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ABSTRACT

Kaur, Jasleen., Effects of arbuscular mycorrhizal fungi (AMF) on growth and herbivore defenses

in_Sorghum sudangrass (Sorghum x drummondii). Master of Science (MS), May 2020, 95pp.,

2tables, 12figures, 214 references.
Chapter 2: In this chapter we have examined the role of trichomes in plant stress biology,
reviewed the studies on herbivore X trichome interactions, and their role in plant defences.

Ultimately, we have proposed new areas of research for future work.

Chapter 3: In this chapter, we examined whether AMF has cascading effects on insect
community dynamics through attraction/repulsion of beneficial and damaging insects using
Sorghum-sudangrass (Sorghum x drummondii), either inoculated with commercial AMF mix or
left as control in lab and field experiments. Our results suggest positive effects of AMF on plant
growth, and a lower initial incidence of fall armyworm (Spodoptera frugiperda), a major herbivore
on Sorghum in the region. Besides, AMF inoculated plants attracted significantly more beneficial
insects (predators and parasitoids) and a lower number of damaging herbivores. Therefore, our

data suggests that AMF can have implications for sustainable pest management strategies.
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CHAPTER |

INTRODUCTION

Plants under different abiotic and biotic stresses
Plants are always under the constant pressure of biotic and abiotic stresses (Mithofer and
Boland, 2012). Among these temperature, drought and salinity (Thakur et al., 2010, Ashraf et al.,
2018) are known as abiotic stresses while pathogenic microbes and insect pests are the biotic

stressers (Atkinson and Urwin, 2012).

Overview of plant defenses

Plants have evolved a wide range of defense strategies to ward-off the suite of herbivores
attacking them. These include constitutive defenses or the previously existing defenses, and the
induced defenses or the defenses induced upon attack by a pest (Howe and Jander, 2008; Kariyat
et al., 2012 and 2013). Both constitutive and induced defenses could also be direct or indirect
defenses. (Howe and Jander, 2008; Kariyat et al., 2012 and 2013), in their mode of action.
Different morphological structures/physical structures like spines, trichomes and thorns, thicker
epidermis, waxy cuticle, or certain biochemicals affecting the pest biology can be considered as
direct defenses (Kariyat et al., 2017; 2019).

Constitutively, most plants emit a range of volatile compounds that either repel or attract

the herbivores, and or pollinators. However, when a plant is attacked upon by an herbivore, it



usually emits herbivory induced plant volatiles (HIPVs) (Carroll etal., 2006; Ye et al.,
2018)which include semiochemicals that act as repellents for herbivorous pests and as
attractantsfor organisms antagonistic to these pests, such as predators and parasitoids (De Moraes
et al., 1998). This is because HIPVs, as a part of its direct defense mechanism, act as signals to
herbivores indicating that host plant, being already infested, is less suitable for feeding. On the
other hand, these might also increase the recruitment of natural enemies (Pare” and Tumilson,
1999). The former comprises of the direct defenses, while the latter consists of indirect defense
mechanism in infested host plants (Pare” and Tumilson, 1999, Heil, 2008).

Interestingly, it has been reported that natural enemy communities have been found to be
responsible for reduced numbers of pests in 75 percent of all the cases investigated (Symondson
et al., 2002). Although, most studies on tri-trophic interactions have been documented in natural
and non-domesticated systems; we currently lack a comprehensive understanding of these

interactions in organic farming, and sustainable agricultural cropping systems.

Importance of cover crops

Cover crops, a critical component of sustainable cropping systems, are mainly grown to
boost and protect soil properties. These crops aid in organic and traditional agriculture by directly
competing with weeds for resources such as light, nutrients, water, and space and indirectly by
allelopathy, thereby leading to weed suppression (Gfeller et al., 2018). Besides, cover crops also
make available essential elements like nitrogen to cash crops, pile up organic matter in the soil,
and boost the physical properties of soil. In addition, they have also been documented to suppress
herbivore populations (Wang et al., 2008). Sudangrass, a common cover crop- is a forage species

from Sudan and southern Egypt, adapted to dry and hot climates (Hariprasanna et al., 2015;



Venkateswaran et al., 2019). Sudan grass is a fodder crop grown majorly in the summer season
and has been found to act as a common natural weed suppressant owing to its dense canopy (Wang
et al.,2008), thereby eliminating the need of weedicides in sustainable and organic agriculture.
However, we have limited understanding on the insect community dynamics mediated by Sudan

grass, an area that forms the major part of this project.

Major herbivore of interest

The fall armyworm (Spodoptera frugiperda) is a tropical and sub-tropical polyphagous
pest (Chapman et al., 1999; Lange et al., 2018) that feed on grasses (Gramineae); most preferred
hosts include corn, peanuts, sorghum, and Bermuda grass (Sparks, 1979). S. frugiperda is also an
active forager (Buntin, 1986) and has been considered as one of the most destructive pests
attacking Zea mays (Degen, 2012), having great economic consequences in the United States. The
adults are known to feed and mate nocturnally. Their larvae pass through six instars before
pupating in the soil. As a part of their biology, mild climates of South Florida and Texas are
favorable for their overwintering stage because of the absence of diapause mechanism in them.
However, most of the continental United States and Southern regions of Canada are reinvaded by
fall armyworm on an annual basis (Sparks, 1979). Previous studies reveal that S. frugiperda is also
vulnerable to considerably large predation rates, which can be a result of attraction by HIPVs from
infested crop plants (Carroll et al., 2006). We are interested in S. frugiperda since it has been
considered as a major herbivore in the area and can dramatically reduce yield in both cover and

cash crops



Arbuscular mycorrhizal fungi as beneficial microbes

Soil microbes are an integral component of soil rhizosphere. Among these, arbuscular
mycorrhizal fungi (AMF) are an important group known for a multitude of benefits to the plants.
AMF, especially from the phylum Glomeromycota, are considered highly influential in
rhizosphere dynamics. These fungi have been found to aid the host plants in nutrient exchange
through the intercellular structures called arbuscules that colonize the root cortex of plants, thereby
establishing a mutualistic relationship (Bonfante et al., 2009; Fiorilli et al., 2009; Vannette and
Hunter, 2009). For example, the supply of inorganic nutrients to the plant, especially nitrates and
phosphates, are enhanced by the extracellular hyphal threads of the AM fungus (Tobar et al., 1994;
Pfeffer et al., 1999; Goverde et al., 2000; Smith et al., 2011). Moreover, plants incorporated with
AMF are also found to have increased tolerance to the abiotic stresses like drought, salinity and
heavy metals in the rhizosphere (Aroca et al., 2008; Fiorilli et al., 2009; Miransari, 2010; Smith et
al., 2010; Jung et al., 2012). More recent studies have documented that AMF can also play a role
in mediating plant interactions with their attackers (herbivores), natural enemies of herbivores and
even pollinators (Pineda et al., 2010). Therefore, AMF plays a key role in shaping the organization
and composition of plant communities that they associate with (Putten et al., 2001; Hartley and
Gange, 2009). However, we currently lack a clear understanding on the intricacies of how AMF
can impact insect community dynamics in cropping systems, an area this project directly

addresses.

Significance of this project
Although, AMF improves plant fitness through the establishment of mycorrhizal

symbioses and has been successfully established in various natural and artificial study-systems,



relatively little is known on whether organic farming techniques such as cover cropping can be
used to harvest the benefits of AMF, and whether AMF has cascading effects on plant defense
traits. Using Sudan grass as a summer cover crop, we tested whether AMF can provide growth and
developmental benefits to Sudan grass to be used as an effective cover crop in organic farming
and whether AMF has any cascading effects on plant defense and insect community dynamics in
Sudan grass. In the first part (Chapter 2), I have reviewed the literature about trichomes as first
line of plant defenses against abiotic and biotic stressors. Major emphasis has been laid on the role
of trichomes in plant stress biology, role against major abiotic stress factors, their interactions with
different insect herbivores and their classification and synthesis. In addition, new avenues of
research have been proposed for a better and comprehensive understanding of the interaction of
trichomes with herbivores. In second part (chapter 3), the different growth and defense benefits of
AMF have been tested using Sorghum-sudangrass (Sorghum x drummondii), in a local and natural
agricultural setting. We have also examined whether AMF can mediate tritrophic interactions in
the treated plants. Our results suggest that AMF can help in both growth and defense benefits
against biotic stressors.

Note: Chapter Il has been accepted to be published as “Kaur J and Kariyat RR. Role of

trichomes in plant-stress biology. Book chapter edited by JuanNunez-Farfan. Evolutionary
ecology of plant-herbivore interactions. Springer (2020).

Note: Chapter 11 is published as “Kaur, J., Chavana, J., Soti, P., Racelis, A., & Kariyat,

R. (2020). Arbuscular mycorrhizal fungi (AMF) influences growth and insect community
dynamics in Sorghum-sudangrass (Sorghum x drummondii). Arthropod-Plant Interactions, 14(3),

301-315. doi: 10.1007/s11829-020-09747-8.

Online access: https://link.springer.com/article/10.1007%2Fs11829-020-09747-8



https://link.springer.com/article/10.1007%2Fs11829-020-09747-8

CHAPTER Il

ROLE OF TRICHOMES IN PLANT STRESS BIOLOGY

Abstract

In this chapter we will examine the role of trichomes in plant stress biology. Trichomes
have been long studied as the first line of defense against herbivores. We review the studies that
have examined the structure, classification and diversity of trichomes in flowering plants, followed
by their modes of action against abiotic and biotic stressors. We also review the studies on
herbivore X trichome interactions, and how trichomes play a role in both direct and indirect plant
defences. Next, we use results from our research to highlight the importance of trichomes as an
effective measure of plant defense, and how genetic variation affects trichome mediated defences.
And, finally we propose some exciting new areas of research on trichomes and trichome mediated

defenses for future work.

Introduction
Plants, being sessile living organisms, are constantly exposed to unfavorable abiotic and
biotic factors that exert significant selection pressures on them (Mithofer and Boland, 2012).
Various abiotic stressors include extreme temperature, drought and salinity (Kaur et al., 2008;

Thakur et al., 2010) whereas biotic stressors mainly include pathogen and insect herbivory



(Atkinson and Urwin, 2012). While the biotic stressors directly attack the host plant, the abiotic
stressors, in addition to affecting their growth and development, also render them weak and
predispose them to attack by biotic stressors. However, despite the absence of a brain or a central
nervous system, plants have evolved a suite of coordinated defenses to tolerate/ protect themselves
against both biotic and abiotic stressors (Singh et al., 2016). They employ a wide gamut of
constitutive (preformed) and induced defenses (induced upon herbivory/ pathogen infection) in
response to these stressors (Howe and Jander, 2008; Kariyat et al., 2012 and 2013). More
specifically, both constitutive and induced defenses can either be direct or indirect (Howe and
Jander, 2008; Kariyat et al., 2012 and 2013), in their mode of action. Direct defenses, include the
innate ability of the plants to counter/ offset herbivory using morphological structures like spines,
trichomes, thorns, thicker epidermis, waxy cuticle, or by the production of defensive biochemicals
like alkaloids, tannins, phenols, anthocyanins etc., that affect herbivore growth and development
(Hanley, 2007; Hauser, 2014; Kariyat et al., 2017; 2019). On the other hand, indirect defenses
include ability of plants to attract natural enemies like predators and parasitoids by the emission
of unique blend of volatiles known as herbivore-induced plant volatiles (HIPVs) (De Moraes et
al., 1998; Pichersky et al., 2006; McCormic et al., 2012; Aljbory and Chen, 2017), or through
extrafloral nectaries (Heil et al., 2001). Among these different types of defenses, trichomes,
commonly considered as the first line of defense- can protect the plants by both physical and
chemical means (Shanower, 2008). Trichomes are the epidermal cells that differentiate into hair-
like protuberances on the aerial plant organs (Marks,1997; Glas et al., 2012; Kariyat et al., 2013),
and armor the immobile plants against biotic stressors like herbivores and their feeding and

oviposition and, also against other abiotic stressors like extreme low and high temperatures,



excessive light intensity, drought and even harmful ultraviolet (UV) radiation (Kaur et al., 2008;

Shanower, 2008; Thakur et al., 2010; Burrows et al., 2013; Ashraf et al., 2018).

Classification and synthesis

Trichomes are found in a diverse array of shapes and structures. (Xiao et al., 2017). They
can be broadly classified into non-glandular (Figure 2.1) and glandular trichomes (Figure 2.2) and
could be either unicellular or multicellular (Wagner et al., 2004). Non-glandular trichomes are
usually unicellular and are found on the majority of the angiosperms, few bryophytes, and
gymnosperms (Werker, 2000). For example., both Thale cress (Arabidopsis thaliana, Family:
Brassicaceae) and cotton (Gossypium spp., Family: Malvaceae) possess only simple non-
glandular trichomes (Mathur and Chua, 2000; Glas et al., 2012). However, trichomes in cotton are
unbranched (Figure 2.1a) and more pronounced on seed surface, while, the trichomes in
Arabidopsis sp., could be either unbranched (Figure 2.1a) or branched (also known as stellate, and
multicellular) (Figure 2.1b) and can be produced on any aerial plant part (Kim and Triplett, 2001;
Wang, 2004.).

Glandular trichomes (Figure 2.2), on the other hand, are usually multicellular and have
well-differentiated basal, stalk and apical cells. Approximately 30% of the vascular plants possess
glandular trichomes. For example, plants of plant families Lamiaceae (Salvia- Salvia divinorum,
Mint- Mentha x piperita. etc.) and Solanaceae (Solanum lycopersicum, S. tuberosum, Nicotiana
tabacum etc.) have dense glandular trichomes (Fahn, 2000; Glas et al., 2012). Furthermore,
glandular trichomes can be characterized into two main classes- peltate and capitate trichomes. As
an example, capitate trichomes are encountered in plants of the families Solanaceae and some

Lamiaceae (e.g. Salvia sp.), while the peltate trichomes can be found in some other members of



Lamiaceae family like Peppermint (M. piperita) and Basil (Ocimum basilicum). The major
difference between these two trichome types is in the production and storage location of the
secondary metabolites in the trichome structure. Peltate trichomes utilize the subcuticular cavity
to produce and synthesize volatile secondary metabolites. Whereas, the capitate trichomes usually
synthesize and store their secondary metabolites in the terminal cells/or at the stalk tip (Gerd,
2014).

Various histochemical studies suggest that secretions of peltate trichomes mainly comprise
of terpenoids (e.g., Wild dagga- Leonotis leonurus, Peppermint- M. piperita) and those of capitate
trichomes consist of mostly polysaccharides, proteins and lipids (Werker et al., 1985; Ascensao et
al., 1997; Ascensdo and Pais, 1998). However, small amounts of terpenoids can also be found in
capitate trichomes of some plants. For instance, M. piperita capitate trichomes can contain
monoterpene traces in their essential oil secretions (Amelunxen et al., 1969; Ascensao et al., 1997).
and L. leonurus trichomes can also contain meager quantities of flavonoids (Ascensao and Pais,
1998). However, it had been emphasized that peltate glands are responsible for a major portion of
terpenes production in peppermint (Turner et al., 2000). Also, the secretions of capitate trichomes
are mostly nonvolatile compounds while those of peltate trichomes are mostly volatile compounds
(Tissier, 2012). For example., geraniol is contained in the peltate trichomes of lemon basil, which
after oxidization produces the aldehyde geranial. Further, geranial undergoes keto-enol
tautomerization to form neral. Together, the mixture of the new compound neral and the aldehyde
geranial is known as citral, responsible for the lemony flavor of the plant. Another member of
Solanaceae, Tobacco (Nicotiana tabacum, Family: Solanaceae) trichomes have been found to
contain defense compounds such as cembratrieneols and cembratrienediols. Furthermore, a

hallucinogen terpene, namely Salvinorin is contained in Salvia divinorum. Recently, antimalarial



properties have been studied for the sesquiterpene secretion called artemisinin in the trichomes of
Artemisia annua (Family: Asteraceae) (Schilmiller et al., 2008).

Structurally, stalk length in capitate trichomes surpasses half the height of the secretory
head, while the peltate trichomes are shorter (Abu-Asab and Cantino, 1987; Ascensao and Pais
1998). However, the capitate trichomes exist in varied morphologies with respect to stalk length
and their secretory head, and further classified into different types (Werker et al., 1985; Ascensao
and Pais 1998). For instance, by the virtue of electron microscopy type 1 and type 2 capitate
trichomes were identified in L. leonurus - such that former referred to the trichomes with short
cylindrical stalk while the latter possessed long conical stalk (Ascensao and Pais 1998).

Also, peltate trichomes had been described as having more variability than the capitate
trichomes with respect to form of the stalk cells and the number of cells on the secretory head and
surrounding cells. Studies have described peltate trichomes to possess distinct subcuticular storage
cavity resting on a pedestal made up of vacuolated basal cell, stalk cell and eight-celled apical
glandular disc (Fahn, 1979; Maffei et al., 1989; Brun et al., 1991, Ascensdo et al., 1997, Turner
et al., 2000, Camina et al., 2018). Peltate trichomes also have a globular shape owing to the
acquisition of secretions in the apical cavity. On the contrary, capitate trichomes are usually four
celled, but with varied morphologies (as described previously). For instance, M. piperita has both
capitate and peltate structures where capitate hair consists of the circular head having four cells
and a stalk with various morphologies (Werker et al., 1985; Goncalves et al., 2010).

Trichome rich species of wild (Solanum pennellii, S. carolienense, S. habrochaites, and S.
peruvianum) and cultivated tomatoes (S. lycopersicum) have been extensively studied in the past
owing to their importance in plant resistance against herbivory, and also for the presence of non-

glandular, glandular and even both in some cases (Kariyat et al., 2013; 2017; 2018; 2019). Glas et

10



al., in 2012 have re-described the trichome morphology in wild and cultivated Solanum spp. Out
of the total eight trichome types previously described by Luckwill (1943) and revised by
Channarayappa et al. (1992), they have clarified the classification as follows: type I, IV, VI and
VI are glandular trichomes and type I, I1I, V and VIII are simple non-glandular trichome types
(Luckwill, 1943; Channarayappa et al., 1992; Glas et al., 2012). Of the glandular trichomes, Type
| and IV are both described as capitate with differences in their length. Type | trichomes are
significantly longer when compared to type 1V. Both types | and IV trichomes are predominant in
wild Solanum species like S. habrochaites. However, in the cultivated tomato species, type | is
rarely found and type IV is completely absent. Interestingly, type VI is predominant in both wild
and cultivated tomato species (Glas et al., 2012). The differences among these types are mainly
due to the variation in the number of stalk cells and secretory cells. Also, these trichome types
differ in genes and transcripts responsible for the synthesis of different biochemicals that they
harbor (Glas et al., 2012).

At the functional level, non-glandular trichomes (Figure 2.1) act as structural defenses,
physically affecting insect herbivores by restricting their access to leaf epidermis, causing physical
entrapment or inflicting injury to them (Dalin et al., 2008; Peiffer et al., 2009; Weinhold and
Baldwin, 2011; Szyndler et al., 2013; Weigend et al., 2018). On the other hand, glandular
trichomes (Figure 2.2) assist in herbivore defense as a chemical means or as a combination of both
physical and chemical defense. This is primarily accomplished by storing and injecting toxins and
/or signaling molecules that either directly reduce herbivore feeding or in some cases lead to multi-
trophic interactions (Peiffer et al., 2009; Weinhold and Baldwin, 2011). Usually, they contribute

to direct toxicity in insects, entrapping them by the production of sticky exudates, anti-nutrition

11



and inducing anti-herbivore defense signaling in the host plant—primarily mediated through the
phytohormone jasmonic acid (Peiffer et al., 2009; Kariyat et al., 2017).

