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ABSTRACT

Watts, Sakshi., Morphological Characterization and Functional Assessment of Trichomes in

Solanaceae. Master of Science (MS), December 2021, 146 pp., 5 tables, 28 figures, references,
150 titles.

Chapter 1: This chapter provides an overview of various trichome types in plants, and
also empirically examines detailed nomenclature, density, and dimension measurements of each
trichome type in 14 Solanum species.

Chapter 2: Scanning electron microscopy was major component of methodology used in
my thesis and in this chapter, a more efficient and cost-effective methodology for scanning
electron microscopy has been explored.

Chapter 3: This chapter examines the relationship of trichome density and herbivore
feeding behavior.

Chapter 4: This chapters provides the findings of two foliar surface defenses present in
two Solanaceae species with significant variation in trichomes (epidermal hairs) and waxes
(hydrophobic layer) and their interactions with a Solanaceae specialist herbivore.

Chapter 5: This chapter provides an overview of my major finding and also suggests
future directions for research on plant surface defenses and their functional roles in deterring

insect herbivory.
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CHAPTER I

MORPHOLOGICAL CHARACTERIZATION OF TRICHOMES SHOW ENORMOUS
VARIATION IN SHAPE, DENSITY, AND DIMENSIONS

ACROSS THE LEAVES OF 14 SOLANUM SPECIES

Abstract

Trichomes are the epidermal appendages commonly observed on plant surfaces including
leaves, stem, and fruits. Plant trichomes have been well studied as a structural plant defense
designed to protect plants against abiotic and biotic stressors such as UV rays, temperature
extremities and herbivores. Trichomes are primarily classified into glandular and non-glandular
trichomes, based on the presence or absence of a glandular head. The plant genus Solanum is the
largest genus of family Solanaceae that houses ~3500 species of ecological and economic
importance have a diverse set of trichomes that vary in density and morphology. However, due
to the incomplete and contradictory classification system, trichomes have subjective names and
have been largely limited to be grouped into glandular or non-glandular types. Through this
study, we did a complete workup to classify and characterize trichomes on both adaxial and

abaxial leaf surface of 14 wild and domesticated species of the genus Solanum. Using electron



microscopy, statistical analyses and artistic rendition, we examined finer details of trichomes and
measured their density and dimensions to compile a detailed dataset which can be of use for
estimating the variation in trichome types, and their density, with consequences for
understanding their functional roles. Our study is the first of its kind that provides us with a
better and well-defined classification, density, and dimension analysis to complete the
morphological classification of trichomes on both leaf surfaces of a diverse range of members in

Solanum genus.

Introduction

Plant surfaces show spectacular variation in the shape, size, location, function, and origin
of epidermal projections (Werker, 2000). The most important and well-studied among these are
trichomes: unicellular or multicellular appendages (hair like structures) originating from
epidermal cells of various plant parts including leaves, stems and flowers (Oksanen, 2018), and
developing outwards (Werker, 2000). Trichomes are distributed almost universally in the plant
kingdom and exhibit dramatic variation in their morphology (Seithe and Sullivan, 1990; Dam et
al., 1999; Adedeji et al., 2007; Kang et al., 2010; Nurit-Silva and Fatima Agra, 2011; Munien et
al., 2015; Talebi et al., 2018) and density (Talebi et al., 2018), both intra (Kang et al., 2010;
Munien et al., 2015; Dam et al., 1999) and inter-specifically (Seithe and Sullivan, 1990; Navarro
and Oualidi, 1999; Mannethody and Purayidathkandy, 2018; Talebi et al., 2018; Yu et al., 2018),
and also among and between related and distant plant families (Kariyat et al., 2018; Deore, 2020;
Watts and Kariyat 2021). For example, Munien et al. (2015) found four types of trichomes
(glandular, non-glandular dendritic, non-glandular bicellular and non-glandular multicellular) in
Withania somnifera (intra-specific); Yu et al. (2018) found a great variation in trichome

morphology, dimensions, distribution and density among seven Mentha species (inter-specific);
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Deore (2020) identified variations in trichomes among 20 species belonging to 12 different plant
families and most of the species were reported to have trichomes ranging from unicellular to
multicellular, conical to elongated, smooth to grooved, thin to thick walled, and with or without a
flat disc at the base. Further, Tsujii et al. (2016) found tremendous variation in trichome leaf dry
mass per area in the plant tissue of Metrosideros polymorpha at different elevations (Tsujii et al.,
2016). Clearly, within flowering plants, trichomes are both ubiquitous and morphologically
diverse.

