea was also
supported by (Massad et al., 2012) through finding a negative
relationship between Flavans, a class of chemical defenses (differentiation
process) and biomass accumulation (growth process) in Pentaclethra
macroloba (Fabaceae), but only in resource abundant environment.
However, Wilkens et al. (1996) conducted an experiment on tomato
plants by providing high and low levels of water and light, and contrary
to the hypothesis found that the intermediate resource available plants
exhibited more growth relative to high resource available plants.

Stamp (2004) states that GDBH is most mature hypothesis of all
hypotheses. Although Herms and Mattson (1992) described the
framework to test it, Stamp (2004) elaborated it cannot be tested directly
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and rigorously as in case of most of the other hypotheses. In case it must
be tested, considerable efforts and methodology setup is required, which
makes extraction of data to validate and test this hypothesis much
harder than the other hypotheses. This hypothesis was developed from
empirical data of plants growing mostly in temperate systems, and thus
whether it is applicable and justifies growth-differentiation in hot and
tropical climates is questionable. Hattas et al. (2017) conducted a study
on deciduous savanna woody species Combretum apiculatum to explore
the fashion of secondary metabolite allocation and whether it is along
the line stated by growth-differentiation hypothesis. GDBH could not
explain the secondary metabolite allocation in this species, but carbon
nutrient balance hypothesis (stated below) could partially explain the
allocation of few secondary metabolites.

Another study was conducted by Heckman (2011) to compare and
contrast GDBH and optimal defense theory (stated below) with tissue
palatability by two different herbivores on seaweeds at two locations in
Caribbean Island. GDBH could not predict herbivore relative palatability
and thus, was concluded a poor predictor. However, optimal defense
hypothesis supported the feeding pattern of herbivores, however it was
also concluded a poor predictor. Overall, there are multiple studies
which could not agree with GDBH (Barto and Cipollini, 2005; Heckman,
2011; Hattas et al., 2017) and there is much difficulty associated with
testing it which makes it unfavorable to be studied in more plant-
herbivore systems.

Plant apparency hypothesis (PAH)

Feeny (1976) proposed Plant Apparency Hypothesis stating that the
plant will invest more in broadly effective defenses when plants are easily
found or are more “apparent” to the herbivores. For example, long lived
trees and perennials are present throughout the year, are more apparent
to their herbivores and thus invest more in their defenses. On the other
hand, short-lived plants and annuals are less apparent plants and thus
invest less in defenses and that too against most specialized herbivores.
The apparent plants will either develop chemical defenses which are
quantitative, or which are digestibility reducers like tannins, and the
non-apparent ones will have more of qualitative defenses such as
glucosinolates and alkaloids (Rhoades and Cates, 1976). For example,
Wiklund (1984) found that the ovipositing females tend to perceive
plants with big and colorful flowers as compared to less apparent plants
having small flowers. Begon (1984) differentiated the species into
r-strategists (high reproduction capacity) and k-strategists (less rate of
reproduction but high survival potential) and Coley et al. (1985)
suggests that the r-strategist species are the ones that expand quickly and
have a brief life cycle, invest in the quality (mobile defenses, which are
qualitative defenses and present in low concentrations) of defense
compounds rather than the quantity (immobile defenses, found in high
concentrations and are inactive metabolically). Coley et al. (1985) also
proposed the idea that weeds and herbs contain very toxic low-molecular
weight compounds, as these plants are short-lived and hence invest on
qualitative compounds. The role of apparency theory was also proposed
in accessing the selection of the medicinal herbs by local people (Stepp
and Moerman, 2001). De Almeida et al. (2005) on the other hand, when
tested the apparency theory on various medicinal plants, found that the
plants categorized into k-strategists contained high amounts of
quantitative compounds as proposed in the apparency hypothesis.

There are some more studies which contradict with this hypothesis.
For example, tannic acid, which was believed to be an important
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quantitative defense (apparent plants), was reported to fail to inhibit
digestion of protein in tobacco hornworm caterpillars (Martin et al.,
1987). In some cases, the plants belonging to the same apparency levels
are known to have different levels of defenses. Smilanich et al. (2016) did
a meta-analysis to conclude whether plant-apparency matters for
herbivores and kind of defenses against them. By taking into account
158 published papers, they could conclude that quantitative defenses are
majorly present in woody plants and qualitative defenses are primarily
present in herbaceous plants, however, quantitative defenses were more
impactful against specialist herbivores and qualitative defenses did not
differentiate between specialist or generalist herbivores for both
apparent and non-apparent plants. Moreover, difficulty to measure
apparency as well as the failure of application of this theory to plant
species falling into extreme ends of apparency has restricted the further
studies in importance of this hypothesis.