Although a significant amount of research has been dedicated to understanding trichome
mediated effects in various systems, we still lack a detailed understanding of developmental
variation in trichomes. Studies in the model plant A. thaliana, that possesses only non-glandular
trichomes (Schnittger and Hulskamp, 2002), suggest that unicellular trichomes in this plant emerge
from the primary meristem of the plant epidermis (Figure 2.3) by dividing mitotically. In the
process, several epidermal cells surrounding the germinating trichomes divide continuously and
simultaneously. Consequently, trichome cells enter the endoreduplication cycle, where DNA
replication takes place without any nuclear and cellular divisions. Usually, this cycle is
accomplished before trichome outgrowth on the surface. And, trichome cell alters its polarity and
starts emerging as an outgrowth (first branching event). Simultaneously, the second
endoreduplication cycle is initiated, followed by the second branching event. The third
endoreduplication and the second branching events take place concomitantly. While the fourth
(last) endoreduplication cycle is ongoing, trichome cell undergoes expansion, Yyielding
approximately 0.5 mm long mature tri-branched/ unbranched trichomes (Marks and Feldmann,
1989; Schnittger and Hulskamp, 2002) perpendicular to plant surface (Marks and Feldmann,
1989). Despite elaborative studies of the trichome types and their characterization we also have
limited knowledge of the synthesis of glandular trichomes.

Trichome formation is a complex process and one simple model is not enough to explain
their formation, patterning and development through the different growth stages. Different
phytohormones pathways have been found to be responsible for the regulation of trichome

development (An et al., 2011). For example, gibberellins, cytokinins, jasmonic acid and salicylic
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acid have been shown to regulate trichome initiation (An et al., 2011). However, their interplay
and potential feedbacks largely remain unclear. Among these, jasmonic acid (JA) is considered as
the key signaling molecule responsible for trichome induction. For instance, JA and JA-lle have
been found to induce resistance to herbivory by inducing trichomes in Arabidopsis spp. ( Traw
and Bergelson, 2003; Li et al., 2004; Boughton et al., 2005, Peiffer et al., 2009; An et al., 2011).
It has been recently demonstrated that MYB-bHLH-WDR (MBW) complex can modulate the gene
expression of GL1 and GL3, successfully resulting in the trichome induction in wild type of
Arabidopsis spp. but compromised in the JA mutant coil-2. In the absence of JA, JA-ZIM domain
(JAZ) proteins (present in plant cells) can physically bind to GL1 and GL3, which inhibits the
formation of MYB complex, clearly showing that JAZ proteins can attenuate JA signaling. In the
presence of JA, 26S proteasome system along with the SCF®' complex (containing the F-box
protein CORONATINE INSENTIVE1 (COI1), Cullinl (CUL1), ASK1/ASK2 and Rbx1), acts
upon the JAZ proteins to degrade them, thereby releasing the genes GL1 and GL3 (Thines et al.,
2007, Pattanaik et al., 2014). And, these genes form a complex with TRANSPARENT TESTA
GLABRA 1 (TTG1) (Yoshida et al., 2009, Qi et al., 2011; Pattanaik et al., 2014) and positively
regulate the expression of downstream targets, which ultimately leads to trichome induction (Qi et
al., 2011; Pattanaik et al., 2014). Besides, JA has also been shown to specifically regulate the
synthesis of type VI trichomes in some plants, besides mediating a wide range of other plant
developmental processes. This has been confirmed by silencing the gene OPR3, a precursor of JA,
which largely undermined the density of type VI trichomes in tomato (Bosch et al., 2014,
Hutchelmann et al., 2017).

Using molecular genetic tools, studies have identified various transcription factors and

genes controlling the development of various trichome types in different plants. For instance, in
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tomato, it has been suggested that the development of trichome type I is regulated by three genes-
Cyclin B2 gene, Woolly gene (Wo) responsible for encoding homeodomain-Leu zipper (HD-ZIP)
protein along with Hair gene encoding zinc finger protein (Cys2-His2) that interacts with the Wo
gene product (Marks and Feldmann, 1989; Yang et al., 2011; Gao et al., 2017; Chang et al., 2018).
Recent molecular studies on the hairless gene (hl) and its mutant from tomato clearly display its
key importance in the trichome synthesis. This gene is responsible for the nucleation of actin, a
protein responsible for the development of various trichome types (Kang et al., 2010a, 2016). Also,
the density of both glandular and non-glandular trichomes in tomato was found to be controlled
by SIMIXTAL with ectopic expression experiments, through an MYB transcription factor in
tomato (Ewas et al., 2016, 2017). Additionally, it has also been suggested that the helix-loop-helix
transcription factor, SIMYCL is directly responsible for the synthesis of glandular trichomes in
cultivated tomato plants- type VI trichome production consequently decreased with reduction in
the levels of SIMYC1, and completely failed to develop in its absence/when turned off (Xu et al.,

2018).

Role of trichomes against abiotic stresses
Drought, temperature extremities, intensive light intensities, salinity, heavy metal
accumulation in the soil, soil salinity, water scarcity etc. are the most common abiotic stressors on
plants (Cakmak, 2005). It is estimated that around 60% of soils pose growth restriction to the plants
due to poor soil health and nutrition (Cakmak, 2005; You and Chan, 2015; Martinez et al., 2018).
These abiotic aggressors lower the plant yield between 50 to 80% (Martinez et al., 2018) such that,
heat stress and droughts coupled together led to $200 billion losses in the United States (Suzuki,

2014). However, various investigations on plant response to abiotic stress have also demonstrated
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the benefits of trichomes. Their effectiveness against abiotic stress largely relies on traits such as
length, density, branching, and orientation; under the common umbrella ‘pubescence’ (Hanley et
al., 2007; Shanower, 2008).

Trichomes have been found to physically defend the plants against water loss and heat
stress (Gutschick, 1999). Heat loss in pubescent leaves is accelerated through the process of
convection leading to increased thermal conductivity of leaf surface (Dahlin et al.,1992).
Consequently, plants undergo lower transpiration rates at higher trichome densities (Choinski and
Wise 1999; Benz and Martin, 2006; Burrows et al., 2013; Hauser, 2014) and thus regulate their
water balance better (Hauser, 2014). Clawson et al. 1986 showed that pubescent soybean varieties
had 50% higher water use efficiency owing to the reduced evapotranspiration (Clawson et al.,
1986; Dahlin et al.,1992). In addition, the presence of trichomes on the leaf surface also improves
sunlight reflectance, and therefore lowers the heat load on the plants and consequently modulate
and tolerates temperature variation and its impact on growth and development. Also, increased
density of glandular trichomes (e.g., Betula pendula, Family: Betulaceae) was found to improve
tolerance against frost by using trichomes as a structural adaptation under low-temperature regime
(Prozherina et al., 2003). In addition, trichomes have also been implicated to play a role in the
regulation of photosynthesis, by decreasing photoinhibition (Hauser, 2014), and they can act as
storehouses of UV absorbing compounds like flavonoids (Hanley et al.,2007), thereby protecting
the underlying photosynthetic tissues against harmful UV-A and UV-B radiations (Morales et al.,
2002; Yan et al., 2012).

A large body of scientific studies have clearly documented that certain abiotic stresses like
heavy metal contamination of soil and environment, have been aggravated by anthropogenic

activities (Straalen et al., 1994; Yadav, 2010; Wang et al., 2014; Wierzbicka, 2014). Rapid
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industrialization and current farming practices like heavy use of synthetic chemicals- pesticides
and fertilizers have been deteriorating the soil conditions to a great extent. Specifically, d-block
elements on the periodic table with density more than 5g per cu cm have been classified as heavy
metals (Singh et al., 2016). Interestingly, trichomes can sequester these elements and assist in
detoxification of the plants (Choi et al., 2001, 2004; Quinn et al., 2010). Leontodon hispidus
(Rough Hawkbit- Family: Asteraceae), for instance, is known to accumulate calcium in its
trichomes, whereas N. tabacum, on the other hand, has been shown to secrete Zinc and Cadmium
through its trichomes (Glas et al., 2012), acquired from the soil. Besides, Mustafa et al in 2017
and 2018 have proved the vitality of the biomineralization of the trichomes. They have suggested
that mineralization of the trichomes majorly by calcium phosphate, calcium carbonate and silica
compounds calcify them and thus, hardens them. This, in turn, strengthens their role as physical
defenses by acting as stinging hair to the attacking herbivores (Mustafa et al., 2018). More
interestingly, possessing trichomes is also a beneficial trait to the plant in outperforming
competitors and thriving against unfavorable climatic conditions. For example., Han et al., 2019
showed that plants with trichomes, coupled with some other traits like upright leaves, a
multilayered epidermis, or strong cuticles, have allowed them to outperform competitors in a forest
succession (Han et al., 2019).

Collectively, having trichomes has top-down effects as they effectively defend the plants
against various abiotic stressors by reducing the heat load, lowering the evapotranspiration rates,
and thus helping in maintaining water balance levels. Additionally, trichomes help protect

photosynthetic tissues by absorbing damaging UV rays and accumulates harmful heavy metals.
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Role of trichomes against biotic stresses

Besides abiotic stresses, plants also experience several and severe biotic stresses. These
include insect-pests, pathogens, weeds, and other animals which together cause about a 40 %
decline in crop productivity (Oerke and Dehne, 2004). Among these, arthropod pests (mainly
insects) cause ~ 15 % crop losses per annum (Mitchell et al., 2016). Trichomes have been well
studied in defending plants against biotic stressors. It has been found that non-glandular trichomes
mainly physically defend plants against herbivory. Like with the abiotic stresses, their pubescence
plays an important role in defending against biotic aggressors - denser, prolonged and more upright
trichomes better defend against the insect attack (Shanower, 2008). However, selective breeding
for fitness traits can reduce the effectiveness of trichome based plant defenses (Mitchell et al.,
2016), consequently, cultivated species are found to possess lower density of trichomes as
compared to their wild relatives, (another line of reasoning on why cultivated crops are more prone
to damage by insects than their wild relatives). For instance, 85% of neonate larval mortality in
cotton bollworm Helicoverpa armigera, Family: Noctuidae) was observed in wild pigeonpea
(Cajanus spp., Family: Fabaceae) than the cultivated pigeonpea (Cajanus cajan, Family:
Fabaceae). Interestingly, among other differences, wild pigeonpea pods possess twice the density
of non-glandular trichomes when compared to the cultivated pigeonpea pods (Romeis et al., 1999).
Higher density of trichomes successfully prevented H. armigera from reaching the pod surface,
thus having them starve or desiccate to death, prior to their feeding initiation (Shanower, 2008),
very similar to multiple Solanum species (Kariyat et al., 2018). Similarly, low infestation and
sustenance of different caterpillars and beetles were observed in soybean varieties with denser
trichomes than smooth leaved soybean. In addition to protecting against chewing herbivores, it has

also been shown that denser trichomes in wheat (Triticum aestivum, Family: Gramineae) restricted
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the movement of yellow sugarcane aphid (Melanaphis sacchari, Family: Aphididae) (Webster et
al., 1994). Also, Chilean strawberry (Fragaria chiloensis, Family: Rosaceae) plants with dense
trichomes were avoided by the black vine weevil (Otiorhynchus sulcatus, Family: Curculionidae)
(Doss et al., 1987) and cabbage white butterfly larvae (Pieris rapae, Family: Pieridae) inflicted
greater damage to field mustard (Brassica rapa, Family: Brassicaceae) with less dense pubescence
(Agren and Schemske, 1993; Hanley et al., 2007). Szyndler et al., in 2013, showed a differed mode
of herbivore defense in trichomes. Non-glandular trichomes present on the leaf surface of the bean
plants (Phaseolus vulgaris, Family: Fabaceae) was found to mechanically entrapped bedbugs
(Cimex lectularius) and kill them by the hooked sharp needle-like trichomes (Figure 2.1c)- an
interesting strategy for controlling bed bug infestations (Szyndler et al., 2013). However, adaptive
features have been observed in the larvae of specialist herbivore Heliconius charithonia (Family:
Nymphalidae) on the plant Passiflora lobata (Family: Passifloraceae) against the hooked
trichomes borne on it. The insect was found to weave silken mats on the terminal of the hooked
trichomes on the plant, speculated to facilitate the herbivore movement in their presence.
Eventually, the presence of tips of the hooked trichomes in the feces of the insect suggested that
they were successful in handling the mechanical defenses of the plant. While, generalist insects
(Heliconius pachinus, Family: Nymphalidae) were found struggling with the defenses and had a
higher mortality rate. (Cardoso, 2008).

Additionally, non-glandular trichomes have been found to have a varied mode of action
against insects at different life stages. Plant surface bearing trichomes is an unfriendly landscape
for majorly the soft-bodied chewing insects like the lepidopteran larvae. This is more evident in
the case of neonate caterpillars, who tend to feed on the leaf epidermis upon emergence. As

previously shown by Kariyat et al. in 2017 and 2018, trichome bearing Solanum leaves pose
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difficulties to the first instar larvae of M. sexta to initiate feeding. They struggle to reach the leaf
epidermis in the presence of spine-like hair extensions (trichomes) which causes them to starve,
desiccate and ultimately die. However, both glandular and non-glandular trichomes are ineffective
against the late instar larvae in disrupting their feeding. Interestingly, stellate trichomes (non-
glandular) were found to poke through the late instar larvae, rupturing their tender epidermis to
leak hemolymph, and ultimately leading them to death. Therefore, non-glandular trichomes are
found to be effective against both early and late instar larvae with different modes of action under
direct defenses.
Glandular trichomes are more commonly found to produce defense chemicals in plants.
These may constitute up to 30 % of the plant’s dry leaf weight. Depending on the plant family and
species, the glandular trichomes have been found to possess a diverse range of biologically active
defense compounds such as alkaloids, glucosinolates, cyanogenic glycosides, terpenoids besides
latex and protein inhibitors (Glas et al., 2012; Tissier, 2012; Kariyat et al., 2018). These
compounds affect herbivory by affecting insect metabolism, membrane disruption, inhibition of
signal transduction processes, nutrient and ion transport or other physiological processes,
collectively leading to reduced feeding, growth, development and even mortality in the affected
herbivore species (Shanower, 2008; Glas et al., 2012; Kariyat et al., 2019). Besides, these
glandular trichomes are also reservoirs for terpenes, aromatic compounds and fatty acid
derivatives. These compounds, collectively known as volatile organic compounds (VOCs), defend
the plants indirectly by the attraction of natural enemies of the herbivores feeding the host plant
(Weinhold and Baldwin, 2011).
Besides, studies have been conducted on the post-feeding impacts of trichomes on insect

behavior and physiology. They have been found to interfere with the insect digestive system.
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(Shanower, 2008). Consumption of trichomes is a commonly observed behavior in chewing
caterpillars. To gain access to the underlying leaf tissue for infestation/feeding, caterpillars tend to
feed on the trichomes, eventually consuming them. Kariyat et al. (2017) showed that consumption
of non-glandular trichomes isolated from the weed Carolina horsenettle (S. carolinense L., Family:
Solanaceae) led to breaching of the peritrophic matrix — the gut membrane, which plays a key role
in defense, in Tobacco hornworm (M. sexta, Family: Sphingidae) larvae post-ingestion. This is a
vital study that implies trichomes to be major plant defenses by themselves, without any coupled
effects of other structural and non-structural defenses (Howe and Jander, 2008; Kariyat et al.,
2013). Manipulative studies de coupling trichomes from other defenses have shown that trichomes
negatively impact both the growth and development of caterpillars (Kariyat et al., 2019).
Therefore, trichomes can resist herbivory both before and after the insect feeding is initiated-
leading to pre and post ingestive effects (Kariyat et al., 2017).

In addition, genetic variation has been found to play an important role in trichome mediated
defenses against herbivory. Kariyat et al., (2013) demonstrated that both abaxial and adaxial
trichomes are found to significantly vary among maternal families in Carolina horsenettle, and
even more importantly inbreeding affected both constitutive and induced trichome production. In
a recent study from the same group (Nihranz et al., 2019) showed that not only does inbreeding
lower the plant defenses by reducing the trichome production (Kariyat et al., 2019; Kariyat and
Stephenson, 2019) in S. carolinense upon damage by M. sexta, but also compromises their
induction over the generations. Not surprisingly, they also reinforced the fact that higher trichome
density post damage (induced) were found on plants under herbivory as compared to the

undamaged control plants.
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Hence, the consensus is that higher trichome density positively correlates with resistance
to herbivory (Glas et al., 2012). This could be achieved by restricting herbivore access to the
epidermis (Kariyat et al., 2018) thereby delaying feeding (Kariyat et al., 2017) or impeding growth
(Kariyat et al., 2018), and development (Kariyat et al., 2019) upon consumption of trichomes.
And, while non-glandular trichomes are more effective as a structural defense (Lanning and
Eleuterius, 1985), it is also clear that they are more effective against neonates and early instars, as
seen in the plant family Solanaceae (Kariyat et al., 2018). Since the first cue for imminent
herbivory on plants is oviposition, studies have also examined whether trichomes can affect
oviposition. For example., the herbivore Chinese bruchid (Callosobruchus chinensis, Family:
Chrysomelidae) prefers oviposition on glabrous pigeon pea pods over the hairy type, cereal leaf
beetle (Oulema melanopus, Family: Chrysomelidae) prefers to oviposit on wheat cultivars with
lower trichome density. On the contrary, oviposition and trichome density have been found to
positively correlate in soybean and cotton cultivars. For instance, Helicoverpa spp. (Family:
Noctuidae), Western tarnished plant bug (Lygus Hesperus, Family: Miridae), Spiny bollworm
(Earias vitelli, Family: Noctuidae) and cotton spotted bollworm (E. fabia, Family: Noctuidae) lay
more eggs on cotton with higher trichome density. Similarly, bean fly (Ophiomyia phaseoli,
Family: Agromyzidae) and soybean pod borer (Laspeyresia glycinivorella, Family: Olethreutidae)
prefer soybean pods with higher trichome density than smooth pods (Shanower, 2008). While there
are contrasting examples, in general, both oviposition and neonate larvae survival are found lower
on plants with more trichomes (Kariyat et al., 2017; 2018). It is plausible to speculate that the
presence of trichomes and any associated cues (tactile or volatile) might be used by the ovipositing
females as an honest signal for host location, in these few cases- an area that must be explored in

detail.
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Besides density, other factors of pubescence such as length and morphology of trichomes
can effectively restrict herbivory, especially by the small-bodied insects. For instance, prolonged
glandular trichomes were found to successfully defend the leaves of the plant field beans, (P.
vulgaris) against potato leafhopper (Empoasca fabae, Family: Cicadellidae), irrespective of
trichome density (Shanower, 2008). Potato leaf hopper is small bodied insect pest mainly
responsible for causing devastating hopper burn symptoms in crops. And, pink bollworm larvae
(Pectinophora gossypiella, Family: Gelechiidae) on cotton cultivars were eventually found dead
of starvation and desiccation after their failed struggle to move around on the leaves of the plant
to initiate feeding (Shanower, 2008).