Trichomes, in general are considered as one of the first line of defenses possessed by
plants to protect against abiotic stresses such as UV rays, water loss, temperature extremities
(Ehleringer, 1982; Li et al., 2018; Oksanen, 2018) and herbivore damage (Kaur and Kariyat,
2020a; 2020b; Watts and Kariyat, 2021). Moreover, the leaf trichomes can also act as
mechanoreceptors for detection of insects on leaf surface as observed in case of Arabidopsis
(Zhou et al., 2017). In addition to defense-related functions, trichomes play a role in water usage
strategies through maintenance of leaf water content and stomatal traits to name a few. For
example, Pan et al. (2021) showed higher percentage increase of leaf water content in epiphytic
plants with trichomes (Pan et al., 2021). Additionally, trichomes can play role in translocation
and homeostasis of minerals in plants (Blamey et al., 1986; 2015; Li et al., 2021). But the
relationships of such traits with trichome types and measurements such as density and
dimensions are poorly understood.

Broadly, trichomes can be classified into glandular (presence of glandular head) and non-
glandular (absence of glandular head) (Werker, 2000). Both glandular (Tang et al., 2020) and
non-glandular (Karabourniotis et al., 2019) trichomes have been well documented to protect

plants either by production of chemicals in their glandular heads or by their sturdy structure that



assist plants to adapt and/or protect from environmental conditions such as UV radiations and
cold stresses. Glandular trichomes deter herbivory by physically entrapping herbivore into sticky
exudates (Tingey and Laubengayer, 1981; Neal et al., 1990; Elle et al., 1999; Zalucki et al.,
2002), secreting defensive chemical compounds such as proteinase inhibitors (Peiffer et al.,
2009), production of volatile organic compounds (Avé¢ et al., 1987; Murungi et al., 2016), or by
altering herbivore body odour after providing a sugar rich first meal (Weinhold and Baldwin,
2011). On the other hand, non-glandular trichomes in the Solanum species are mostly spike like
structures which deter herbivory primarily by deterring herbivore movement, feeding and
oviposition (Corsi & Bottega, 1999; Kennedy, 2003; Lee et al., 2007; Dalin et al., 2008; Sletvold
et al., 2010; Tian et al, 2012; Weigend et al., 2018; Kariyat et al, 2019). Additionally, non-
glandular trichomes can cause post-feeding damage to caterpillars by rupturing of caterpillars’
peritrophic membrane (gut lining; Kariyat et al., 2017; Andama et al., 2020). Moreover, some
plant species also possess stinging hairs (trichomes with stinging cells which contain irritant
fluids) which act as hypodermal syringes and can cause various allergic reactions such as pain,
itching, oedema, and visible dermal reactions to mammalian herbivores (Ensikat et al., 2021).
Glandular trichomes are more pliable, so may not cause physical damage (Kariyat 2017; 2019)
but can be toxic and can release chemicals to intoxicate herbivores (Hare, 2005) and attract
predators of herbivores in association with carcasses of herbivores (LoPresti et al., 2015).
Contrary to this, non-glandular trichomes are usually devoid of toxins but their sharp and edgy
structure can cause physical damage to herbivores. Thus, while the size and structure of the
apical gland can inform about the amount of toxins and their content, knowledge about various
types (e.g., unbranched vs stellate) and sizes of non-glandular trichomes can appraise us about

their functional significance- either in deterring herbivory or protecting against abiotic stressors.



More specifically, in case of non-glandular trichomes, we now have multiple lines of evidence
on how variation in trichome type and density differentially defend them against insect
herbivores (Cho et al., 2017; Kariyat et al., 2017; 2019; Watts and Kariyat, 2021). For instance,
Watts and Kariyat (2021) found significant variation in trichome density on abaxial and adaxial
leaf surface of 11 Solanaceae species and demonstrated that this variation has functional
consequences for caterpillar growth and feeding.

Clearly, a detailed examination and characterization of trichome morphology (even on
abaxial and adaxial surfaces) can have multiple benefits, including a reliable and non-
contradictory nomenclature of trichomes, understanding the prominent trichome types found in
nature, and their diversity - which later can be explored for defensive functions against different
herbivores, and abiotic stressors, with possible implications for our efforts to produce better
defended plants for sustainable agriculture (Andama et al., 2020).