Optimal defense theory (ODT)

Mckey (1979) proposed Optimal Defense Theory stating a few
principles of resource allocation. Firstly, the plant parts unlikely (roots)
to be attacked by herbivores have low constitutive and more induced
defenses, and plant parts likely (leaves and reproductive parts) to
be attacked by herbivores have more constitutive and less induced
defenses. And secondly, plant resources are allocated to the more
valuable plant parts which are more exposed to the damage by
herbivores. This theory has been found consistent with practical
observations in various cases (Keith and Mitchell-Olds, 2017) together
with the one done by (Zangerl and Rutledge, 1996) in which artificial
damage was done to various plant parts of wild parsnip, Pastinaca sativa
(Apiaceae), and the constitutive defenses were highest in leaves and
reproductive parts, as these two plant parts were most attacked by
herbivores and induced defenses were highest in case of roots, which
were least attacked by herbivores. Similarly, Ohnmeiss and Baldwin
(2000) had observations consistent with the ODT, but in relation to
fitness values of the tissues. Leaves when removed from the bolting stage
of plants caused highest fitness ruinous and these leaves were found to
have higher constitutive and induced nicotine compared to the leaves of
vegetative or flowering plants. Higher constitutive defenses were found
consistent with the theory, but higher induced defenses were not. The
ODT theory was very appealing to the scientists as it provided early
framework to test the cost of defense as well as the genetic expression of
plant defense. A meta-analysis done by McCall and Fordyce (2010) also
concluded that it can be generally agreed that the chemical defenses are
present in higher amounts in the plant parts that can be considered to
be of higher value than the other ones.

Along with some studies not completely agreeing with ODT (Barto
and Cipollini, 2005; Heckman, 2011), this theory always remained
difficult to test due to the difficulty in testing costs of fitness directly.
Besides, Pavia et al. (2002) suggested to not to rely completely on
originally proposed theories, but to study life history variation among
species and populations along with demographic elasticity analysis, and
to use it as a tool to put value on fitness on different plant parts. This
can further be used to make assumptions and to test those assumptions.
Further, in realistic conditions, it can be hard to assign some part of
plant as more valuable than the other. This adds another layer of
complication to understanding and justifying this theory when
response of plants if studied with multiple stresses act on the plants at
the same time, especially when the stresses trigger different spatially
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separate contrasting response pathways in plants. For example,
pathogens trigger the immune responses, but abiotic stresses trigger
physiological and molecular changes. Thus, Wolinska and Berens
(2019) suggested that plant responses should be studied in response to
‘combined stresses’ as seen in nature rather than plant response to just
one stress at a time.

Carbon: Nutrient balance hypothesis/
environmental constraint hypothesis/carbon
nutrient balance model (CNBH)

Bryant et al. (1983) and Tuomi et al. (1988) proposed this
hypothesis in which they stated that plants tend to provide defenses
against herbivory by aligning the carbon: nitrogen ratio in the
environment in such a way that plants growing in nutrient deficient
(especially N) soils tend to produce carbon-based defenses and those
growing in C deficient (shade, CO,) environment tend to produce N
based defenses. Low nutrient adapted plants have slow growth rates
and thus respond to herbivory by increased production of thorns
(Muckadell, 1962), repellent secondary metabolites and carbon-based
defenses such as tannins and terpenes (Mckey, 1979), and carbon
deficient plants tend to escape herbivory by rapid growth and
accumulating compounds such as alkaloids, cyanogenic glycosides and
various other N based compounds. Moreover, in shaded conditions,
the leaf palatability tends to increase, due to decrease of carbon-based
secondary metabolites (Bryant et al., 1983). Many studies have
conducted to test this hypothesis by altering the levels of fertilization
as well as giving differential shade and sun conditions. For example, in
Ilex vomitoria, the predictions of this hypothesis were supported when
the levels of alkaloids were increased many times on application of
ammonium nitrate (Palumbo et al., 2007). A study by Price et al.
(1989) in which they looked at intraspecific variation of phytochemicals
with carbon: nitrogen variation in arroyo willow, Salix lasiolepis
(Salicaceae) strongly supported carbon nutrient balance model.
However, a strong contradiction of this hypothesis is found in Solanum
viarum, where the beetle Gratiana boliviana, was found to cause more
damage to the plants growing in full sun as compared to the plants
growing in shaded conditions (Kariuki et al., 2016). Most of the studies
testing this hypothesis have relied on testing on a few nitrogenous and
non-nitrogenous secondary metabolites and not the total metabolites.
Along with this, it is also difficult to explain the rapid induction of
defense in response to the herbivore damage with the help of carbon
nutrient shifts (Stamp, 2003).