The efficiency of metabolites allocation and energy administered to the defensive activities
in plants is based on the adaptive modulation of plant metabolism, recognition of the herbivore
and precision in host plant’s activity with intercellular signaling and accurate biochemical,
physiological and cellular responses (Maffei et al., 2007, 2007; Mithofer and Boland, 2012). And,
due to the dynamic nature of herbivore infestation, and host-herbivore species specificity (e.g.,
specialists vs generalists), studies have also found that the structure, density and distribution of
trichomes varies at both inter and intraspecific levels, with implications for trade-offs in the plants

for resource allocation towards nutrition and/or defenses (Kariyat et al., 2013; Hauser, 2014).

Trichomes and their role in direct and indirect defenses
As a part of the herbivore-resistance mechanism, glandular trichomes act by releasing
specialized metabolites that are directly toxic, feeding deterrents or discourages insect oviposition.
Their appendages mediate the toxin delivery to the herbivores that discourages their feeding

activity (Agren and Schemske, 1993; Agrawal et al., 2004; Kariyat et al., 2019). Since trichomes
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are the storehouses for various toxins, it gives rise to the potential risk of self-intoxication. To
prevent this, trichomes usually store these phytochemicals in their vacuoles or apoplasm, thereby
minimizing the risk (Mithofer and Boland, 2012). Upon attack by an herbivore, the glandular
trichomes rupture, causing the toxic exudates to be released to the plant surface. Upon oxidation
of released compounds (For example, polyphenols and O-acyl sugars), the exudates become sticky
leading to the entrapment of the arthropods on the surface. Ultimately, the insects die of starvation
or toxicity due to consumed plant metabolites or suffocation, or they activate jasmonic acid-
mediated defense gene expression, leading to both site and systemic defenses (Peiffer et al., 2009;
Tian et al., 2013).

In addition, the toxic metabolites produced by the glandular trichomes also aid in systemic
immunization of the attacked plant. These defense compounds are found to be transported to distal
plant parts, thereby priming the plant against herbivory. Pyrethrins, found in Tanacetum
cinerariifolium (Family: Asteraceae) are produced in the glandular trichomes present on the fruits.
Eventually, the pyrethrins from the fruits are transmitted to the seedlings via the seeds.
Astonishingly, these seedlings which are trichome free themselves are found to be insect as well
as pathogen-resistant/tolerant (Glas et al., 2012; Mithofer and Boland, 2012). Besides, various
studies have shown anti herbivore activity of sesquiterpene lactones found in the trichome extracts
of Tanacetum spp. For instance, Spodoptera littoralis (Mediterranean Brocade, Family:
Noctuidae), feeds poorly on T. cadmium ssp. cadmium and T. corymbosum ssp. cinereum flowers
as they have sesquiterpene lactones with antifeedant activity (Goren et al.,1994).

To defend indirectly, glandular trichomes have been found to release volatile organic
compounds (VOCs) leading to the attraction of natural enemies of the infesting insect pest species

(De Moraes et al., 1998; Walling 2000; Heil et al., 2001; Mithofer and Boland, 2012). VOCs vary
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in their composition (Mithofer and Boland, 2012) and mostly comprise of terpenes,
phenylpropanoids and glycerides etc. (Kariyat et al., 2012; Tissier et al., 2017). Their composition
largely varies with the type of insect, feeding damage, mode of damage, insect oviposition or
injuries inflicted (Mithofer and Boland, 2012). Predatory insects are attracted by the
phytochemicals produced by the glandular trichomes. For example., O-acyl sugars produced by
the glandular trichomes of N. tabacum, upon consumption by the neonate caterpillars of M. sexta
renders them attractive to the predatory ants (Weinhold and Baldwin, 2011). On the contrary, few
studies have also shown that trichomes can aid herbivores to escape predation or parasitization by
their natural enemies. In the presence of trichomes, natural enemies usually have to spend more
time searching for their prey. Additionally, they are more prone to physical entrapment in the toxic
sticky exudates and are affected by chemical repellants emitted from the secondary metabolites of
trichomes. For instance, Trichogramma spp. (egg parasitoid) (Family: Trichogrammatidae) has
been found to have faster locomotion in search of prey on the glabrous leaves than the trichome
bearing leaves of cotton and pods of pigeon pea (Shanower, 2008). In another study, locomotion
of the predatory green lacewing (Chrysoperla carnes, Family: Chrysopidae) was found to be
hampered on trichome bearing plant California pipevine (Aristolochia californica, Family:
Aristolochiaceae) eventually protecting the larvae of Pipevine Swallowtail (Battus philenor,
Family: Papilionidae) against predation (Fordyce and Agrawal, 2001). However, the feeding
damage by the caterpillars was restricted to less than 30 % on the same plant, owing to the
trichomes (Mithofer and Boland, 2012).

Although a significant amount of research has been conducted to examine the chemical
composition of trichomes, a common bottleneck is the lack of easy and precise methodology to

isolate the trichomes without contamination from extraneous plant matter. Various traditional
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isolation techniques involved methods like shaving the trichomes off the leaf blade with a scalpel
blade (Croteau, 1977; Kariyat et al., 2017), abrasion of the leaf surface with a microscope coverslip
(Keene and Wagner, 1985; Yerger et al., 1992) / a glass slide (Keene and Wagner, 1985; Tissier
2012)/ a brush (Yerger et al., 1992), and the use of liquid nitrogen-based extraction (Kariyat et al.,
2019) to name a few. The leaf samples are usually placed in a buffer before brushing the trichomes
off the surface. Additionally, some studies also use an adhesive tape (Leonardo et al., 2018) or
double-sided tape attached to a glass slide (Gopfert et al., 2006; Tissier 2012) to isolate the
trichomes. This method involves detaching the trichomes from the sticky surface by either
submerging the tape in water or by placing it in different kinds of buffer solutions and vortexing
the container or removal of trichomes using paint brush. Then, the trichomes are filtered by passing
the solvent containing trichomes through a fine metal meshes sized 100pm and 80um,
consecutively (Leonardo et al., 2018). Methods using swabbing the leaf surface with cotton
submerged in antioxidant (Kowalski et al., 1990), using Percoll density gradient centrifugation
(YYerger et al., 1992; Tissier 2012), using glass beads and mesh technique for cryopreserved plant
tissues (Ranger et al., 2004; Tissier 2012), abrading the leaf surface with dry ice (Yerger et al.,
1992; Tissier 2012) have also been used with different levels of success. Recently, it has been
shown that a new generation technique namely, pressurized cyclic solid-liquid extraction using
Naviglio extractor is about 15 times more efficient than the traditional methodologies in harvesting
the trichomes, as found in Artemisia annua. This technique involves compressions and immediate
decompressions on the plant tissue, which subsequently creates a pressure gradient that ultimately

leads to the extraction of trichomes without any actual maceration (Zarrelli et al., 2019).
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Future directions

As outlined above, significant research has been conducted to understand the role of

trichomes in plant-herbivore interactions, in both non-domesticated and domesticated species.
However, we still lack a comprehensive understanding of certain aspects of trichomes.
The majority of the studies conducted in the past have mainly focused on trichomes contained in
the cultivated crops or their wild relatives (Glas et al., 2012; Livingston et al., 2019). However,
few have targeted flora related to forest ecosystems and horticultural fruits, and vegetable crops
(Li et al., 2015; Liu et al., 2016, Wang et al., 2016, Lujan et al., 2018). Therefore, we need to
study and characterize the trichomes in these systems as well. While various studies have described
the role of trichomes against different abiotic stressors to the plants. However, we lack the
understanding of how these key abiotic factors influence the trichome development and induction,
and their effects in growth-defense tradeoffs (Kariyat et al., 2013)

Recent developments in the use of molecular genetics in trichome research have led to the
creation of cDNA libraries from various plants — Solanum sp., M. piperita, O. basilicum etc.
However, more elaborative studies aiming at the expression and quantification of genes associated
with trichome biosynthesis and biochemistry in different plants are required- with a possible target
of genetically engineered plants with efficient defense allocation in trichomes without
compromising the yield. Also, such studies can be used to understand and regulate the mechanisms
responsible for the synthesis of secondary metabolites and their transport throughout the plant
organs.

We also speculate that non-glandular trichomes can possibly do more harm than
understood so far. Since these trichomes physically breach the young larvae (pierce through their

skin), they inflict mechanical injury to them (Kariyat et al., 2017, 2018, 2019). Besides, it can be
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speculated that microbes harbored on trichome surface are also potentially injected and
translocated during the process. Hence, the aftereffects of these microorganisms post their transfer
into the insect body needs a detailed investigation- role in mediating multi-trophic interactions,
effects on insect metabolism etc. Few studies have addressed these questions so far (Lahlali and
Hijri, 2010; Kim et al., 2019). And, finally, we need to assess convenient and efficient
methodologies/protocols to extract intact trichomes, without harming the leaf epidermis. This
would expand horizons for conducting more elaborative and comprehensive research in various

aspects like histochemical and ultrastructural microscopy-based studies.
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Figures
Figure 2.1: Schematic representation of the structure of non-glandular trichomes a) simple
unbranched: sharp and pointed trichomes with either long or short length. b) stellate: branched
trichomes with arms arranged into a characteristic star-like shape surrounded by few epidermal
cells on a vertical spike (Kim and Triplett, 2001; Wang, 2004). ¢) hooked type: pointed trichomes

have a prominent curve at their tip, usually aligned at an angle between 20° and 90° to the leaf

epidermis (Szyndler et al., 2013). Credits: Annette Diaz

(@) (b)
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Figure 2.2 Schematic representation of structure of glandular trichomes: multicellular trichomes
consisting of secretary head supported on pedestal made of vacuolated basal cell and stalk cell.

The secretary head contains secondary metabolites (Wagner et al., 2004). Credits: Annette Diaz

Figure 2.3 Schematic representation of initiation of trichome formation: Unicellular cell
germinating from the leaf epidermis is illustrated. Consequently, this small protuberance enters
mitosis and then endoreduplication cycle (Marks and Feldmann, 1989; Schnittger and Hulskamp,

2002). Credits: Annette Diaz
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CHAPTER II

ARBUSCULAR MYCORRHIZAL FUNGI (AMF) INFLUENCES GROWTH AND INSECT
COMMUNITY DYNAMICS IN SORGHUM-SUDANGRASS

(SORGHUM X DRUMMONDII)

Abstract
Beneficial plant-microbe interactions in the rhizosphere have been found to enhance plant growth
and development. Arbuscular Mycorrhizal Fungi (AMF), a major group among these microbes,
have been found to improve plant fitness through mycorrhizal symbiosis. Despite being well
documented in various natural and domesticated study systems, few studies have examined
whether AMF also has cascading effects on other traits, such as influencing insect community
dynamics through attraction/repulsion of beneficial and damaging insects. To test this, we planted
Sorghum-sudangrass (Sorghum x drummondii), a fast-growing annual grain/ forage crop, either
inoculated with commercial AMF mix or left as control in lab and field experiments. We
hypothesized that AMF would enhance plant growth and influence the recruitment of insect
herbivores and their natural enemies due to possible alterations in plant defense pathways. Our
results suggest that while AMF inoculated plants had significantly better germination, growth and
establishment; they also experienced a lower initial incidence of fall armyworm (Spodoptera
frugiperda), a major herbivore on Sorghum in the region. In addition, our insect community

trapping experiment revealed that AMF inoculated plants attracted significantly more beneficial
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insects (predators and parasitoids) and a lower number of damaging herbivores. Taken together,
our field and lab data show that AMF can not only positively influence plant growth traits but can
also provide defenses against herbivores by selectively attracting beneficial insects and repelling

herbivores, with implications for sustainable pest management strategies.

Introduction

Soil microorganisms are a critical component of the rhizosphere. Associations of beneficial
microbes such as arbuscular mycorrhizal fungi (AMF) and plants date back millions of years
(Reynolds et al. 2003). AMF are highly cosmopolitan and associate with nearly 80% of terrestrial
autotrophs (Smith 2008; Fontana et al. 2009; Vannette and Hunter 2009). Mutualistic associations
of AMF with their host plants has been found to influence plant growth and fitness by the exchange
of resources (Goverde et al. 2000; Smith 2008; Fontana et al. 2009; Vannette and Hunter 2009;
Kempel et al. 2010; Smith et al. 2011) which has been associated with increased yield (Anderson
1988) in various crops like maize (Zea mays), potato (Solanum tuberosum), yam (Dioscorea alata;
Begum et al. 2019; Posta and Duc 2019) cowpea (Vigna unguiculata) , flax (linum usitatissimum;
Posta and Duc 2019) and pepper (Capsicum annuum; Kaya et al. 2009). Moreover, they improve
host plants’ tolerance to abiotic stresses like drought, salinity and heavy metals, and can modify
plant defenses (Bennett et al. 2006; Fiorilli et al. 2009; Kempel et al. 2010; Jung et al. 2012). Few
studies have also documented that AMF can modulate plant interactions with herbivores, (Kempel
et al. 2010) their natural enemies and pollinators (Pineda et al. 2010; Willis et al. 2013). Therefore,
it is possible that AMF can have cascading effects on plant-insect interactions (Gehring and

Bennett 2009; Khaitov et al. 2015), an area of research that warrants more attention.
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As the major biotic stress, herbivorous insects either damage plant tissues and /or act as
vectors for pathogens. While plants inoculated with mycorrhizae can defend better against root
herbivores (Gange 2007; Gehring and Bennett 2009), few studies also suggest that they usually
harbor higher proportions of sucking insects (e.g., aphids) and lower proportions of chewing
insects (Gange 2002). Previous findings also report that generalist herbivores may perform poorly
on the mycorrhizae inoculated plants (Rabin and Pacovsky 1985, Gange and West 1994; Kempel
et al. 2010), while the specialists can overcome such changes, and even gain from the association
(Gehring and Whitham 2002; Gehring and Bennett 2009; Kempel et al. 2010). Fall armyworm
(Spodoptera frugiperda; FAW) (J.E. Smith) (Lepidoptera: Noctuidae) is one such leaf chewing
generalist herbivore that can potentially be impacted by mutualism between AMF and the host
plants (Mukherjee 2017). FAW is a polyphagous insect pest (Chapman 1999; Lange et al. 2018)
that mainly feeds on grasses (Gramineae) and is an active forager (Buntin 1986), distributed
worldwide, and has been considered as one of the most destructive crop pests (Degen et al. 2012;
Padhee and Prasanna 2019).

AMF possibly alters the host plant defense chemistry by changing its nutritional status
(Gange and West 1994; West 1995; Gosling et al. 2006), thereby mediating a wide range of species
interactions. Consequently, AMF has been speculated to play a key role in shaping the organization
and composition of ecological communities (Putten 2008; Hartley and Gange 2009). As one of the
key mediators of insect plant interactions, plants emit a range of constitutive volatile compounds
that either repel or attract herbivores, pollinators, and predators/parasitoids (Moraes et al. 1998;
Chen et al. 2019). However, under herbivory they emit herbivore induced plant volatiles (HIPVs)
(Pare and Tumlinson 1999; Kariyat et al. 2012; Ye et al. 2018) that can vary in quality and quantity

from constitutive volatiles (Rowan 2011). Consequently, HIPVs have been found to act as signals
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to herbivores indicating that the host plant is already infested and is less suitable for feeding
(Kariyat et al. 2014). More importantly, these volatiles can also increase the recruitment of natural
enemies that either parasitize or predate the herbivores (Pare and Tumlinson, 1999; Dicke and
Baldwin 2010), altering the tri-trophic interactions - a sustainable pest management approach that
has gained momentum recently (Hill et al. 2018). Due to the ability of AMF to modify plant
chemistry (Laird and Addicott 2007; Pozo and Azcon-Aguilar 2007; Hill et al. 2018), it is possible
to expect that AMF can also alter multi-trophic interactions through plant-herbivore-natural enemy
community dynamics.

Sorghum-sudangrass (Sorghum x drummondii) is a forage species from Sudan and southern
Egypt that is well adapted to dry and hot climates. It is a common cover crop grown in the summer
season in various agricultural ecosystems worldwide (Hariprasanna and Patil 2015;
Venkateswaran et al. 2019), including the United States. The species can act as a natural weed
suppressant due to its dense canopy (Wang et al. 2019). However, the plant along with its congener
Sorghum bicolor, is also a host to a wide range of insect herbivores (Kariyat et al. 2019).
Interestingly, there is limited understanding on the dynamics of insect community associated with
this species, and more importantly, whether mycorrhizal association can potentially alter these
interactions. Since the few studies on AMF-insect-plant interactions have reported varied results
with different study systems (Johnson et al. 1997; Reynolds et al. 2005; Fonatana et al. 2009),
using Sorghum-sudangrass as our host plant species, we examined whether the commercial AMF
has cascading effects on plant growth and development, herbivory, and insect community
dynamics, in an organic cropping system in LRGV in south Texas. We employed a combination
of field and lab experiments to answer these questions. We hypothesized that: AMF inoculated

plants will have better growth traits than the non-inoculated control plants, herbivore will be lower
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on the AMF inoculated plants as compared to the control and that AMF inoculated plants will

attract more beneficial insects and lower number of herbivores.

Materials and Methods

The field experiment was conducted at a 21-acre organic farm owned and operated by PPC
farms in Mission, Texas, United States, 78572 (26.168425, -98.313547). The field was sown with
seeds of two treatments - Sorghum-sudangrass seeds (Super sugar sudex variety, Green Cover
Seed company, USA) inoculated with AMF (Wildroot® Organic Mighty Mycorrhizal Concentrate
USA), and seeds without AMF inoculation (control), separated in the middle by a fallow land area,
such that area under cover for each treatment is 4.5, 4.5 and 2 acres, respectively. Details of
mycorrhizal species included in the commercial mix are included in the supplementary file (Data
S1). Each seed lot of 22.67kg was inoculated with 200g of AMF (as recommended by the
manufacturer) along with 60 ml water to make the powdered AMF formulation adhere to the seeds.
The seeds were sown on ridges maintaining the seed rate of 22.67 kg/acre, during early summer
of 2018. AMF inoculated seeds, as well as control seeds, were each sown on 106 ridges separately
(9.5 acres per treatment), separated in the middle by 22 ridges (2 acres) of fallow; however, the
experiments and observations were based on 4.5, 4.5 and 2 acres for seeds with AMF inoculation,
without inoculation and fallow land area, respectively. Seeds were covered with 0.5 cm of soil
after broadcasting and the field was flood irrigated immediately after sowing.
Plant growth traits (field)

Various growth traits were recorded at early season (30-40 Days After Planting-DAP),

mid-season (45-55 DAP) and late season (60 DAP and after), as described below:
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Plant height. We recorded the height of 60 plants per treatment using the measuring tape
from the base of the plant to the tip of the youngest leaf, during the mid-season. For this, we
selected 6 rows randomly from each treatment, out of which 10 plants per row were further
randomly selected. Additional height measurements were taken in the late season and recorded
from another 100 plants per treatment using the same method.

Number of fully opened leaves. Total number of fully opened leaves per plant were
recorded from 60 randomly selected plants per treatment (irrespective of any damage) during the
mid-season. The same was recorded from 100 random plants per treatment twice during late
season, using a 1m? quadrat made from PVC (Polyvinyl Chloride, Lowes Inc, Edinburg, Texas)
pipes. The quadrat was randomly thrown 10 times into different directions per treatment. For each
throw, data was recorded from 10 plants randomly selected from within the quadrat.