Solanaceae is one of the most important plant families consisting of 90 genera and
~3000-4000 ecologically and economically important species which are found in all habitats
ranging from dry deserts to wet tropical rainforest and have growth habits ranging from small
ephemeral herbs to large perennial trees (Knapp, 2002). Among all the genera in Solanaceae, the
genus Solanum contributes ~75% of all species (Knapp, 2002; Symon, 1981). Solanum genus
exhibits tremendous variation and diversity of trichomes; for instance, widely studied and
domesticated crops such as tomato (Solanum lycoperiscum) and tobacco (Nicotiana tabacum)
have different types of glandular trichomes, while wild weeds such as silverleaf nightshade
(Solanum elaeagnifolium) and Carolina horsenettle (Solanum carolinense) possess only non-
glandular trichomes (Peiffer et al., 2009; Weinhold and Baldwin, 2011; Burrows et al., 2013;

Kariyat et al., 2018). A general convention in trichome literature is to reduce the diversity of



trichome types by constraining them to just types of glandular and non-glandular, while these
types are quite diverse and are often complicated to resolve. Moreover, this basic classification
also fails to explain the huge variation among sub-types of glandular and non-glandular
trichomes, and consequently potential to explore their function.

Luckwill (1943) was the first to classify trichomes of Lycopersicon into seven distinct
types (four glandular sub types and three non-glandular sub types) of trichomes based on their
length, number of stalk and base cells, and the presence or absence of gland. Following Luckwill
(1943), Uphof (1962) in a summary for different methods of classification of trichomes
concluded that the final classification is still subjective. After that, Payne (1978) provided us
with a glossary to name various trichomes or structures found in trichomes to improve trichome
nomenclature. Later, Channarayappa et al. (1992) revised the trichome classification by Luckwill
(1943) and the revised classification is used frequently in trichome related studies. While these
studies have served as a model for trichome morphology assessment, we used scanning electron
microscopy, and artistic rendering along with the previous classical classification systems (Roe,
1971) and the glossary provided by Payne (1978) to characterize and classify trichomes on both
adaxial (upperside) and abaxial (lowerside) leaf surface of 14 representative species from

Solanum.

Materials and Methods

Plant Materials:

A mixture of wild and domesticated species of genus Solanum (14 species in total) were
included in the study. We bought seeds of forest bitterberry (Solanum anguivi; Product code:
Y5SSSOIN), porcupine tomato (S. pyracanthos; Product code: Y5SSSSOPY), African eggplant

(S. macrocarpon; Product code: YSSSSOMO), bittersweet nightshade (S. dulcamara; Product
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code: Y5SSSODU), lance-leaved nightshade (S. lanceifolium; Product code: YSSSSOLA), potato
tree (S. grandiflorum; Product code: YSSSSOGR), tzimbalo (S. caripense; Product code:
Y5SSSOCA), devil’s fig (S. asperolanatum; Product code: YSSSSOANS), S. taeniotrichum
(Product code: YSSSSOTA) from rarepalmseeds.com; tomato (S. lycopersicum; Variety: Valley
Girl F1) seeds from Johnnyseeds.com; garden huckleberry (S. melanocerasum; Brand: Palm
Beach Medicinal Herbs), easter eggplant (S. ovigerum; Brand: Helens Garden) and Turkish
orange eggplant (S. aethiopicum; Seller: Seedville USA) from amazon.com, and Aubergine (S.
melongena; Shikou hybrid Eggplant; Item: 52568-PK-P1) from parkseed.com.

Seeds of all the species were sown in potting mixture (Sunshine professional growing
mix: Sun Gro Horticulture Canada Ltd., MA, USA; Tayal et al., 2020) filled trays (12.5” x7.5”
x2”) and kept in controlled environmental conditions (26°C temperature, ~50% relative humidity
and 16:8 light dark cycle). Germinated seedlings were transplanted in plastic pots (57 x4” x4”)
with similar soil media and environmental conditions and were watered regularly. For electron
microscopy, plants of 4-6 weeks of age post transplanting with at least 10-12 fully developed
leaves were used. Young and fully expanded leaves from randomly selected individuals (for each
species, sample size varied by treatment, details below) were used for microscopy experiments.
Desktop Scanning Electron Microscope (DSEM):

To capture images from both abaxial and adaxial of leaves for trichome morphology (n=
3-11 plants/side/species), dimension measurements (n= 3-11 plants/side/species) and density
analysis (n= 3-11 plants/side/species), a desktop Scanning Electron Microscope (SNE- 4500 Plus
Tabletop; Nanoimages LLC, Pleasanton, California, USA; Watts et al., 2021 in press) was
employed. Circular leaf discs (0.63 cm in diameter) of fresh leaf samples (collection method

detailed above) were excised from the plants using a hole punch. No chemical treatments (e.g.,



glutaraldehyde; Kariyat et al., 2017), critical drying or sputter coating was done to the leaf
samples, and fresh leaf discs mounted on the aluminum stubs using double-sided carbon tape
were directly inserted in the DSEM for scanning and image processing. For more details on
operational procedures and methodology of DSEM, see Watts and Kariyat (2021), and Watts et
al., (2021) in press.