There are some studies in which CNBH only partially explains the
changes in defense related metabolites. For example, Massad et al.
(2012) grew oil bean tree, Pentaclethra macroloba (Fabaceae) under
three levels of nitrogen, and trade-offs related to production of saponins
and flavans (two classes of defense molecules) were examined by
quantifying physiological costs of plant defenses by measuring
photosynthetic parameters and plant biomass. They found that flavans
declined with nitrogen but saponins increased, thus findings were
partially in favor of CNBH.

Although the tests of CNBH are not always in favor of the model
predictions (Fajer et al., 1992), Lerdau and Coley (2002) hold an opinion
that CNBH is still a useful model for ecological research involving
resource allocation as response variable and considering large pool of
compounds and biosynthetic pathways of secondary metabolites.
However, a comprehensive study by Hamilton et al. (2001) and a strong
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opinion by Koricheva (2002) lead to almost total rejection and failure
of CNBH.

Resource availability hypothesis (RAH)

Coley et al. (1985) proposed Resource Availability Hypothesis
which revealed that defenses provided by plants against herbivores
depend on the inherent growth rates of plant, which in turn, will
depends on the resource availability to the plant. The hypothesis
predicts that the species adapted to resource rich environments have
faster growth, shorter lifetimes, lower amounts of constitutive defenses
and higher inducible defenses. The plant species adapted to resource
poor environments have slower growth, longer lifetimes and invest
higher in constitutive defenses (Endara and Coley, 2011). Many studies
strongly support this hypothesis. A few of those are: An experiment was
performed by Fine and Mesones (2011), in which 20 plant species
among which some were clay (nutrient rich) specialists and others were
white sand (nutrient deficient) specialists, were grown in clay soil and
white sand, both with and without herbivores. The clay specialists
performed better in both soil types when there were no herbivores, but
white sand specialists dominated in white sand and clay specialists
dominated in clay soils when herbivores were present, indicating that
the white sand specialists did not respond to the protection provided,
presumably because of higher constitutive defenses against herbivores.
Also, chemical analysis revealed significantly higher tannin: protein
ratio in white sand specialists than clay specialists. In tomato cultivars,
low levels of phenolics were found to be produced in plants applied
with less concentrations of potassium nitrate as compared to the ones
with intermediate and high concentrations of fertilizer, showing
consistency with growth rate hypothesis (Wilkens et al., 1996). Other
few studies conducted in different habitats and with different host
plants were also in favor of RAH (Bryant et al., 1983). Massey et al.
(2007) also confirmed RAH when tested the 18 grass species for their
growth and defense rate and found a negative relationship between
them. Endara and Coley (2011) also confirmed through a
comprehensive study that RAH can serve as a reliable and a robust
concept for predicting plant growth and defense trade-offs. Because of
such a high support from empirical data over the years, RAH is
considered as the most successful theory to explain and predict growth-
defense trade-offs in plants (Gianoli and Salgado-Luarte, 2017; Lopez-
Goldar et al., 2020).

Another lesser tested Protein Competition Model (PCM; Jones and
Hartley, 1999) hypothesizes the allocation and concentration of total
phenols in higher terrestrial plants for slow vs. fast growing species as
resource availability changes (Jones and Hartley, 1999). The prediction
of PCM fit generally observed prediction and thus, it arguable
compliments GDBH and RAH.