Plant density. During the mid-season, the quadrat was thrown 5 times and 8 times in the
different directions within the AMF inoculated and control plots, respectively. The total number
of plants contained in the quadrat was recorded. For the second density measurement, we doubled
the sample size to 10 throws per treatment, and the number of plants in the quadrat was recorded
during the late season. A third set of data was recorded again in late season.

Plant girth. To continue measuring the growth traits of the plant, girth of the plants from
each treatment was recorded at the base of the plant. Data was recorded twice during the late
season. The quadrat was thrown 10 times in the different directions within each treatment. Girth
of 10 randomly selected plants contained in the quadrat was recorded using a digital \Vernier caliper
(Gyros® DIGI- SCIENCE™), It was calibrated before recording measurement from each plant.
Similar data was also recorded for any throw even with less than 10 plants inside the quadrat.

Plant defense traits
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Number of leaves damaged. The field was surveyed for the number of insect-damaged
leaves, more specifically, for the damage caused by the FAW. For this, 60 plants were randomly
selected per treatment and carefully observed for any foliar damage done by FAW larvae such as
ragged feeding on the foliage and the presence of small holes (Figure 3.S1) during the early season.
Similarly, observations were recorded from 100 randomly selected plants per treatment during the
late season.

Presence of fall armyworm. In addition to damage assessment, the treatments were also
observed for the presence of FAW using two characteristic features- the actual presence of the
FAW and/or the presence of caterpillar frass on the leaf whorls. During the early season, we
examined 100 plants randomly selected per treatment and recorded the number of plants having
presence of fall armyworms or its frass, or both. During the late season, the quadrat was randomly
thrown 10 and 8 times within the AMF inoculated and control plots, respectively. The total number
of plants contained in the quadrat was also recorded for signs of caterpillar incidence. The
parameter was recorded again during the late season, again observing 100 randomly selected plants
per treatment.

Insect community. To examine the insect community diversity associated with AMF
inoculated and non-inoculated Sorghum-sudangrass, a trapping method comprising of three types
of traps was employed (Figure 3.S2, B-S3). During the early season, six cages were set up
diagonally (3-4 rows apart) in both treatments and fallow (n=18), covering an area of ~75m * 20
m in each plot. To build the cage, hardwire material (0.635 cm mesh size, 0.61 x 3.05 m - Lowe’s,
Blue Hawk, catalog number: 492388, model: 840147) was folded into a cylindrical shape (90 cm
tall*76 cm diameter) and fastened with the zip ties. The top of the cage was fitted with the

aluminum pie pan (22.2 cm dia. x 2.9 cm) fastened with two zip ties (28 cm) at the diametrically
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opposite ends. For sticky traps, white colored bridal veil nets (25 cm*30 cm) (Hobby Lobby,
catalog number: 852640) covered with odorless tangle foot sticky glue (Tangle-Trap® Sticky
Coating, catalog number: 300000676, Part No. LB8249) were placed uniformly opposite to each
other on the cage, in the field. The sheets were secured with rubber bands placed at the top and
bottom of the sheets, around the cage. For pitfall traps, two 266 ml clear plastic cups (Solo,
Walmart, 554949033) were placed diametrically opposite to each other at the base of each cage in
two holes dug (same size as the cup) around it, such that holes are situated on the ridges. The pitfall
traps and aluminum pie pan traps were filled with water and Micro-90 odorless detergent (Cole-
Parmer, catalog number:SK-18100-05) to trap insects. For details of the cage design, please see
Kariyat et al. (2018), and the supplementary files (Figures B-S2, B-S3). The following day, pie
pan traps were re-filled with soap water to replenish the water lost to evaporation. On the third
day, the traps were removed and collected from the field (Kariyat et al. 2012; Kariyat et al. 2018).
Each bridal veil was carefully removed and placed between two labeled sheets — an A4 size white
sheet at the base and a clear acetate sheet at the top. Based on phylogeny and feeding guild, the
insects trapped were identified in orders (and families when possible) (Kariyat et al. 2012)
including predatory wasps and parasitoids (Hymenoptera), generalist and specialist herbivorous
beetles (Coleoptera), caterpillars and adult moths and butterflies (Lepidoptera), true herbivorous
bugs (Hemiptera), flies (Diptera) (Kariyat et al. 2012). The experiment was repeated later in the
season following the same procedure.
Seedling germination and establishment (lab)

In addition to the field experiments, we performed a series of controlled lab experiments
to examine the germination and seedling establishment rates at different AMF concentrations:

0.10329g/500 seeds (recommended rate), two times the recommended rate (0.2069/500 seeds), half
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the recommended rate (0.052¢/500 seeds) and a control (no AMF). Mean weight for 500 seeds
(weighing balance-Accuris instruments, Bloodbankdepot®) was estimated (11.714g) to calculate
the AMF required for each treatment. For each treatment, seeds were placed in separate vials
containing a slurry made of required amount of AMF and 500uL of di-water. Control seeds were
inoculated with di-water without AMF. Each vial containing inoculated seeds was vortexed for 30
seconds for uniform inoculation. Seeds were sown in trays (51.435cm*25.4cm) containing
sterilized potting mixture (Berger- custom blend, Graco Fertilizer Company, Georgia, USA) and
placed in an incubator (Sheldon Manufacturing, INC.) at a 25°C temperature and 16 hours day/ 8
hours night cycle. To ensure that each tray received an equal amount of light, they were rotated
daily within the incubator. Number of emerged seedlings was recorded for three consecutive days,
since the first day of emergence and final readings were recorded at 11" day after sowing. In
addition, the length of seedlings (cm) was recorded at 10 days after emergence.

Dry biomass measurements (field and lab)

To compare the shoots and roots biomass between both treatments, 30 plants per treatment
from the field were uprooted along their roots near the time of crop termination. After separating
the aerial parts and roots of each plant sample, the roots were washed to remove any attached soil
from the field. Following this, the samples were allowed to dry in an oven (Quincy lab.INC, Fisher
Scientific, USA) at 70°C for 2 days and weighed for dry biomass. Similar procedure was followed
for the laboratory raised seedlings to analyze the difference between treatments for dry biomass,
number of seedlings germinated and successfully established.

Root staining and microscopy
A modified light microscopy based staining method (Mcgonigle et al. 1990) was followed

to detect the colonization of plant roots by AMF. Five fine root fragments (1.5 cm) were collected
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from five random plants per treatment, uprooted from the field. The root cuttings were immersed
in 10% KOH solution for 3-4 days to remove tannins in the roots and then gently rinsed with di-
water twice. This was followed with immersing the roots in alkaline H.O> bleach for 30 minutes
and then rinsing with di- water twice. Next, the cuttings were drenched in 1% HCI for 30 minutes
and gently rinsed with di-water. The processed roots were then stained overnight with a mixture
of Trypan blue ink and acidified glycerol and later rinsed with di-water to clear the excess ink off
the roots. To perform light microscopy, the stained root cuttings were mounted over slides and
examined carefully for any vesicles, arbuscules or hyphal threads, under 100X to 400X
magnification (Olympus BX53 upright microscope; Olympus camera adaptor U-TV1XC, C-

mount; Software: LC micro 2.2, Olympus Soft Imaging Solutions, USA) (Figure 3.1).

Statistical analysis

All analyses were performed using the statistical software JMP (Statistical Analysis
Software Institute, NC, USA). The data for height parameter was analyzed with Mann-Whitney U
test (non-parametric test) as it did not satisfy normality assumptions even after transformations.
Two-tailed t tests were used to compare the mean number of fully opened leaves in AMF
inoculated and non-inoculated treatments. Plant density was also analyzed using Mann-Whitney
U test because the data did not meet normality assumptions. Two-tailed t tests were used to test
compare the plant girth measurements between both treatments. Data for FAW damaged leaves in
the mid-season was analyzed with Mann-Whitney U test (non-normal data) while two-tailed t tests
were used for late season observations. For insect trapping experiments, pooled data from both
collections was analyzed using univariate analyses. The counts for the orders Coleoptera and

Diptera satisfied normality assumptions, so were analyzed with One-Way ANOVA, while
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Hemiptera and Hymenoptera counts were analyzed with non-parametric Kruskal Wallis tests to
compare insect diversity among both treatments and the fallow (Table 3.1). To reconfirm our
univariate analyses (count data), we also ran a multivariate linear discriminant analysis to identify
the separation of the main insect orders and the treatments from the insect diversity data. In our
first analysis, we compared AMF and non-AMF treatments over the four insect orders of interest
(Hymenoptera, Coleoptera, Diptera, and Hemiptera). A canonical plot was built with biplot axes
using variables from the linear combination of covariates from the treatment groups and insect
orders. We followed this by adding the fallow treatment and built additional canonical plot and
used Wilks lambda to test the significance between the treatment groups. The logistical constraints
of working in a farmer’s field affected our ability to do replicated field trials, so detailed
confirmation assays were carried out in lab. Data on seedling germination and establishment in the
lab studies were analyzed using Chi-square tests for each pairwise comparisons among control
seedlings without AMF and the three groups of seedlings with different AMF inoculations. Chi-
square test was also used to examine if the data for FAW incidence/ presence at various stages are
independent in both the treatments and whether there is significant difference in the presence of
FAW between both the treatments. Lab studies data including shoot and root length and dry
biomass were all normally distributed and were analyzed with One-Way ANOVA and, field dry
biomass data analyses were performed using two-tailed t test. All the ANOVA analyses that had
three treatment groups (AMF, non-AMF or control and fallow) were also subjected to appropriate
post hoc tests to examine the significance of all pairwise combinations using Tukey or Dunn’s
tests for parametric and non-parametric tests respectively. More details of the statistics are

provided in Table 3.2.
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Results

Growth traits

The results from the field experiment revealed that AMF inoculated plants were
significantly taller (29.6%) than non-inoculated plants (Mann-Whitney U test; U=1343,
P=0.0160) (Figure 3.2a, Table 3.1). No significant difference was found for the number of fully
opened leaves between the treatments (Two-tailed t test; P=0.3505) during the mid-season of plant
growth (Figure 3.2b, Table 3.1). However, plants inoculated with AMF also produced significantly
more leaves (Two-tailed t tests; P<0.0001; P=0.0002) than the control plants in the mid-season
(Figure 3.2c), and towards the late season (Figure 3.2d). Control plants were significantly denser
Mann-Whitney U test; U=55, P<0.0001) than plants inoculated with AMF (Figure 3.2e, Table
3.1); while AMF inoculated plants had significantly higher girth by 73.65% and 54% (Figure
3.2f,g, Table 3.1) than the control during the final two development stages (Two-tailed t tests;
P<0.0001).
Defense traits

Damage assessment in field showed that AMF inoculated plants suffered lower damage by
FAW larvae than control plants, during the mid-season of the crop (Mann-Whitney U test,
U=1616, P=0.0045; Figure 3.3a, Table 3.1). However, there was no significant difference for the
number of FAW damaged leaves between two treatments later in the season (Two-tailed t test;
P=0.8749; Figure 3.3a, Table 3.1). Consistent with this, our early season and late season herbivore
observations in field also showed that plants inoculated with AMF had lower incidence of FAW
(X?=4.261, P=0.0390; X?=11.30, P=0.0008). However, the third set of data recorded during the
late season, shows no significant difference (X?=2.079, P=0.1493) for the presence of FAW

between both treatments (Figure 3.3b, Table 3.1). Our insect community trapping data also shows
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interesting trends. The data collected at 40 DAP and 60 DAP was examined and grouped by the
major insect orders into damaging herbivores or beneficial insects. In total, we collected ~6400
insects. Our results showed a notable impact of AMF on the insect community composition. No
significant results were found for affinity of Coleoptera insects (One-Way ANOVA,; P=0.7520;
Figure 3.3c, Table 3.1) to either AMF inoculated or control; however, we found specialist
herbivorous beetles such as the Diabrotica spp. and Epitrix spp. (family: Chrysomelidae), and
some generalist detrivorous beetles (families: Carabidae and Staphylinidae) that are particularly
not harmful for the crops, in the traps. Interestingly, Hemipteran insects displayed a lower affinity
to the AMF inoculated plants relative to the control (Kruskal Wallis test; P=0.0034; Figure 3.3d,
Table 3.1) that included herbivores such as leaf hoppers and shield bugs (families: Cicadellidae
and Pentatomidae). However, we found both beneficial (families: Tachinidae and Syrphidae) and
herbivorous Dipterans (families: Cecidomyiidae and Bradysia spp.) in significantly higher
numbers on control plants, and fallow when compared to AMF inoculated plants (One-Way
ANOVA; P=0.0335; Figure 3.3e, Table 3.1). More interestingly, Hymenoptera were found in
significantly higher numbers (Kruskal Wallis test; P=0.0056; Figure 3.3f, Table 3.1) on the plants
incorporated with AMF. Winged beneficial Hymenopterans, largely comprising of the parasitoids
in Braconidae, Ichneumonidae, predatory wasps, and ants, were largely driven towards the AMF
inoculated Sorghum-sudangrass. Overall, AMF was positively associated with beneficial insects
and negatively associated with damaging herbivores.

Our multivariate statistics with discriminant analyses also reinforced these results. The
outer ellipse on the canonical plot (95% confidence level for each mean) clearly showed that the
groups separated out without overlapping, showing significant differences and with distinct

separation between the beneficial Hymenoptera clustered at the AMF when compared to other
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groups. Wilks lambda had a value of 0.408 and a P <0.0001, showing significant treatment
differences and robustness of the group separation in terms of a direct measure of the proportion
of variance in the combination of dependent variables that is unaccounted for by the independent
variable (Eigen value= 1.4487, F value=7.23; Figure 3.4a). For second replication, we built a
similar plot and conducted analyses but with additional treatment of fallow (mostly infested by
weedy grasses). Like the previous model, we found that the AMF treatment separated from the
non-AMF and from the fallow treatments, while non-AMF and fallow overlapped their ellipses
(Eigen value= 1.3655, F value=11.22; Figure 3.4b). In addition, Wilks lambda had a value of 0.389
and a P <0.0001, clearly showing significant differences in treatments. Taken together, the
analyses clearly show that AMF plants varied from both other treatments by attracting higher
number of Hymenoptera insects and lower number of other insect groups.
Seedling germination and establishment in lab

To confirm the effect of AMF on Sorghum-sudangrass under sterilized soil conditions
(without the presence of any native AMF in field), we conducted laboratory experiments at
different concentrations of AMF inoculum (Figure 3.5, Table 3.2). We found that seeds inoculated
with twice the recommended rate of AMF germinated significantly more seedlings than control
seeds (X?=15.97, P<0.0001). However, we did not find any significant difference between seeds
inoculated at recommended rate and control seeds (X?=0.0083, P=0.9272). Moreover, we found
significant difference comparing half the recommended rate against control seeds, where the
control seeds germinated better (X?=167.069, P<0.0001). While comparing the germination
effects among the different rates of AMF, we found that seeds inoculated at twice the
recommended rate of AMF germinated significantly better than seeds inoculated at both the

recommended rate and half the recommended rate of AMF (X?=55.85, P<0.0001 and X?=26.29,
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P<0.0001). However, we also found that seeds inoculated with half the recommended rate
germinated better than seeds inoculated at the recommended rate of AMF (X?=7.883, P=0.0050)
(Figure 3.5a). Taken together, our results suggest that AMF in general significantly improved the
germination rate of sorghum sudangrass.

However, some of this effect was lost at establishment stage (Figure 5b). Results from
seedling establishment (3 weeks after seeding) suggest that seeds inoculated at recommended rate
and half the recommended rate of AMF established significantly better than control (X?=4.161,
P=0.0414; X?=4.536, P=0.0332). Moreover, the establishment rates were significantly higher for
seeds inoculated with double the recommended rate against control (X?=8.228, P=0.0041) (Figure
3.5, Table 3.2).

Field and lab biomass

For the samples collected from field, the plants inoculated with AMF had significantly
higher shoot dry biomass (Two-tailed t tests; P=0.0128; Figure 3.6a, Table 3.1) while no
significant difference was found for root dry biomass between the two treatments (Two-tailed t
tests; P=0.7684; Figure 3.6b, Table 3.1). Nevertheless, the overall dry biomass was significantly
higher for AMF inoculated plants (Two-tailed t tests; P=0.0245; Figure 3.6¢c, Table 3.1). Lab
experiments conducted under sterilized soil conditions, free of native mycorrhizae, suggest that
inoculation with different concentrations of commercial AMF produce seedlings with significantly
higher dry biomass (One-Way ANOVA, P=0.0006; Figure 3.6d-f). Tukey’s multiple comparisons
test suggests that the seedlings with twice the recommended rate of AMF (double concentration)
significantly gained more biomass than rest of the treatments (Tukey’s multiple comparisons,
P=0.0012; P=0.0029). However, the difference between dry biomass of seedlings with AMF at

recommended rate and control showed no significant difference (Tukey’s multiple comparisons,
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P=0.9396; Figure 3.6d-f). Also, seedlings with twice the recommended rate of AMF had higher
shoot length than seedlings with recommended rate and control treatments (Tukey’s multiple
comparisons, P=0.0013; P=0.0299). Shoot length among seedlings at the recommended rate of
AMEF, half the recommended rate of AMF and control treatments (Tukey’s multiple comparisons,
P=0.1159; P=0.7358; P=0.6520), and between half the recommended rate and double the
recommended rate of AMF were not significantly different (Tukey’s multiple comparisons,
P=0.2578) (Figure 3.6d). Similarly, we did not find any significant differences for root length
between half the recommended rate and twice the recommended rate of AMF (Tukey’s multiple
comparisons, P= 0.1454). Additionally, no significant differences were found in root length
between the seedings with recommended rate and twice the recommended rate of AMF (Tukey’s
multiple comparisons, P=0.5508). However, seedlings with half the recommended rate had very
significantly higher root length than the seedlings with recommended rate of AMF (Tukey’s
multiple comparisons, P=0.0023). Not surprisingly, roots of seedlings with half the recommended
rate and twice the recommended rate of AMF were significantly longer than the roots of control
seedlings (Tukey’s multiple comparisons, P<0.0001; P=0.0103) (Figure 3.6e). Taken together,
our data shows the positive effect of AMF on total biomass of the plants from the field and
seedlings from the lab, along with positive concentration dependent effects on plant growth.
Light microscopy for arbuscules detection

The results for the light microscopy clearly showed arbuscules in the roots fragments of
AMEF colonized plants from the field, thereby, suggesting a successful colonization of Sorghum-
sudangrass roots by AMF fungi. There were little to no arbuscules found in the roots of plants

without AMF inoculation (Figure 3.1).

45



Discussion

Our findings demonstrate that AMF can provide both overall growth as well as defense
benefits to plants against herbivores. Improved growth traits in our study system can be attributed
to the increased availability of nutrients by AMF to the host plants (Lynch 1992; Roesti et al. 2006;
Smith 2008). In our study, AMF inoculated plants were significantly taller than control plants in
resonance with various recent and past studies. For example, Murrell et al. (2019), showed that
AMF colonization increases the growth in cover crops (Murrell et al. 2019). Similarly, Bi et al.
(2018) recorded increased height in AMF inoculated Amygdalus pedunculata, a native tree species
used for ecological restoration, than the control plants (Bi et al. 2018). We also recorded
significantly higher girth in AMF inoculated plants than the control plants (Figure 3.2f, g),
suggesting a positive impact of AMF on plant vigor (Siddiqui et al. 2008). Not surprisingly, AMF
inoculated plants grow vigorous over the course of the season (Zangerl and Rutledge, 1996).
Young seedlings have been found to invest their resources more towards height increment before
diverting it to leaf production (Weiner 1994; Nagashima 1995; Nagashima and Hikosaka 2011),
and in our experiments we see that the plants inoculated with AMF had a higher number of leaves
than control only post the initial growth stage (Figure 3.2 c, d).

In a recent study (Murrell et al. 2019), AMF inoculated plants were found to invest more
in growth and defenses simultaneously. Similarly, in our study, the number of insect damaged
leaves during the mid-season and FAW incidence until the mid-season, were significantly lower
in the AMF inoculated plants than control (Figure 3.3a, b). AMF possibly alters the chemical
composition of plants by changing their nutrient pool (Weiner 1994). Therefore, healthy and
nutrient rich (Zangerl et al. 2007; Mithofer et al. 2018; Formenti and Rasmann 2019) AMF

inoculated plants allocated more resources to defend against herbivores, in this case against FAW.
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We speculate that AMF inoculated plants either produced defense chemicals to hinder the FAW
feeding/ development or activated signaling molecules that mediate defense pathways in the
species. Additionally, the negative impact of mycorrhizal-plant association on herbivores through
altered carbon: nitrogen ratio has been reported previously (Bryant et al. 1983). They speculated
AMF inoculated plants invest higher in carbon-based secondary metabolites, thereby discouraging
herbivores (Bryant et al. 1983; Kempel et al. 2010). A recent study confirmed the activation of
jasmonic acid signaling pathway in various AMF inoculated cover crops under the attack of
European corn borer (Ostrinia nubilalis), a polyphagous lepidopteran pest (Murrell et al. 2019),
with similar feeding habit as FAW. However, we also found that FAW was able to establish itself
and colonized the entire field towards the later crop growth stages, including AMF plants (Figure
3.3a, b). It is possible that AMF helps the crop protect itself against herbivores during the initial
establishment stages, thereby allowing the host to allocate more resources for fitness (Formenti
and Rasmann 2019) and once established on the non-inoculated plants, FAW eventually damage
the AMF plants as well as in the late season.

More interestingly, our insect community trapping experiment recorded twice at 40 and
~60 DAP showed that AMF inoculated plants attracted lower number of harmful Hemipteran and
Dipteran herbivores (Figure 3.3d,e) but significantly more natural enemies of Hymenoptera
(parasitoids and predators) (Kariyat et al. 2012) than control plants (Figure 3.3f). Therefore, AMF
indirectly defends the host plants against herbivores by recruiting more natural enemies, through
tri-trophic interactions (Hempel et al. 2009). In fact, a study has documented increased number of
hymenopteran insects visiting the mycorrhizae inoculated plants than the control plants (Gange
and Smith 2005). However, we found no difference among the number of coleopterans trapped in

the treatments including both generalist (predatory and detrivorous) and specialist (herbivorous)
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beetles. We speculate that constitutive and/or induced volatile compounds produced by the plants
from each treatment regulated the movement of both herbivores and beneficial arthropods
(parasitoids and predators) (Kariyat et al. 2012). Therefore, AMF possibly helps inoculated plants
to alter their volatiles to attract the beneficial insects. However, it is unclear if the increased
defenses in the inoculated plants are a resultant of increased nutrients acquisition and consequently
more available resources towards the plant defenses or its direct association with the plant roots.
In contrast, less vigorous and resource-limited control plants, are possibly more susceptible to
herbivory, for example, through reduced induction of defensive plant volatile compounds such as
terpenes (Heil 2008; Kariyat et al. 2012). Taken together, our data validates the efficacy of AMF
inoculated crops to attract beneficial arthropods and repel damaging insects.

To confirm that the effects observed in our experiments were primarily due to inoculated
commercial AMF on Sorghum-sudangrass and not overpowered by natural AMF present in the
soil systems (Torrecillas et al. 2011; Berruti et al. 2016), we conducted various laboratory
experiments at different concentrations of AMF inoculum under sterilized soil conditions (without
the presence of native AMF). Not surprisingly, we found a concentration dependent effect on the
germination of seeds inoculated at different rates of AMF: Seeds inoculated with twice the
recommended rate of AMF germinated and established better than control seeds. However, seeds
inoculated with double the recommended rate performed better than other two AMF rates, which
further strengthens the premise of concentration dependent effect of AMF on seedling germination
and establishment. These findings confirm the results for growth traits obtained from the field
study and the often-documented positive results of AMF on plant growth in various other studies,
except Maighal et al. (2016) which showed that AMF negatively affects seed viability in the soil

(Maighal et al. 2016). However, very recently, concentration dependent effects of AMF have also

48



been found in Medicago truncatula against pea aphids (Acyrthosiphon pisum) (Garzo et al. 2018).
Notably, more research in this field under both lab and field conditions is warranted- to understand
the optimum concentration of commercial AMF to reap both growth and defense benefits. It is
quite clear that AMF can successfully alter plant chemistry that can modulate defense responses,
possibly through plant volatiles and secondary defense metabolites; an area we are currently
exploring.

Recently, AMF inoculated crops were reported to have increased shoot and root dry
biomass of 80.8% and 73.6% respectively in a total of 146 and 91 experiments used in their
analyses (Berruti et al. 2016). In our study, field grown AMF inoculated plants had greater aerial
dry biomass than control (Figure 3.6a) possibly due to acquisition of more nutrients (Roesti et al.
2006). Additionally, for seedlings grown under controlled lab conditions (without the presence of
native AMF), seedling growth was found to be positively associated with AMF concentration
(Figure 3.6d), even during the initial establishment stages. Consistent with our results, Bi et al.
(2018) also recorded increased root and shoot growth in AMF inoculated Amygdalus pedunculata
trees (Bi et al. 2018). Also, since during initial stage plant tends to invest more energy in elongation
rather than secondary growth, (Weiner 1994; Nagashima 1995; Nagashima and Hikosaka 2011)
we found similar results to the total dry biomass results for the seedlings grown in lab (Figure
3.6f). Similarly, higher biomass for mycorrhizal wheat has also been previously documented in

some studies (Al-Karaki et al. 2003; Zhu et al. 2015)

Conclusions
Overall, our results suggest that AMF boosts the crop health and vigor. But more

importantly, AMF repels damaging herbivores while selectively attracting natural enemies in the
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initial crucial stages of crop growth and development (Weiner 1994). Our results also show that
AMF effects are clearly visible in early stages through germination, establishment, growth and
herbivore defenses. The mechanisms underlying these effects warrant immediate and detailed
examination.

Supplementary Materials: Data S1: Different mycorrhizal species included in the mix,
Figure 3.S1: Feeding damage by fall armyworm (Spodoptera frugiperda) on Sorghum-sudangrass
(Sorghum x drummondii), Figure 3.S2: Schematic of the trap set up for insect community
experiment enclosing Sorghum-sudangrass (Sorghum x drummondii), Figure 3.S3: Picture of
unique three trap cage set up enclosing Sorghum-sudangrass (Sorghum x drummondii) in the field
to collect attracted insect community.
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and equipment for the field experiments, Paloma Flores for assisting in lab experiments, Dr.

Lekshmi Sasidharan for statistics, and Lili Martinez for assisting in field trap set up and collection.
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Tables and Figures

Table 3.1. Details of statistical analyses to examine the effects of arbuscular mycorrhizal fungi
on various growth traits, defense traits, seedling germination, seedling establishment and the
insect community dynamics in Sorghum-sudangrass (Sorghum x drummondii). Significant

differences are in bold at P<0.05.

Trait Test Test Statistics P value
Height Mann-Whitney U test Mann-Whitney U=1343 0.016
Opened leaves )
_ Two-tailed t test t=0.9372, df=118 0.3505

Mid-season
Opened leaves )

Two-tailed t test t=4.238, df=177 <0.0001
Late season 1
Opened leaves )

Two-tailed t test t=3.861, df=197 0.0002
Late season 2
Plant density Mann-Whitney U test Mann-Whitney U=55 <0.0001
Plant girth )

Two-tailed t test t=5.658, df=177 <0.0001
Late season 1
Plant girth )

Two-tailed t test t=6.310, df=195 <0.0001
Late season 2
Number of fall
armyworm (FAW) _ )
damaged leaves Mann-Whitney U test Mann-Whitney U=1616 0.0045
Mid-season
Number of FAW
damaged leaves Two-tailed t test t=0.1576, df=198 0.8749
Late season
insect diversity: One-Way ANOVA F=02867,df=2,51 | 0.7520
Coleoptera
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Hemiptera iw(s)li?;Wallis One-Way zKlrllj.s3t<7aI-Wallis Statistic 0.0034
Diptera One-Way ANOVA F=3.634, 2, 51 0.0335
e | Ko O | KRS e
Lab: Shoot length One-Way ANOVA F=5.429, df=3,76 0.0019
Lab: Root length One-Way ANOVA F=11.61, df=3,76 <0.0001
Lab: Total Biomass One-Way ANOVA F=8.545, df=2,53 0.0006
Field: shoot biomass | Two-tailed t test t=2.571, df=57 0.0128
Field: root biomass Two-tailed t test t=0.2958, df=57 0.7684
Field: Total biomass Two-tailed t test t=2.311, df=57 0.0245

Table 3.2. Results of Chi-square tests of multiple pairwise comparisons of seedling germination
and seedling establishment among control and three concentrations of AMF. Pairwise comparisons
have also been included for fall armyworm (Spodoptera frugiperda) incidence over three-time
intervals of Sorghum-sudangrass growth (Sorghum x drummondii). Chi square test statistics at
respective degrees of freedom (df) and P values are also included. Significant results with P< 0.05

are in bold.

Comparison X2, df P value
Seedling germination

Control (no-AMF) and Standard concentration 0.0083,1 0.9272
Control and Half concentration 167.069,1 <0.0001
Control and Double concentration 15.97,1 <0.0001
Double and Standard concentration 55.85,1 <0.0001
Double and Half concentration 26.29,1 <0.0001
Standard and Half concentration 7.883,1 0.0050

Seedling establishment
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Control (no-AMF) and Standard concentration 4.161,1 0.0414
Control and Half concentration 4.536, 1 0.0332
Control and Double concentration 8.228,1 0.0041
Double and Standard concentration 0.7024,1 0.4020
Double and Half concentration 0.5586,1 0.4548
Standard and Half concentration 0.0082,1 0.9276
Fall army worm (FAW) incidence in field

Early season (30 DAP) 4.261,1 0.039
Late-season | (60 DAP) 11.30,1 0.0008
Late season Il (70 DAP) 2.079,1 0.1493

53




Figure 3.1: Light microscopy images of Sorghum-sudangrass (Sorghum x drummondii) root
fragments. (a) Arbuscular mycorrhizal fungi (AMF) inoculation indicated by presence of blue
stained arbuscules in the roots (b) Absence of AMF inoculation indicated by clear root with no

arbuscules.
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Figure 3.2: Results of growth traits comparisons between control and arbuscular mycorrhizal fungi
(AMF) inoculated Sorghum-sudangrass (Sorghum x drummondii) in field. (a) mean height (cm);
mean number of fully opened leaves at (b) mid-season (45 DAP), (c) at 50 DAP, (d) late season
(60 DAP); (e) mean plant density/m?; mean girth (cm) at (f) late season (60 DAP) and (g) late
season (70 DAP) are reported. Mean and standard error of the results of Mann-Whitney U test of
the mean height between plants (y-axis) (in cm), two-tailed t tests to examine the number of opened
leaves between plants (y-axes) (in cm), Mann-Whitney U tests of mean density of plants (in plants
per m?) (y-axis), two-tailed t tests data analysis of measurement for girth of plants (in cm) (y-axis)
in control and AMF treatment (x-axis) are represented. Statistically significant differences are
represented by different lowercase alphabetical letters at P<0.05, while ns denotes non-significant

results.
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Figure 3.3: Results of defense traits comparisons among different treatments of Sorghum-
sudangrass (Sorghum x drummondii). (a) fall armyworm damage; (b) number of fall armyworm /
frass observed; (c)-(f) mean number of Coleopteran, Hemipteran, Dipteran and Hymenopteran
insects, respectively. Mean and standard error of the results of Mann-Whitney U test and two-
tailed t test for fall armyworm damage during mid and late season, respectively (y-axis) in control
and AMF treatment (x-axis) are represented; One-Way ANOVA tests to examine mean number of
coleopterans and dipterans (y-axis) and Kruskal Wallis test to examine mean number of
hemipteran and hymenopteran insect diversity (y-axis) in control ,AMF inoculated and fallow plot
(x-axis) are represented. Statistically significant differences are represented by different lowercase

alphabetical letters at P<0.05, while ns denotes non-significant results.
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Figure 3.4: Canonical plot depiction of insect community attraction. Canonical plots were
constructed for a linear discriminant analysis for the attraction of four insect orders of interest
(Hymenoptera, Coleoptera, Diptera, and Hemiptera) with two biplot axes that has the two
canonical variables from the linear combination of covariates from the treatment groups and insect
orders. The outer ellipse represents 95% confidence interval for each mean and the colored dots
represent the treatments. The length and direction of each ray that represents the covariates in the
biplot indicates the degree of association of the corresponding covariate with the first two
canonical variables. (a) represents the plot for AMF and non-AMF comparisons, and (b) represents
the plot for AMF, non-AMF and fallow treatments. Non-overlapping ellipses and canonical details
calculated from the overall pooled within-group covariance matrix shows that the treatments differ

from each other in their attractiveness towards the insect orders (Table 3.2).
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Figure 3.5: Results of separate pairwise comparisons following the Chi-square tests of growth
assays conducted in lab (X?). (a) seedling germination and (b) seedling establishment; at three
AMF concentration levels and control. X-axis represents the number of seedlings. Different
treatments have been represented by different colors in the graph. Significant differences are
represented by different lowercase alphabetical letters at P<0.05 while asterisks (*) denote the

significance at P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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Figure 3.6: Results of plant biomass analysis from field collected samples and lab experiments. (a)
shoot dry biomass (g), (b) root dry biomass (g) and (c) total dry biomass of the plants (g) from
field; (d) shoot length (cm), (e) root length (cm) and (f) total dry biomass of the plants (g) from
the lab experiments. Mean and Standard error of the results of the two tailed t tests of plant dry
biomass data collected from the field experiments (y-axis) and one-way ANOVA of plant dry
biomass data collected from the lab experiments (y-axis) at three AMF concentration levels. X-
axes and different colors represent different treatments comprising of different AMF concentration
levels at which the seeds were inoculated. Significant differences are represented by lowercase

alphabetical letters at P<0.05, while ns denotes non-significant results.
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Supplementary information

Data 3.S1. Different mycorrhizal species included in the mix.

Glomus intradices, G. mosseae, G.aggregatum, G. etunicatum, G. clarum, G. deserticola,
G. monosporum, Paraglomus brasilianum, Gigaspora margarita, Rhizopogon villosullus, R.lute
olus, R.amylopogon, R.fulvigleba, Pisoli-thus tinctorius, Scleroderma cepa, S. citrinum,

Trichoderma harzianum and T. konigii.
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Figure 3.S1. Feeding damage by fall armyworm (Spodoptera frugiperda) on Sorghum-

sudangrass (Sorghum x drummondii). Credit: Jasleen Kaur, UTRGV

Figure 3.S2. Schematic of the trap set up for insect community experiment enclosing Sorghum-
sudangrass (Sorghum x drummondii). It is a concept modified from Kariyat et al., 2012 (34),

drawing modified from Kariyat et al., 2018(48); Credit: Annette Diaz, UTRGV

Aluminum pie pan trap
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Figure 3.S3. Picture of unique three trap cage set up enclosing Sorghum-sudangrass (Sorghum

x drummondii) in the field to collect attracted insect community.
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

To the best of my understanding, this thesis is the pioneer study conducted to demonstrate
the effects of seed treatment with arbuscular mycorrhizal fungi on the defenses of Sorghum
sudangrass (Sorghum x drummondii; Family: Gramineae) against insect pests and altered insect
community dynamics. Besides, | believe that the following reasons makes
these experiments novel: no studies have examined the recruitment of beneficial insects by AMF
treated S. drummondii and also, no studies have examined whether seed treated AMF enhance
growth in lab (no native AMF) at different concentrations. Since S.drummondiis a
major cover crop in the Lower Rio Grande Valley of Texas andis integral to organic and
sustainable agricultural programs, this study will have implications for sustainable management

in such agroecosystems.

Most importantly, the experiments were conducted in an organic field owned and operated
by local farmers, in South Texas, United States. We found that AMF can impart both growth and
defense benefits to the plants. My field experiments show a positive impact of AMF on the growth
traits of Sorghum sudangrass, thereby, reconfirming the results of previous studies conducted
using AMF. In these traits, we found that AMF can positively enhance plant height, number of
leaves, girth and consequently, the total biomass of the plant. It was found that in early season of

plant growth, FAW incidence and damage was lower in AMF inoculated plants than control plants
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but no significant difference was observed later in the season. Therefore, we suggest that early
season is the crucial stage when AMF imparts simultaneous benefits to plants for both better
growth traits and enhanced defenses against the insect pests. Further, we found greater recruitment
of Hymenopteran insects, a group of beneficial insects that includes various parasitoids and
pollinators, towards AMF inoculated plants. This suggests that AMF possibly alters the plant
chemistry, which causes changes in the herbivore induced plant volatiles (HIPVs) to attract the
insects from third trophic level. The results from our lab experiments focused on seedling
germination, their establishment and biomass. These experiments also reconfirmed the positive
effects of AMF growth traits as observed in the field study, in a controlled environment without
the possible confounding effects of native AMF in the field. Besides, we also found dose dependent
effects of AMF on plant growth under sterilized soil conditions in lab. Interestingly, the AMF
inoculated plants did not reveal any trade offs for resources investment towards growth and
defenses during early season in the field study.

Future experiments should be focused on examining the implications of altered plant
chemistry due to AMF inoculation, and experiments in chemical ecology can lead to the
understanding of underlying mechanisms of multitrophic effects that we found in field. Therefore,
we plan to conduct a series of lab experiments using sorghum sudangrass and yellow sugarcane
aphid (SCA), another major pest prevalent in the south Texas. In our recent survey, we have
observed significantly high numbers of SCA incidence in farmer fields in the region. Therefore, it
would be interesting to determine whether alteration of plant chemistry (nutrition/secondary
metabolites) in AMF treated plants has any effects on the SCA fecundity rates. Additionally, it
will be fascinating to compare the feeding behavior of the aphids on AMF inoculated plants and

the control plants through Electrical Penetration Graph (EPG) technique. This technique can
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provide insight into the feeding patterns of SCA on the plants with or without AMF. Any
differences in the results of both population assay and EPG experiments could suggest the presence
of secondary metabolites, determining plant defenses against herbivory. Next, it would be
interesting to examine whether AMF alters the plant olfactory cues influencing host location and
selection for feeding by SCA. Therefore, choice assays with SCA can possibly help to determine
if any altered herbivore induced plant volatiles (HIPVS) regulate their host preference.
Consequently, the use of push-pull based volatile collection system coupled with Gas
Chromatography- Mass spectrometry can help in understanding the chemical composition of the
plants. This can help determine any differences in the HIPVs of plants with and without AMF.
Also, defensive roles of the proteins polyphenol oxidases (PPOs) have been widely studied
in the past. It has been established that PPOs are the part of certain defense related signaling
pathways in plants, activated in response to herbivory. Therefore, it will be interesting to study
whether AMF inoculation helps the plant in the production of PPOs in plants under herbivory.
Finally, using RT-PCR, we can determine the differences in transcript levels and expression
pattern of the genes involved in plant defense networks (e.g., Jasmonic and salicylic acid
pathways) in plants under herbivory in each treatment. | believe, these experiments will help in
studying the mechanistic reasons for the results observed in my thesis and further strengthen our

understanding of the potential role of AMF in mediating multitrophic interactions.