With many strongly supporting studies, there are some studies who
rejected RAH based on their prediction and results (listed in Endara and
Coley, 2011). One of those studies was done by Hernan et al. (2019) in
which intra-specific variation in resource availability and plant defenses
was examined. RAH has opposite patterns when it comes to intraspecific
variations, as seen in some studies (Lamarre et al., 2012; Hahn and
Maron, 2016). However, Herndn et al. (2019) found the results as
predicted in interspecific examination. This emphasizes the need to
better understand RAH, especially for intra-specific variations. Further,
Lopez-Goldar etal. (2020) found the predictions of RAH intraspecifically
and found a strong positive relationship between resource availability
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and constitutive defenses, however, no trade-off between constitutive
and inducible defenses was found.

Conclusion

As discussed in this review, plant growth defense trade-offs are well
illustrated by the diverse members of Solanum genus defending against
even more diverse community of insect herbivores
(Supplementary Tables 1, 2). There is always a balance that plants strike
between growth and defense, governed by maintenance of optimal
fitness. There is a wide array of plant defense mechanisms against the
herbivores belonging to different types of feeding guilds
(Supplementary Table 1), and hence the trade-offs associated with them
are also very diverse. The chewing type herbivores induce JA pathways
and other related defenses (Figure 1; Redman et al., 2001), but the sap
sucking herbivores are known to induce SA pathway defenses (Figure 1;
Tan and Liu, 2014). Owing to the active research on the costs of plant
defenses, our understanding of the mechanisms governing these trade-
offs has been enhanced in past few decades. However, our knowledge is
still scant on the economics of cost vs. quality in terms of defense and
growth, and there are several issues which still need to be addressed.

Most of the hypotheses have not been tested vigorously. Realistically,
testing of proposed hypotheses directly and including all components of
the hypothesis is near to impossible (Stamp, 2004). Assuming that
testing is possible, whole setup required for testing hypotheses required
intensive amount of work, place, labor, money etc., to list a few factors
which limits the studies and rigorous testing of hypotheses. Another
major issue with some hypotheses is the lack of proper definition/
equation for different factors being used in defining the hypothesis
(Smilanich et al., 2016). For example, some of the constraints in plant
apparency hypothesis include: how to differentiate between a specialist
and a generalist herbivore? What exactly apparency is? How can it
be measured? In most of the studies which tested some hypotheses, a
pairwise comparison has been done using a couple of plant species or in
contrasting climatic conditions, however whether the same results apply
to other systems is not definite (Pavia et al., 2002). Furthermore, some
results are justified partially with one hypothesis and partially with the
other hypothesis (Heckman, 2011). Some hypotheses apply only to a
certain sub-category of plant-insect interaction niche, as seen in case of
apparency hypotheses, which focus primarily on comparing defenses of
perennial plants/trees with annuals. Although trade-offs deal with costs
of fitness, measuring the costs of fitness directly is difficult especially in
case of optimal defense hypothesis and thus, can lead to completely
different results for experiments performed by two different scientists.
In numerous extreme cases, the hypothesis completely fails to explain
the defense-growth pattern in plants when attacked by herbivores (Barto
and Cipollini, 2005; Heckman, 2011; Hattas et al., 2017). Additionally,
none of the studies that we found have investigated trade-offs in case of
co-infestation or sequential infection by two or more herbivores.

There is no hypothesis which has been accepted universally so far
and is perfect and all of them has their own flaws and contradictions.
Scientists over decades suggested amendments to the hypothesis based
on different systems and results obtained over the years. These
amendments occasionally work and obtained results match the
predictions (Lopez-Goldar et al., 2020). Despite the changes, some
hypotheses have completely been rejected do its utmost failure, other
have been partially accepted with a hope of improvement and some have
been widely accepted. For example, Plant apparency hypothesis and
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FIGURE 1