75



REFERENCES

Abu-Asab M.S., Cantino P.D. (1987). Phylogenetic implications of leaf anatomy in subtribe
MellittidinO (Labiatae) and related taxa. Journal of the Arnold Arboretum, 68(1), 1-34.

Agrawal, A. A., Conner, J. K., and Stinchcombe, J.R. (2004). Evolution of plant resistance and
tolerance to frost damage. Ecology Letters, 7(12), 1199-1208. doi: 10.1111/j.1461-
0248.2004.00680.x

Agren, J., and Schemske, D. W. (1993). The Cost of Defense Against Herbivores: An
Experimental Study of Trichome Production in Brassica rapa. The American Naturalist,
141(2), 338-350. doi: 10.1086/285477

Aljbory, Z., and Chen, M.S. (2017). Indirect plant defense against insect herbivores: a review.
Insect Science, 25(1), 2-23. doi: 10.1111/1744-7917.12436

Al-Karaki G, Mcmichael B, Zak J (2003) Field response of wheat to arbuscular mycorrhizal
fungi and drought stress. Mycorrhiza 14:263-269. doi: 10.1007/s00572-003-0265-2

Amelunxen F., Wahlig, T., Arbeiter, H. (1996). Uber den Nachweis des &therischen Ols in
isolierten Driisenhaaren und Drisenschuppen von Mentha piperita L. Z. Pflanzenphysiol,
61(1), 68-72.

An, L., Zhou, Z., Yan, A., and Gan, Y. (2011) Progress on trichome development regulated by
phytohormone signaling. Plant Signaling & Behavior, 6(12), 1959-1962. doi:
10.4161/psh.6.12.18120

Anderson AJ (1988) Mycorrhizae-host specificity and recognition. Phytopathology 78:375-378.

Aroca R., Vernieri P. and Ruiz-Lozano J. (2008). Mycorrhizal and non-mycorrhizal Lactuca
sativa plants exhibit contrasting responses to exogenous ABA during drought stress and
recovery. Journal of Experimental Botany, 59, 20292041

Ascenséo, L. (1998). The Leaf Capitate Trichomes of Leonotis leonurus: Histochemistry,

Ultrastructure and Secretion. Annals of Botany, 81(2), 263-271. doi:
10.1006/anb0.1997.0550

76



Ascensao, L., Marques, N., and Pais, M. S. (1997). Peltate Glandular Trichomes of Leonotis
leonurus Leaves: Ultrastructure and Histochemical Characterization of Secretions.
International Journal of Plant Sciences, 158(3), 249-258. doi: 10.1086/297436

Ashraf, M. A., Akbar, A., Askari, S. H., Igbal, M., Rasheed, R., and Hussain, I. (2018). Recent
Advances in Abiotic Stress Tolerance of Plants Through Chemical Priming: An
Overview. Advances in Seed Priming, 1(1), 51-79. doi: 10.1007/978-981-13-0032-

5 4Atkinson, N. J., and Urwin, P. E. (2012). The interaction of plant biotic and abiotic
stresses: from genes to the field. Journal of Experimental Botany, 63(10), 3523-3543.
doi: 10.1093/jxb/ers100

Begum N, Qin C, Ahanger MA, et al (2019) Role of Arbuscular Mycorrhizal Fungi in Plant
Growth Regulation: Implications in Abiotic Stress Tolerance. Frontiers in Plant Science.
doi: 10.3389/fpls.2019.01068

Bennett, Alers-Garcia, Bever (2006) Three-Way Interactions among Mutualistic Mycorrhizal
Fungi, Plants, and Plant Enemies: Hypotheses and Synthesis. The American Naturalist
167:141. doi: 10.2307/3491257

Benz, B. W., and Martin, C. E. (2006). Foliar trichomes, boundary layers, and gas exchange in
12 species of epiphytic Tillandsia (Bromeliaceae). Journal of Plant Physiology, 163(6),
648-656. doi: 10.1016/j.jplph.2005.05.008

Berruti A, Lumini E, Balestrini R, Bianciotto V (2016) Arbuscular Mycorrhizal Fungi as Natural
Biofertilizers: Lets Benefit from Past Successes. Frontiers in Microbiology. doi:
10.3389/fmicb.2015.01559

Bi Y, Zhang Y, Zou H (2018) Plant growth and their root development after inoculation of
arbuscular mycorrhizal fungi in coal mine subsided areas. International Journal of Coal
Science & Technology 5:47-53. doi: 10.1007/s40789-018-0201-x

Bonfante P., Balestrini R., Genre A. and Lanfranco L. (2009). Establishment and Functioning of
Arbuscular Mycorrhizas. The Mycota, 259-274. doi:10.1007/978-3-540-87407-2_14

Bosch, M., Wright, P., Gershenzon, J., Wasternack, C., Hause, B., Schaller, A., and Stintzi, A.
(2014) Jasmonic acid and its precursor 12-oxophytodienoic acid control different aspects
of constitutive and induced herbivore defenses in tomato. Plant Physiology 166: 396-410

Boughton A.J., Hoover K., Felton G.W. (2005). Methyl jasmonate application induces increased
densities of glandular trichomes on tomato, Lycopersicon esculentum. Journal of
Chemical Ecology, 31(9), 2211-2216. doi: 10.1007/s10886-005-6228-7

Brun, N., Colson, M., Perrin, A., and Voirin, B. (1991). Chemical and morphological studies of

the effects of ageing on monoterpene composition in Mentha xpiperita leaves. Canadian
Journal of Botany, 69(10), 2271-2278. doi: 10.1139/b91-285

77


https://doi.org/10.3389/fpls.2019.01068

Bryant JP, Chapin FS, Klein DR (1983) Carbon/Nutrient Balance of Boreal Plants in Relation to
Vertebrate Herbivory. Oikos 40:357. doi: 10.2307/3544308

Buntin GD (1986) A Review of Plant Response to Fall Armyworm, Spodoptera frugiperda (J. E.
Smith), Injury in Selected Field and Forage Crops. The Florida Entomologist 69:549. doi:
10.2307/3495389

Burrows GE, White RG, Harper JDI et al. (2013). Intrusive trichome bases in the leaves of
silverleaf nightshade (Solanum elaeagnifolium; Solanaceae) do not facilitate fluorescent
tracer uptake. American Journal of Botany. 100(1), 2307-2317.
https://doi.org/10.3732/ajb.1300034

Cakmak, I. (2005). The role of potassium in alleviating detrimental effects of abiotic stresses in
plants. Journal of Plant Nutrition and Soil Science, 168(4), 521-530. doi:
10.1002/jpIn.200420485

Camina, J. L., Dambolena, J. S., and Ashworth, L. (2018). Chemical composition of essential
oils of peltate glandular trichomes from leaves and flowers of Lepechinia floribunda.
Boletin de la Sociedad Argentina de Botanica, 53(3), 375-384. doi:
0.31055/1851.2372.v53.n3.21312

Cardoso, M. Z. (2008). Herbivore handling of a Plant’s trichome: the case of Heliconius
charithonia (L.) (Lepidoptera: Nymphalidae) and Passiflora lobata (Killip) Hutch.
(Passifloraceae). Neotropical Entomology, 37(3), 247—-252. doi: 10.1590/s1519-
566x2008000300002

Carroll M., Schmelz E., Meagher R. and Teal P. (2006). Attraction of Spodoptera
frugiperda larvae to volatiles from herbivore-damaged maize seedlings. Journal of
Chemical Ecology, 32: 1911-1924

Chang, J.,, Yu, T., Yang, Q., Li, C., Xiong, C., Gao, S., Xie, Q., Zheng, F., Li, H., Tian, Z., Yang,
C., and Ye, Z. (2018). Hair, encoding a single C2H2 zinc-finger protein, regulates
multicellular trichome formation in tomato. Plant Journal. 96(1), 90-102. doi:
10.1111/tpj.14018

Channarayappa, S.G., Muniyappa, V., Frist R.H. Resistance of Lycopersicon species to Bemisia
tabaci, a tomato leaf curl virus vector. (1992). Canadian Journal of Botany, 70(11), 2184—
2192. doi: 10.1139/b92-270

Chapman JW (1999) Fitness consequences of cannibalism in the fall armyworm, Spodoptera
frugiperda. Behavioral Ecology 10:298-303. doi: 10.1093/beheco/10.3.298

Chen Y, Martin C, Mabola JCF, et al (2019) Effects of Host Plants Reared under Elevated CO2

Concentrations on the Foraging Behavior of Different Stages of Corn Leaf Aphids
Rhopalosiphum maidis. Insects 10:182. doi: 10.3390/insects10060182

78


https://doi.org/10.3732/ajb.1300034

Choi, Y.-E., Harada, E., Kim, G.-H., Yoon, E.-S., and Sano, H. (2004). Distribution of elements
on tobacco trichomes and leaves under cadmium and sodium stresses. Journal of Plant
Biology, 47(2), 75-82. doi: 10.1007/bf03030635

Choi, Y .-E., Harada, E., Wada, M., Tsuboi, H., Morita, Y., Kusano, T., and Sano, H. (2001).
Detoxification of cadmium in tobacco plants: formation and active excretion of crystals
containing cadmium and calcium through trichomes. Planta, 213(1), 45-50. doi:
10.1007/s004250000487

Choinski, J. S., and Wise, R. R. (1999). Leaf Growth Development in Relation to Gas Exchange
in Quercus marilandica Muenchh. Journal of Plant Physiology, 154(3), 302—309. doi:
10.1016/s01761617(99)80172-2

Clawson, K. L., Specht, J. E., & Blad, B. L. (1986). Growth Analysis of Soybean Isolines
Differing in Pubescence Density 1. Agronomy journal, 78(1), 164-172. doi:
10.2134/agron;j1986.00021962007800010033x

Croteau, R. (1977) Site of monoterpene biosynthesis in Majorana hortensis leaves. Plant
Physiology, 59, 519-520.

Dahlin, R. M., Brick, M. A., and Ogg, J. B. (1992). Characterization and density of trichomes on
three common bean cultivars. Economic Botany, 46(3), 299-304. doi:
10.1007/bf02866628

Dalin, P., Agren, J., Bjérkman, C., Huttunen, P., and Karkkainen, K. (2008). Leaf Trichome
Formation and Plant Resistance to Herbivory. Induced Plant Resistance to Herbivory,
89-105. doi: 10.1007/978-1-4020-8182-8 4

De Moraes, C.M., Lewis, W.J., Paré, P.W., Alborn, H.T., Tumlinson, J.H. (1998). Herbivore-
infested plants selectively attract parasitoids. Nature, 393(1), 570-573.

Degen T, Bakalovic N, Bergvinson D, Turlings TCJ (2012) Differential Performance and
Parasitism of Caterpillars on Maize Inbred Lines with Distinctly Different Herbivore-
Induced Volatile Emissions. PLoS ONE. doi: 10.1371/journal.pone.0047589

Dicke M, Baldwin IT (2010) The evolutionary context for herbivore-induced plant volatiles:
beyond the ‘cry for help.” Trends in Plant Science 15:167-175. doi:
10.1016/j.tplants.2009.12.002

Doss, R. P., Shanks, C. H., Chamberlain, J. D., and Garth, J. K. L. (1987). Role of Leaf Hairs in
Resistance of a Clone of Beach Strawberry, Fragaria chiloensis, to Feeding by Adult
Black Vine Weevil, Otiorhynchus sulcatus (Coleoptera: Curculionidae). Environmental
Entomology, 16(3), 764—768. doi: 10.1093/ee/16.3.764

Ewas, M., Gao, Y., Wang, S, Liu, X., Zhang, H., Nishawy, E.M.E., Ali, F., Shahzad, R., Ziaf,
K., Subthain, H., Martin, C., and Luo, J. (2016). Manipulation of SIMXI for enhanced

79



carotenoids accumulation and drought resistance in tomato. Science Bulletin, 61(1),
1413-1419. doi: 10.1007/s11434-016-1108-9

Ewas, M., Gao, Y.Q., Ali, F., Nishawy, E.M., Shahzad, R., Subthain, H., Amar, M., Martin, C.,
and Luo, J. (2017). RNA-seq reveals mechanisms of SIMX1 for enhanced carotenoids
and terpenoids accumulation along with stress resistance in tomato. Science Bulletin,
62(1), 476-485. doi: 10.1016/j.5cib.2017.03.018

Fahn A. (2000). Structure and Function of Secretory Cells. Advances in Plant Pathology, 31(1),
37-66. doi: 10.1016/S0065-2296(00)31006-0

Fahn, A. (1979). Secretory Tissues in Plants. London Academic Press, 247-277.

Fiorilli V, Catoni M, Miozzi L, et al (2009) Global and cell-type gene expression profiles in
tomato plants colonized by an arbuscular mycorrhizal fungus. New Phytologist 184:975—
987. doi: 10.1111/].1469-8137.2009.03031.x

Fontana A, Reichelt M, Hempel S, et al (2009) The Effects of Arbuscular Mycorrhizal Fungi on
Direct and Indirect Defense Metabolites of Plantago lanceolata L. Journal of Chemical
Ecology 35:833-843. doi: 10.1007/510886-009-9654-0

Fordyce, J. A., & Agrawal, A. A. (2001). The role of plant trichomes and caterpillar group size
on growth and defence of the pipevine swallowtail Battus philenor. Journal of Animal
Ecology, 70(6), 997-1005. doi: 10.1046/j.0021-8790.2001.00568.x

Formenti L, Rasmann S (2019) Mycorrhizal Fungi Enhance Resistance to Herbivores in Tomato
Plants with Reduced Jasmonic Acid Production. Agronomy 9:131. doi:
10.3390/agronomy9030131

Gange A (2007) Insect-mycorrhizal interactions: patterns, processes, and consequences. In:
Oghushi T, Craig TP, Price PW (eds) Ecological communities: plant mediation in indirect
interaction webs. Cambridge University Press, London, United Kingdom, pp 124-144

Gange AC, Smith AK (2005) Arbuscular mycorrhizal fungi influence visitation rates of
pollinating insects. Ecological Entomology 30:600-606. doi: 10.1111/j.0307-
6946.2005.00732.x

Gange AC, Stagg PG, Ward LK (2002) Arbuscular mycorrhizal fungi affect phytophagous insect
specialism. Ecology Letters 5:11-15. doi: 10.1046/j.1461-0248.2002.00299.x

Gange AC, West HM (1994) Interactions between arbuscular mycorrhizal fungi and foliar-
feeding insects in Plantago lanceolata L. New Phytologist 128:79-87. doi:
10.1111/j.1469-8137.1994.tb03989.x

Gao, S., Gao, Y., Xiong, C., Yu, G., Chang, J., Yang, Q., Yang, C., and Ye, Z. (2017). The
tomato B-type cyclin gene, SICycB2, plays key roles in reproductive organ development,

80



trichome initiation, terpenoids biosynthesis and Prodenia litura defense. Plant Science,
262(1), 103-114, doi: 10.1016/j.plantsci.2017.05.006

Garzo E, Rizzo E, Fereres A, Gomez SK (2018) High levels of arbuscular mycorrhizal fungus
colonization on Medicago truncatula reduces plant suitability as a host for pea aphids
(Acyrthosiphon pisum). Insect Science 27:99-112. doi: 10.1111/1744-7917.12631

Gehring C, Bennett A (2009) Mycorrhizal Fungal-Plant—Insect Interactions: The Importance of a
Community Approach. Environmental Entomology 38:93-102. doi:
10.1603/022.038.0111

Gehring CA, Whitham TG (2002) Mycorrhizae-herbivore interactions: population and
community consequences. In: Heijden MGA van der, Sanders IR (eds) Mycorrhizal
Ecology. Springer Verlag, Heidelberg, pp 295-320.

Gerd, U.B., Bennewitz, S., Zabel, S., Tissier, A. (2014). Isoprenoid and Metabolite Profiling of
Plant Trichomes. Humana Press, 1153(1), 189-202. doi: 10.1007/978-1-4939-0606-2_13

Gfeller A., Herrera J., Tschuy F., and Wirth J. (2018). Explanations
for Amaranthusretroflexus growth suppression by cover crops. Crop Protection, 104, 11—
20.doi: 10.1016/j.cropro.2017.10.006

Glas, J.J., Schimmel, B.C., Alba, J.M., Escobar-Bravo, R., Schuurink, R.C., and Kant, M.R.
(2012). Plant Glandular Trichomes as Targets for Breeding or Engineering of Resistance
to Herbivores. International Journal of Molecular Sciences, 13(12), 17077-17103. doi:
10.3390/ijms131217077

Gongcalves, L. D. A., Azevedo, A. A., and Otoni, W. C. (2010). Characterization and ontogeny of
the glandular trichomes of Ocimum selloi Benth. - Lamiaceae. Acta Botanica Brasilica,
24(4), 909-915. doi: 10.1590/S0102-33062010000400005

Gopfert, J., Conrad, J. and Spring, O. (2006) 5-deoxynevadensin, a novel flavone in sunflower
and aspects of biosynthesis during trichome development. Natural. Product
Communications. 1, 935-940.

Goren, N., Tahtasakal, E., Pezzuto, J. M., Cordell, G. A., Shwarzt, B., & Prokscht, P. (1994).
Sesquiterpene lactones from Tanacetum argenteum. Phytochemistry, 36(2), 389-392. doi:
10.1016/S0031-9422(00)97081-X

Gosling P, Hodge A, Goodlass G, Bending G (2006) Arbuscular mycorrhizal fungi and organic
farming. Agriculture, Ecosystems & Environment 113:17-35. doi:
10.1016/j.agee.2005.09.009

Goverde M, Heijden MVD, Wiemken A, et al (2000) Arbuscular mycorrhizal fungi influence life

history traits of a lepidopteran herbivore. Oecologia 125:362—-369. doi:
10.1007/s004420000465

81



Gutschick, V.P. (1999). Biotic and abiotic consequences of differences in leaf structure. The New
Phytologist, 143(1), 3-18. doi: 10.1046/j.1469-8137.1999.00423.x

Han, T., Wang, J., Ren, H., Yi, H., Zhang, Q., & Guo, Q. (2019). Changes in defense traits of
young leaves in subtropical forests succession. Plant Ecology, 220(3), 305-320. doi:
10.1007/s11258-019-00916-1

Hanley, M. E., Lamont, B. B., Fairbanks, M. M., and Rafferty, C. M. (2007). Plant structural
traits and their role in anti-herbivore defence. Perspectives in Plant Ecology, Perspectives
in Plant Ecology Evolution and Systematics, 8(4), 157-178. doi:
10.1016/j.ppees.2007.01.001

Hariprasanna K, Patil JV (2015) Sorghum: Origin, Classification, Biology and Improvement.
Sorghum Molecular Breeding 3—20. doi: 10.1007/978-81-322-2422-8 1

Hartley SE, Gange AC (2009) Impacts of Plant Symbiotic Fungi on Insect Herbivores:
Mutualism in a Multitrophic Context. Annual Review of Entomology 54:323-342. doi:
10.1146/annurev.ent0.54.110807.090614

Hauser, M.-T. (2014). Molecular basis of natural variation and environmental control of
trichome patterning. Frontiers in Plant Science, 5(320), 1-7. doi:
10.3389/fpls.2014.00320

Heil M (2008) Indirect defence via tritrophic interactions. New Phytologist 178:41-61. doi:
10.1111/.1469-8137.2007.02330.x

Heil, M., Kock, T., Hilpert, A., Fiala, B., Boland, W., and Linsenmair, E. (2001). Extrafloral
nectar production of the ant-associated plant, Macaranga tanarius, is an induced, indirect,
defensive response elicited by jasmonic acid. Proceedings of the National Academy of
Sciences of the United States of America, 98(3), 1083-1088. doi: 10.1073/pnas.98.3.1083

Hempel S, Stein C, Unsicker SB, et al (2009) Specific bottom—up effects of arbuscular
mycorrhizal fungi across a plant—herbivore—parasitoid system. Oecologia 160:267-277.
doi: 10.1007/s00442-009-1294-0

Hill EM, Robinson LA, Abdul-Sada A, et al (2018) Arbuscular Mycorrhizal Fungi and Plant
Chemical Defence: Effects of Colonisation on Aboveground and Belowground
Metabolomes. Journal of Chemical Ecology 44:198-208. doi: 10.1007/s10886-017-0921-
1

Howe, G. A., and Jander, G. (2008). Plant Immunity to Insect Herbivores. Annual Review of
Plant Biology, 59(1), 41-66. doi: 10.1146/annurev.arplant.59.032607.092825

Huchelmann, A., Boutry, M., and Hachez, C. (2017). Plant Glandular Trichomes: Natural Cell

Factories of High Biotechnological Interest. Plant physiology, 175(1), 6-22.
doi:10.1104/pp.17.00727

82



Johnson NC, Graham JH, Smith FA (1997) Functioning of mycorrhizal associations along the
mutualism-parasitism continuum. New Phytologist 135:575-585. doi: 10.1046/].1469-
8137.1997.00729.x

Jung SC, Martinez-Medina A, Lopez-Raez JA, Pozo MJ (2012) Mycorrhiza-Induced Resistance
and Priming of Plant Defenses. Journal of Chemical Ecology 38:651-664. doi:
10.1007/s10886-012-0134-6

Kang, J. H., Campos, M. L., Zemelis-Durfee, S., Al-Haddad, J. M., Jones, A. D., Telewski, F.
W., ... & Howe, G. A. (2016). Molecular cloning of the tomato Hairless gene implicates
actin dynamics in trichome-mediated defense and mechanical properties of stem tissue.
Journal of experimental botany, 67(18), 5313-5324. doi: 10.1093/jxb/erw292

Kang, J.H., Shi, F., Jones, A.D., Marks, M.D., and Howe, G.A. (2010a). Distortion of trichome
morphology by the hairless mutation of tomato affects leaf surface chemistry. Journal of
Experimental Botany, 61(4), 1053— 1064. doi: 10.1093/jxb/erp370

Karban R. (2008). Plant Behaviour and Communication. Ecology Letters, 11(1), 727-739. doi:
10.1111/j.1461-0248.2008.001183.x

Kariyat R, Chavana J, Kaur J (2018) An Inexpensive and Comprehensive Method to Examine
and Quantify Field Insect Community Influenced by Host Plant Olfactory Cues. Bio-
Protocol. doi: 10.21769/bioprotoc.2967

Kariyat RR, Gaffoor I, Sattar S, et al (2019) Sorghum 3-Deoxyanthocyanidin Flavonoids Confer
Resistance against Corn Leaf Aphid. Journal of Chemical Ecology 45:502-514. doi:
10.1007/s10886-019-01062-8

Kariyat RR, Mauck KE, Moraes CMD, et al (2012) Inbreeding alters volatile signalling
phenotypes and influences tri-trophic interactions in horsenettle (Solanum carolinense
L.). Ecology Letters 15:301-309. doi: 10.1111/j.1461-0248.2011.01738.x

Kariyat RR, Scanlon SR, Moraski RP, et al (2014) Plant inbreeding and prior herbivory
influence the attraction of caterpillars (Manduca sexta) to odors of the host plant Solanum
carolinense (Solanaceae). American Journal of Botany 101:376-380. doi:
10.3732/ajh.1300295

Kariyat, R. R., & Stephenson, A. G. (2019). Inbreeding depression: its not just for population
biologists. American Journal of Botany, 106(3), 331-333. doi: 10.1002/ajb2.1256

Kariyat, R. R., Balogh, C. M., Moraski, R. P., Moraes, C. M. D., Mescher, M. C., and
Stephenson, A. G. (2013). Constitutive and herbivore-induced structural defenses are
compromised by inbreeding in Solanum carolinense (Solanaceae). American Journal of
Botany, 100(6), 1014-1021. doi: 10.3732/ajb.1200612

83



Kariyat, R. R., Hardison, S. B., Ryan, A. B., Stephenson, A. G., Moraes, C. M. D., and Mescher,
M. C. (2018). Leaf trichomes affect caterpillar feeding in an instar-specific manner.
Communicative & Integrative Biology, 11(3), 1-6. doi: 10.1080/19420889.2018.1486653

Kariyat, R. R., Mauck, K. E., De Moraes, C. M., Stephenson, A. G., & Mescher, M. C. (2012).
Inbreeding alters volatile signalling phenotypes and influences tri-trophic interactions in
horsenettle (Solanum carolinense L.). Ecology Letters, 15(4), 301-309. doi:
10.1111/5.1461-0248.2011.01738

Kariyat, R. R., Mena-Ali, J., Forry, B., Mescher, M. C., Moraes, C. M., and Stephenson, A. G.
(2012). Inbreeding, herbivory, and the transcriptome of Solanum carolinense.
Entomologia Experimentalis Et Applicata, 144(1), 134-144. doi: 10.1111/j.1570-
7458.2012.01269.x

Kariyat, R. R., Raya, C. E., Chavana, J., Cantu, J., Guzman, G., and Sasidharan, L. (2019).
Feeding on glandular and non-glandular leaf trichomes negatively affect growth and
development in tobacco hornworm (Manduca sexta) caterpillars. Arthropod-Plant
Interactions, 13(2), 321-333. doi: 10.1007/s11829-019-09678-z

Kariyat, R.R., Smith, J.D., Stephenson A.G., De Moraes, C.M., Mescher, M.C. (2017). Non-
glandular trichomes of Solanum carolinense deter feeding by Manduca sexta caterpillars
and cause damage to the gut peritrophic matrix. Proceedings of the Royal Society,
284(1849), 1-9. doi: 10.1098/rspb.2016.2323

Kaur, G., Kumar, S., Nayyar, H., Upadhyaya, H.D. (2008). Cold Stress Injury during the Pod-
Filling Phase in Chickpea (Cicer arientinum L.): Effects on Quantitative and Qualitative
Components of Seeds. Journal of Agronomy and Crop Science, 194(6), 457-464. doi:
10.1111/j.1439-037X.2008.00336.x

Kaya C, Ashraf M, Sonmez O, et al (2009) The influence of arbuscular mycorrhizal colonisation
on key growth parameters and fruit yield of pepper plants grown at high salinity. Scientia
Horticulturae 121:1-6. doi: 10.1016/j.scienta.2009.01.001

Keene, C., and Wagner, G. (1985) Direct demonstration of duvatrienediol biosynthesis in
glandular heads of tobacco trichomes. Plant Physiology, 79, 1026-1032.

Kempel A, Schmidt AK, Brandl R, Schadler M (2010) Support from the underground: Induced
plant resistance depends on arbuscular mycorrhizal fungi. Functional Ecology 24:293—
300. doi: 10.1111/1.1365-2435.2009.01647.x

Khaitov B, Patifio-Ruiz JD, Pina T, Schausberger P (2015) Interrelated effects of mycorrhiza and

free-living nitrogen fixers cascade up to aboveground herbivores. Ecology and Evolution
5:3756-3768. doi: 10.1002/ece3.1654

84



Kim, H.J., and Triplett, B.A. (2001). Cotton Fiber in Planta and in Vitro. Models for Plant Cell
Elongation and Cell Wall Biogenesis. Plant Physiology, 127(1), 1361-1366. doi:
10.1104/pp.010724

Kim, K. W. (2019). Plant trichomes as microbial habitats and infection sites. European Journal
of Plant Pathology, 154(2), 157-169. doi: 10.1007/s10658-018-01656-0

Kim, N., Kang, W.-H., Lee, J., and Yeom, S.-I. (2018). Development of Clustered Resistance
Gene Analogs-Based Markers of Resistance to Phytophthora capsici in Chili Pepper.
BioMed Research International, 2018(1), 1-12. doi: 10.1155/2019/1093186

Kowalski, S., Bamberg J., Tingey W., and Steffens J. (1990) Inheritance of polyphenol oxidase
in type A glandular trichomes of Solanum berthaultii. Journal of Heredity, 81, 475-478.

Lahlali, R., and Hijri, M. (2010). Screening, identification and evaluation of potential biocontrol
fungal endophytes against Rhizoctonia solani AG3 on potato plants. FEMS Microbiology
Letters, 311(2), 152-159. doi: 10.1111/j.1574-6968.2010.02084.x

Laird RA, Addicott JF (2007) Arbuscular mycorrhizal fungi reduce the construction of
extrafloral nectaries in Vicia faba. Oecologia 152:541-551. doi: 10.1007/s00442-007-
0676-4

Lange ESD, Farnier K, Degen T, et al (2018) Parasitic Wasps Can Reduce Mortality of Teosinte
Plants Infested With Fall Armyworm: Support for a Defensive Function of Herbivore-
Induced Plant Volatiles. Frontiers in Ecology and Evolution. doi:
10.3389/fev0.2018.00055

Lanning F.C., Eleuterius L.N. (1985). Silica and Ash in Tissues of Some Plants Growing in the
Coastal Area of Mississippi, USA. Annals of Botany, 56(2), 157-172. doi:
10.1093/oxfordjournals.a087000

Li L., Zhao Y., McCaig BC, Wingerd BA, Wang JH, Whalon ME, Pichersky E, Howe GA.
2004. The tomato homolog of CORONATINE-INSENSITIVEI is required for the

maternal control of seed maturation, jasmonate-signaled defense responses, and glandular
trichome development. Plant Cell, 16(3), 126-143. doi: 10.1105/tpc.017954

Li, Q., Cao, C., Zhang, C., Zheng, S., Wang, Z., Wang, L., and Ren, Z. (2015). The identification
of Cucumis sativus Glabrous 1 (CsGL1) required for the formation of trichomes uncovers
a novel function for the homeodomain-leucine zipper I gene. Journal of Experimental
Botany, 66(9), 2515-2526. doi: 10.1093/jxb/erv046

Liu, X., Bartholomew, E., Cai, Y., and Ren, H. (2016). Trichome-Related Mutants Provide a

New Perspective on Multicellular Trichome Initiation and Development in Cucumber
(Cucumis sativus L). Frontiers in Plant Science, 7(1), 1-9. doi: 10.3389/fpls.2016.01187

85



Livingston, S.J., Quilichini, T.D., Booth, J.K., Wong, D.C.J., Rensing, K.H., Laflamme-
Yonkman, J., Castellarin, S.D., Bohlmann, J., Page, J.E., Samuels, A.L. (2019). Cannabis
glandular trichomes alter morphology and metabolite content during flower maturation.
The Plant Journal, 2019(1), 1-51. doi: 10.1111/tpj.14516

Luckwill L.C. (1943). The genus Lycopersicon: A historical, biological and taxonomic survey of
the wild and cultivated tomato. Aberdeen: The University Press, 120(1), 1-44.

Lujan, M., ldarraga, A., & Hammel, B. (2018). Clusia hirsuta, a New Species from Clusia sect.
Retinostemon and the First Description of Trichomes in the Genus. Novon: A Journal for
Botanical Nomenclature, 26(2), 154-158. doi: 10.3417/2018064

Lynch JM (1990) The Rhizosphere. J. Wiley, Chichester

Maffei M.E., Mithofer A., Boland W. (2007a). Before gene expression: Early events in plant-
herbivore inter- " actions. Trends in Plant Science, 12(7), 310-316. doi:
10.1016/j.tplants.2007.06.001

Maffei M.E., Mithofer A., BolandW. (2007b). Insects feeding on plants: rapid signals and
responses preceding the induction of phytochemical release. Phytochemistry, 68(22-24),
2946-2959. doi:10.1016/j.phytochem.2007.07.016

Maffei, M., Chialva, F., Sacco, T. (1989). Glandular trichomes and essential oils in developing
peppermint leaves I. Variation of peltate trichome number and terpene distribution within
leaves. New Phytologist, 111(4), 707-716. doi: 10.1111/].1469-8137.1989.tb02366.x

Maighal M, Salem M, Kohler J, Rillig MC (2016) Arbuscular mycorrhizal fungi negatively
affect soil seed bank viability. Ecology and Evolution 6:7683—-7689. doi:
10.1002/ece3.2491

Marks, M. D. (1997). Molecular Genetic Analysis Of Trichome Development In Arabidopsis.
Annual Review of Plant Physiology and Plant Molecular Biology, 48(1), 137-163. doi:
10.1146/annurev.arplant.48.1.137

Marks, M.D., Feldmann, K.A. (1989). Trichome Development in Arabidopsis thaliana. I. T-
DNA Tagging of the GLABROUS1 Gene. The Plant Cell, 1(11), 1043-1050, doi:
10.1105/tpc.1.11.1043

Martinez-Natarén, D. A., Villalobos-Perera, P. A., and Munguia-Rosas, M. A. (2018).
Morphology and density of glandular trichomes of Ocimum campechianum and Ruellia
nudiflora in contrasting light environments: A scanning electron microscopy study.
Flora, 248(1), 28-33. doi: 10.1016/j.flora.2018.08.011

Mathur J., Chua N.H. (2000). Microtubule stabilization leads to growth reorientation in
Arabidopsis trichomes. The Plant Cell, 12(4), 465-477. doi: 10.1105/tpc12.4.465

86



McCaskill, D., Gershenzon, J., and Croteau, R. (1992) Morphology and Monoterpene
Biosynthetic Capabilities of Secretory Cell Clusters Isolated from Glandular Trichomes
of Peppermint (Mentha piperita L.), Planta, 187, 445 — 454

Mccormick, A. C., Unsicker, S. B., & Gershenzon, J. (2012). The specificity of herbivore-
induced plant volatiles in attracting herbivore enemies. Trends in Plant Science, 17(5),
303-310. doi: 10.1016/j.tplants.2012.03.012

Mcgonigle TP, Miller MH, Evans DG et al (1990) A new method which gives an objective
measure of colonization of roots by vesicular-arbuscular mycorrhizal fungi. New
Phytologist 115:495-501. doi: 10.1111/j.1469-8137.1990.tb00476.x

Miransari M. (2010). Contribution of arbuscular mycorrhizal symbiosis to plant growth under
different types of soil stress. Plant Biology, 12, 563-569.

Mitchell, C., Brennan, R. M., Graham, J., and Karley, A. J. (2016). Plant Defense against
Herbivorous Pests: Exploiting Resistance and Tolerance Traits for Sustainable Crop
Protection. Frontiers in Plant Science, 7(1), 1-8. doi: 10.3389/fpls.2016.0

Mithofer A, Boland W, Maffei ME (2018) Chemical Ecology of Plant-Insect Interactions.
Annual Plant Reviews online 261-291. doi: 10.1002/9781119312994.apr0369

Mithdfer, A., and Boland, W. (2012). Plant Defense Against Herbivores: Chemical Aspects.
Annual Review of Plant Biology, 63(1), 431-450. doi: 10.1146/annurev-arplant-042110-
103854

Moraes CMD, Lewis WJ, Paré PW, et al (1998) Herbivore-infested plants selectively attract
parasitoids. Nature 393:570-573. doi: 10.1038/31219

Morales, F., Abadia, A., Abadia, J., Montserrat, G., and Gil-Pelegrin, E. (2002). Trichomes and
photosynthetic pigment composition changes: responses of Quercus ilex subsp. ballota
(Desf.) Samp. and Quercus coccifera L. to Mediterranean stress conditions. Trees, 16(7),
504-510. doi: 10.1007/s00468-002-0195-1

Mukherjee D (2017) Microorganisms: Role for Crop Production and Its Interface with Soil
Agroecosystem. Plant-Microbe Interactions in Agro-Ecological Perspectives 333-359.
doi: 10.1007/978-981-10-5813-4_17

Murrell EG, Ray S, Lemmon ME, et al (2019) Cover crop species affect mycorrhizae-mediated
nutrient uptake and pest resistance in maize. Renewable Agriculture and Food Systems
1-8. doi: 10.1017/s1742170519000061

Mustafa A., Ensikat H.-J., Weigend M. (2018). Ontogeny and the process of biomineralization in

the trichomes of Loasaceae. American Journal of Botany, 104(xx), 367—378. doi:
10.3732/ajb.1600417

87



Nagashima H (1995) Relationships between Height, Diameter and Weight Distributions of
Chenopodium album Plants in Stands: Effects of Dimension and Allometry. Annals of
Botany 75:181-188. doi: 10.1006/anb0.1995.1010

Nagashima H, Hikosaka K (2011) Plants in a crowded stand regulate their height growth so as to
maintain similar heights to neighbours even when they have potential advantages in
height growth. Annals of Botany 108:207-214. doi: 10.1093/aob/mcr109

Nihranz, C. T., Kolstrom, R. L., Kariyat, R. R., Mescher, M. C., Moraes, C. M. D., &
Stephenson, A. G. (2019). Herbivory and inbreeding affect growth, reproduction, and
resistance in the rhizomatous offshoots of Solanum carolinense (Solanaceae).
Evolutionary Ecology, 33(4), 499-520. doi: 10.1007/s10682-019-09997-w

Oerke, E.-C., and Dehne, H.-W. (2004). Safeguarding production—losses in major crops and the
role of crop protection. Crop Protection, 23(4), 275-285. doi:
10.1016/j.cropro.2003.10.0011132

Padhee A, Prasanna B (2019) The emerging threat of Fall Armyworm in India. Indian Farming
59:51-54.