Schematic representation of the plant defense mechanisms to the
herbivores belonging to different types of feeding guilds and the
trade-offs associated with them. As the plant defenses are
expensive, plants display a balance between the allocation of their
limited resources for growth and defense. Plants under attack of
leaf chewing herbivores generally lead to activation of Jasmonic
acid signaling pathways which then emits various Herbivore
induced plant volatiles (HIPV's), which can act as antifeedants and
also can act as cues for predators or parasitoids. These defensive
volatiles can be produced either locally or systemically and can
be flavonoids, terpenoids and alkaloids (Wasternack and Parthier,
1997). For instance, plants of family Solanaceae secrete
Glycoalkaloids on infested by Leptinotarsa decemlineata, which
acts as antifeedant for these herbivores (Pelletier and Tai, 2001).
Tomato plants infested by leaf minor, Tuta absoluta emits
Herbivore induced volatiles (HIPV) induced by Jasmonic acid,
which attracts three mirid predators, Macrolophus basicornis (Stal),
Engytatus varians (Distant), and Campyloneuropsis infumatus
(Carvalho; Silva et al.,, 2018). In another example, on infestation by
two-spotted spider mite, Tetranychus urticae, the tomato plants
emitted volatile tarpenoids which attracted the predatory mite,
Phytoseiulus persimilis (Kant et al., 2004). The defenses induced by
Jasmonic acid, comes with a cost. Plants on attack by Manduca
sexta, increased the levels of JA induced defense chemicals
namely, polyphenol oxidase and peroxidase, however it leads to
lower fruit set as well as lesser seed set (Redman et al., 2001).
Likewise, plants of Solanum carolinense, when treated with
Jasmonic Acid, showed lower relative growth, less root mass along
with less aboveground mass (Walls et al.,, 2005). It was reported
that the HIPV's (Herbivore Induced Plant Volatiles) induced in
Solanum peruvianum decreased the pollinator attraction and
hence less seed set was observed in plants. Moreover, the bees
used those volatiles cues to avoid herbivore infested
inflorescences (Kessler et al., 2011). When it comes to phloem
feeders, the defense signaling is mainly induced by Salicylic acid
pathway. For example, plants under attack of aphids, Myzus
persicae deter the attack by Bemisia tabaci and emit volatiles
which tend to attract various general as well as aphid specific
natural enemies (Tan and Liu, 2014). Interestingly, Datura wrighti
exhibit a trade-off between plant resistance to whitefly and
susceptibility to mirid bug, Tupiocoris notatus where the glandular
trichomes inhibit the colonization of whitefly but increases the
oviposition by T. notatus (Van Dam and Hare, 1998).
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carbon nutrient balance hypothesis have been almost completely
rejected, growth-differential balance hypothesis and optimal defense
hypothesis have been partially accepted, and resource availability has
been the most accepted hypothesis as it justifies most of the studies, their
predictions and obtained results. And thus, it has been adopted the most
and considered to be the best hypotheses to explain defense-fitness-
trade-offs in plants.

One of the solutions for several of the above-mentioned issues
is to consider pros and cons of these hypotheses and to come up
with an integrated hypothesis/equation which can make predictions
for defense-fitness-trade-offs in plants with minimum errors and
deviations. This hypothesis can then be tested in different systems
to validate it over the years. Solanum genus can prove to be perfect
for testing proposed/existing hypotheses. Solanum is found in all
kinds of habitats and climatic conditions. Most studies tested
theories in a chosen climate because of prevalence of the focus
plant species in that area. However, with Solanum, because of its
ubiquitous prevalence around the globe, comparative studies in
different climatic conditions such as dry areas and wetlands can
be done. Plethora of insect species with different feeding habits are
found on Solanum plants (Supplementary Tables 1-3). Those
insects damage different plant parts which makes it easier to test
plant response in case damage done by chewing type herbivore and
sucking type herbivore. For example, M. sexta feeds primarily on
leaves of Solanum, but grubs of Synanthedon rileyana feed primarily
on roots (Supplementary Table 1). Thus, studies contrasting
growth-defense trade-offs in above-ground and underground plant
parts can be done. Solanum genus contains self-pollinated, cross-
pollinated, self-compatible and self-incompatible plants, using
which study of trade-offs can be expanded in look into phylogenetic
trade-offs pattern development across the genus. Solanum genus
consisting of tomato, potato and eggplants is already a study model
in many labs focusing on different aspects of insect-plant ecology.
Most of Solanum species are easy to grow and maintain in
controlled conditions. Solanum plants are both annuals and
perennials, so theories which require a longer project time such as
apparency theory and resource availability theory can also be tested
using this genus. Numerous studies have already done been done
on Solanum genus as model or/and because of economic value of
the focus plant species. Available data and knowledge from those
studies makes it easier to quantify genus specific multiple physical
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