Paré PW, Tumlinson JH (1999) Plant Volatiles as a Defense against Insect Herbivores. Plant
Physiology 121:325-332. doi: 10.1104/pp.121.2.325

Pattanaik, S., Patra, B., Singh, S. K., and Yuan, L. (2014). An overview of the gene regulatory
network controlling trichome development in the model plant, Arabidopsis. Frontiers in
plant science, 5, 259. doi:10.3389/fpls.2014.00259

Peiffer, M., Tooker, J. F., Luthe, D. S., and Felton, G. W. (2009). Plants on early alert: glandular
trichomes as sensors for insect herbivores. New Phytologist, 184(3), 644—656. doi:
10.1111/.1469-8137.2009.03002.x

Pfeffer P., Douds D., Bécard G., and Shachar-Hill, Y. (1999). Carbon uptake and the metabolism
and transport of lipids in an arbuscular mycorrhiza. Plant Physiology,120(2), 587-598.
d0i:10.1104/pp.120.2.587

Piazza, L., Lopez, D., Silva, M., Rivilli, M., Tourn, M., Cantero, J., and Scopel, A. (2018).
Volatiles and Nonvolatiles in Flourensia campestris Griseb. (Asteraceae), How Much Do
Capitate Glandular Trichomes Matter? Chemistry & Biodiversity, 15(3). doi:
10.1002/cbdv.201700511

Pichersky, E., Noel, J.P. and Dudareva, N. (2006). Biosynthesis of plant volatiles: nature's
diversity and ingenuity. Science, 311(5762), 808-811. doi: 10.1126/science.1118510

Pineda A, Zheng S-J, Loon JJV, et al (2010) Helping plants to deal with insects: the role of

beneficial soil-borne microbes. Trends in Plant Science 15:507-514. doi:
10.1016/j.tplants.2010.05.007

88



Pineda A.,Zheng S., van Loon J., Pieterse C. and Dicke M.(2010). Helping plants to deal with
insects: the role of beneficial soil-borne microbes. Trends in Plant Science. 15, 507-514.

Posta K, Duc NH (2019) Benefits of Arbuscular Mycorrhizal Fungi Application to Crop
Production under Water Scarcity [Online First], IntechOpen, DOI:
10.5772/intechopen.86595. Available from: https://www.intechopen.com/online-
first/benefits-of-arbuscular-mycorrhizal-fungi-application-to-crop-production-under-
water-scarcity

Pozo MJ, Azcon-Aguilar C (2007) Unraveling mycorrhiza-induced resistance. Current Opinion
in Plant Biology 10:393-398. doi: 10.1016/j.pbi.2007.05.004

Prozherina, N., Freiwald, V., Rousi, M., and Oksanen, E. (2003). Interactive effect of springtime
frost and elevated ozone on early growth, foliar injuries and leaf structure of birch
(Betula pendula). New Phytologist, 159(3), 623-636. doi: 10.1046/j.1469-
8137.2003.00828.x

Putten WHVD, Vet LE, Harvey JA, Wackers FL (2001) Linking above- and belowground
multitrophic interactions of plants, herbivores, pathogens, and their antagonists. Trends in
Ecology & Evolution 16:547-554. doi: 10.1016/s0169-5347(01)02265-0

Qi, T., Song, S., Ren, Q., Wu, D., Huang, H., Chen, Y., Fan, M., Peng, W., Ren, C., and Xie, D.
(2011). The Jasmonate-ZIM-domain proteins interact with the WD-Repeat/bHLH/MYB
complexes to regulate Jasmonate-mediated anthocyanin accumulation and trichome
initiation in Arabidopsis thaliana. Plant Cel,l 23, 1795-1814. doi:
10.1105/tpc.111.083261

Quinn, C. F., Freeman, J. L., Reynolds, R. J., Cappa, J. J., Fakra, S. C., Marcus, M. A., ... Pilon-
Smits, E. A. (2010). Selenium hyperaccumulation offers protection from cell disruptor
herbivores. BMC Ecology, 10(1), 19. doi: 10.1186/1472-6785-10-19

Rabin LB, Pacovsky RS (1985) Reduced Larva Growth of Two Lepidoptera (Noctuidae) on
Excised Leaves of Soybean Infected with a Mycorrhizal Fungus. Journal of Economic
Entomology 78:1358-1363. doi: 10.1093/jee/78.6.1358

Ranger, C., Winter, R.., Rottinghaus, G., Backus, E., Ellersieck, M. and Johnson, D. (2004)
Bioactivity of lipophilic metabolites from glandular trichomes of Medicago sativa against
the potato leafhopper. Journal of Chemical Ecology. 30, 1969-1983.

Reynolds HL, Hartley AE, Vogelsang KM, et al (2005) Arbuscular mycorrhizal fungi do not
enhance nitrogen acquisition and growth of old-field perennials under low nitrogen
supply in glasshouse culture. New Phytologist 167:869-880. doi: 10.1111/].1469-
8137.2005.01455.x

89



Reynolds HL, Packer A, Bever JD, Clay K (2003) Grassroots Ecology: Plant—-Microbe—Soil
Interactions As Drivers Of Plant Community Structure And Dynamics. Ecology
84:2281-2291. doi: 10.1890/02-0298

Roesti D, Gaur R, Johri B, et al (2006) Plant growth stage, fertilizer management and bio-
inoculation of arbuscular mycorrhizal fungi and plant growth promoting rhizobacteria
affect the rhizobacterial community structure in rain-fed wheat fields. Soil Biology and
Biochemistry 38:1111-1120. doi: 10.1016/j.s0ilbio.2005.09.010

Romeis, J., Shanower, T. G., and Peter, A. J. (1999). Trichomes on Pigeonpea [Cajanus cajan
(L.) Millsp.] and Two Wild Cajanus spp. Crop Science, 39(2), 564-569. doi:
10.2135/cropscil999.0011183x003900020043x

Rowan DD (2011) Volatile Metabolites. Metabolites 1:41-63. doi: 10.3390/metab01010041

Schilmiller, A. L., Last, R. L., & Pichersky, E. (2008). Harnessing plant trichome biochemistry
for the production of useful compounds. The Plant Journal, 54(4), 702—711. doi:
10.1111/5.1365-313x.2008.03432.x

Schnittger, A., and Hilskamp, M. (2002). Trichome morphogenesis: a cell-cycle perspective.
The Royal Society of London, 357(1422), 823-826. doi: 10.1098/rstb.2002.1087

Shanower, T. G. (2008). Trichomes and Insects. Encyclopedia of Entomology, 2333-2335. doi:
10.1007/9781-4020-6359-6

Siddiqui ZA, Akhtar MS, Futai K (2008) Mycorrhizae: sustainable agriculture and forestry.
Springer, Dordrecht

Singh, A., Ganapathysubramanian, B., Kumar Singh, A., Sarkar, S. (2016). Machine Learning
for High-Throughput Stress Phenotyping in Plants. Trends in Plant Science, 21(2), 110-
124. doi: 10.1016/j.tplants.2015.10.015

Smith S., Facelli E., Pope S. and Smith F.(2010). Plant established knowledge of the roles of
arbuscular mycorrhizas. Plant Soil, 326, 3-20

Smith SE, Jakobsen I, Grgnlund M, Smith FA (2011) Roles of Arbuscular Mycorrhizas in Plant
Phosphorus Nutrition: Interactions between Pathways of Phosphorus Uptake in
Arbuscular Mycorrhizal Roots Have Important Implications for Understanding and
Manipulating Plant Phosphorus Acquisition. Plant Physiology 156:1050-1057. doi:
10.1104/pp.111.174581

Smith SE, Read DJ (2008) Mycorrhizal symbiosis. Academic Press, San Diego

Sparks A. (1979). A Review of the biology of the fall armyworm. The Florida
Entomologist, 62(2), 82-87. doi:10.2307/3494083

90



Straalen N., Donker M. (1994). Heavy metals adaptation in terrestial arthropods—Physiological
and genetic aspects. Proceedings of The Section Experimental and Applied Entomology,
5(1), 3-17.

Suzuki, N., Rivero, R. M., Shulaev, V., Blumwald, E., & Mittler, R. (2014). Abiotic and biotic
stress combinations. New Phytologist, 203(1), 32—43. doi: 10.1111/nph.12797

Symondson W., Sunderland K. and Greenstone M. (2002). Can generalist predators be effective
biocontrol agents?.Annual Review of Entomology. 47, 561-594.

Szyndler, M. W., Haynes, K. F., Potter, M. F., Corn, R. M., and Loudon, C. (2013). Entrapment
of bed bugs by leaf trichomes inspires microfabrication of biomimetic surfaces. Journal
of The Royal Society Interface, 10(83), 1-9. doi: 10.1098/rsif.201

Thakur, P., Kumar, S., Malik, J.A., Berger, J.D., Nayyar, H. (2010). Cold stress effects on
reproductive development in grain crops: An overview. Environmental and Experimental
Botany, 67(3), 429-443. doi: 10.1016/j.envexpbot.2009.09.004

Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandaokar, A.,Liu, G., Nomura, K., He, SY., Howe,
G., and Browse, J. (2007) . JAZ repressor proteins are targets of the SCFC'! complex
during jasmonate signalling. Nature, 448, 661-665. doi:10.1038/nature05960

Tian, D. Peiffer, M., De Moraes, C.M., Felton, G.W. (2013). Roles of ethylene and jasmonic acid
in systemic induced defense in tomato (Solanum lycopersicum) against Helicoverpa zea.
Planta, 239(3), 577-589. doi: 10.1007/s00425-013-1997-7

Tissier, A. (2012). Glandular trichomes: what comes after expressed sequence tags? The Plant
Journal, 70(1), 51-68. doi: 10.1111/j.1365-313x.2012.04913.x 3.0174

Tissier, A., Morgan, J. A., and Dudareva, N. (2017). Plant Volatiles: Going ‘In’ but not ‘Out’ of
Trichome Cavities. Trends in Plant Science, 22(11), 930-938. doi:
10.1016/j.tplants.2017.09.001

Tobar R., Azcon R. and Barea J.(1994). Improved nitrogen uptake and transport from 15N-
labelled nitrate by external hyphae of arbuscular mycorrhiza under water-stressed
conditions. New Phytologist, 126, 119-122.

Torrecillas E, Alguacil MDM, Roldan A (2011) Differences in the AMF diversity in soil and
roots between two annual and perennial gramineous plants co-occurring in a
Mediterranean, semiarid degraded area. Plant and Soil 354:97-106. doi: 10.1007/s11104-
011-1047-9

Traw, M.B., Bergelson J. (2003). Interactive effects of jasmonic acid, salicylic acid, and

gibberellin on induction of trichomes in Arabidopsis. Plant Physiology, 133(3), 1367—
1375. doi: 10.1104/pp.103.027086

91



Turner, G. W., Gershenzon, J., and Croteau, R. B. (2000). Development of Peltate Glandular
Trichomes of Peppermint. Plant Physiology, 124(2), 665-680. doi: 10.1104/pp.124.2.665

Vannette RL, Hunter MD (2009) Mycorrhizal fungi as mediators of defence against insect pests
in agricultural systems. Agricultural and Forest Entomology 11:351-358. doi:
10.1111/j.1461-9563.2009.00445.x

Venkateswaran K, Elangovan M, Sivaraj N (2019) Origin, Domestication and Diffusion of
Sorghum bicolor. Breeding Sorghum for Diverse End Uses 15-31. doi: 10.1016/b978-0-
08-101879-8.00002-4

Wagner G.J., Wang E., Shepherd R.W. (2003). New approaches for studying and exploiting an
old protuberance, the plant trichome. Annals of Botany, 93(1), 3-11. doi:
10.1093/aob/mch011

Walling, L. L. (2000). The myriad plant responses to herbivores. Journal of plant growth
regulation, 19(2), 195-216. doi: 10.1007/S003440000026

Wang K-H, Kokalis-Burelle N, Mcsorley R, Gallaher R (2008) Cover crops and organic mulches
for nematode, weed and plant health management. Nematology 10:231-242. doi:
10.1163/156854108783476412

Wang S., Li R., Zhang Z., Feng J., Shen F. (2014). Assessment of the heavy metal pollution and
potential ecological hazardous in agricultural soils and crops of Tongguan, Shaanxi
Province. Environmental Science, 34(9), 2313-2320. doi: 10.3390/su11184828

Wang, S., Wang, J.-W., Yu, N,, Li, C.-H., Lou, B., Gou, J.-L., Wang, L.-J., Chen, X.-Y. (2004).
Control of Plant Trichome Development by a Cotton Fiber MYB Gene. The Plant Cell,
16(4), 2323-2334. doi: 10.1105/tpc.104.024844

Wang, Y.-L., Nie, J.-T., Chen, H.-M., Guo, C.-L., Pan, J., He, H.-L., ... Cai, R. (2016).
Identification and mapping of Tril, a homeodomain-leucine zipper gene involved in
multicellular trichome initiation in Cucumis sativus. Theoretical and Applied Genetics,
129(2), 305-316. doi: 10.1007/s00122-015-2628-4

Webster, J. A., Inayatullah, C., Hamissou, M., & Mirkes, K. A. (1994). Leaf Pubescence Effects
in Wheat on Yellow Sugarcane Aphids and Greenbugs (Homoptera: Aphididae). Journal
of Economic Entomology, 87(1), 231-240. doi: 10.1093/jee/87.1.231

Weigend, M., Mustafa, A., and Ensikat, H.-J. (2017). Calcium phosphate in plant trichomes: the
overlooked biomineral. Planta, 247(1), 277-285. doi: 10.1007/s00425-017-2826-1

Weiner J (1994) Competition and Allometry in Kochia scoparia. Annals of Botany 73:263-271.
doi: 10.1006/anb0.1994.1031

92



Weinhold A., Baldwin I.T. (2011). Trichome-derived O-acyl sugars are a first meal for
caterpillars that tags them for predation. Proceedings of the National Academy of
Sciences, 108(19), 7855-7859. doi: 10.1073/pnas.1101306108

Werker E. (2000). Trichome diversity and development. Advances in Botanical Research, 31(1),
1-35. doi: 10.1016/S0065-2296(00)31005-9

Werker, E., Ravid, U. and Putievsky, E. (1985). Structure of glandular hairs and identification of
the main components of their secreted material in some species of the Labiatae. Israel
Journal of Botany, 34(1), 31-45. doi: 10.1080/0021213X.1985.10677007

West HM (1995) Soil phosphate status modifies response of mycorrhizal and non-mycorrhizal
Senecio vulgaris L. to infection by the rust, Puccinia lagenophorae Cooke. New
Phytologist 129:107-116. doi: 10.1111/j.1469-8137.1995.tb03014.x

Wierzbicka A., Bohgard M., Pagels J.H., Dahl A., Léndahl J., Hussein T., Swietlicki E.,
Gudmundsson, A. (2015). Quantification of differences between occupancy and total
monitoring periods for better assessment of exposure to particles in indoor environments.
Atmospheric Environment, 106(1), 419-428. doi: 10.1016/j.atmosenv.2014.08.011

Wierzbicka, M., Galera, H., Sudnik-Wojcikowska, B., & Witkomirski, B. (2014). Geranium
robertianum L., plant form adapted to the specific conditions along railway: “railway-
wandering plant”. Plant systematics and evolution, 300(5), 973-985. doi:
10.1007/s00606-013-0936-1

Willis A, Rodrigues BF, Harris PJC (2013) The Ecology of Arbuscular Mycorrhizal Fungi.
Critical Reviews in Plant Sciences 32:1-20. doi: 10.1080/07352689.2012.683375

Xiao, C.J., Liu, Y.-C,, Lou, S.-H., Hua, J., Liu, Y., Li, S.-H. (2017). Localization of Two
Bioactive Labdane Diterpeneoids in the Peltate Glandular Trichomes of Leonurus
japonicus by Laser Microdisseciton Coupled with UPLC-MS/MS. Phytochemical
Analysis, 28(5), 404-409. doi: 10.1002/pca.2687

Xu, J., Herwijnen, Z. O. V., Dréger, D. B., Sui, C., Haring, M. A., and Schuurink, R. C. (2018).
SIMYC1 Regulates Type VI Glandular Trichome Formation and Terpene Biosynthesis in
Tomato Glandular Cells. The Plant Cell, 30(12), 2988-3005. doi: 10.1105/tpc.18.00571

Yadav, S.K. (2010). Heavy metals toxicity in plants: An overview on the role of glutathione and
phytochelatins in heavy metal stress tolerance of plants. South African Journal of Botany,
76(2), 167-179. doi: 10.1016/j.5ajb.2009.10.007.

Yan, A, Pan, J., An, L., Gan, Y., and Feng, H. (2012). The responses of trichome mutants to

enhanced ultraviolet-B radiation in Arabidopsis thaliana. Journal of Photochemistry and
Photobiology B: Biology, 113(1), 29-35. doi: 10.1016/j.jphotobiol.2012.04.011

93



Yang, C., Li, H., Zhang, J., Luo, Z., Gong, P., Zhang, C., ... Ye, Z. (2011). A regulatory gene
induces trichome formation and embryo lethality in tomato. Proceedings of the National
Academy of Sciences, 108(29), 11836-11841. doi: 10.1073/pnas.1100532108

Ye M, Veyrat N, Xu H, et al (2018) An herbivore-induced plant volatile reduces parasitoid
attraction by changing the smell of caterpillars. Science Advances. doi:
10.1126/sciadv.aard767

Yerger, E., Grazzini, R., Hesk, D., Cox-Foster, D., Craig, R., and Mumma, R. (1992). A Rapid
Method for Isolating Glandular Trichomes. Plant Physiology, 99(1), 1-7. doi:
10.1104/pp.99.1.1

Yoshida, Y., Sano, R., Wada, T., Takabayashi, J., and Okada, K. (2009). Jasmonic acid control
of GLABRAZ links inducible defense and trichome patterning in Arabidopsis.
Development, 136, 1039-1048. D0i:10.1242/dev.030585

You, J., and Chan, Z. (2015). ROS Regulation During Abiotic Stress Responses in Crop Plants.
Frontiers in Plant Science, 6(1), 1-15. doi: 10.3389/fpls.2015.01092

Zangerl AR, Khan GS, Chaudhry AK (2007) Effect of spacing and plant density on the growth
of poplar (Populus deltoides) trees under agro-forestry system. Pakistan Journal of
Agricultural Sciences 44: 321-327.

Zangerl AR, Rutledge CE (1996) The Probability of Attack and Patterns of Constitutive and
Induced Defense: A Test of Optimal Defense Theory. The American Naturalist 147:599—
608. doi: 10.1086/285868

Zarrelli, A., Pollio, A., Aceto, S., Romanucci, V., Carella, F., Stefani, P., De natale, A., De Vico,
G. (2019) . Optimisation of artemisinin and scopoletin extraction from Artemisia annua
with a new modern pressurised cyclic solid— liquid (PCSL) extraction technique.
Phytochemical Analysis, 30, 564-571.

Zhu X, Song F, Liu S, Liu F (2015) Arbuscular mycorrhiza improve growth, nitrogen uptake,

and nitrogen use efficiency in wheat grown under elevated CO2. Mycorrhiza 26:133—
140. doi: 10.1007/s00572-015-0654-3

94



BIOGRAPHICAL SKETCH

Jasleen Kaur completed her schooling from St. Xavier’s Senior Secondary School, Bathinda, India
in 2013 and attended Punjab Agricultural University to earn Bachelor’s of Science in Agriculture
(Honors) with specialization in crop protection in 2017. Eventually she moved to United States to
pursue Master’s in Biology conducting research Ecological Entomology and graduated in May
2020. She will advance her career by pursuing PhD in Entomology at the University of Florida
starting May 2020. She is a passionate about research work in this field and learning new skills.
She has been a National level Handball player in India and enjoyed participating in various co-

curricular activities throughout her academic journey. Email: jasleen-pbg@pau.edu,

jasleen.kaur0l@utrgv.edu

95


mailto:jasleen-pbg@pau.edu

	Effects of Arbuscular Mycorrhizal Fungi (AMF) on Growth and Herbivore Defenses in Sorghum Sudangrass (Sorghum X drummondii)
	Recommended Citation

	tmp.1683727871.pdf.8i3qM