Trichome Morphology assessment:

Fresh leaf samples (n=3-11 plants/side/species) as described above were used and
magnified ranging from 45X to 1000X depending on trichome type and size, to achieve
maximum resolution to extract finer details of trichomes. Images of different trichome types
from both abaxial and adaxial surface of leaves were captured at different angles in 3-D and later
used to classify them. Payne (1978; consisting of glossary for different shapes and structures
of/in trichomes), Roe (1971; consisting of terminology for commonly found Solanum trichomes)
and Werker (2000; glandular trichome characterization based on structure of secretory head)
were the major literature used to characterize trichomes post image acquisition.

Trichome Density Assessment:

To determine the trichome density from both leaf surfaces of all the species (n=3-11
plants/side/species), sample preparation was done as described above. The images for trichome
count were consistently captured at 60X magnification which contains approximately 5.32 mm?
leaf area measured using ‘Nanoeye’ software linked to DSEM. We calculated the trichome
density 1 mm? as follows (Chavana et al., 2021; Watts and Kariyat, 2021):

Trichome density (1 mm?) = Number of trichomes in the image taken at 60x magnification/5.32

Trichome Dimension Measurements:



While scanning the leaf samples (n= 3-11 plants/side/species), once the image achieved
maximum resolution visually, scanning was paused using ‘Nanoeye’ software associated with
DSEM, and dimensions of various trichome types were measured by tracing trichomes by
straight line in ‘M. tools’ in ‘Nanoeye’ software. For non-glandular trichomes, length of spikes
from base to tip was measured, and in case of glandular trichomes, length of trichome from base
to tip and diameter of bulb containing glandular secretions were measured using the
measurement tool embedded in the software (Figure 7). Magnification was altered among
samples depending on trichome type at the best resolution.

Line art:

The SEM images were used to draw the trichomes manually on paper. The paper was
scanned to make a digital copy and the trichomes were traced using a size 4 solid circle brush
(Wacom Intuos Pro Digital Graphic Drawing Tablet; Adobe Photoshop). Further, custom
brushes in Adobe Photoshop were used to create non-uniform surface of few trichome types. The
images were saved into transparent PNG files and inserted into tables with the base of trichomes

is on the bottom of the image.

Analysis

Our goal was to characterize and document the trichome types in these 14 species, and to
define the finer details on individual trichome types, and their dimensions. Using previous
publications as a composite reference, we classified the trichome types using images that
reflected its most detailed morphological features. The nomenclature of trichomes was decided
by following a checklist of features in the order described below: major shape of the trichome;
glandular/non-glandular trichome type (italicized); additional minute morphological

specifications. Further, additional features have also been added as a separate column to know
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more details of each trichome type. For morphological representation of trichome types, line art
was created for each individual trichome type, by a graphical artist.

Following this, mean trichome density for each trichome type or trichome types as broad
groups (glandular; simple non-glandular; stellate non-glandular) was calculated manually from
images at 60X magnification. 60X magnification includes 5.32 mm? of leaf area, and thus to get
density of trichomes in 1 mm? of area, the trichomes density at 60x magnification was divide by
a factor of 5.32. The Mean+SE of trichome density has been incorporated in Tables 2 and 3.
And, to test whether species and trichomes varied across the 14 species of interest, we also ran a
Generalized regression analysis with Poisson distribution with species and types (total, glandular
and non-glandular) and their interaction as factors, and trichome number as the response
variables. Tukey’s post hoc tests were conducted to examine pairwise comparisons. All analyses
were carried out using JMP15 (SAS Inc, Cary, JJ, USA) software and the plots were built using
GraphPad Prism (La Jolla, CA, USA). And finally Mean+SE total length and Mean+SE of the
diameter of glands on glandular trichomes, and Mean + SE spike length in case of non-glandular

trichomes were measured.

Results

Trichome Morphology assessment:

Basic classification of trichomes includes classifying them into glandular and non-
glandular types (italicized; Table 2 and 3). Here, detailed classification of trichomes was carried
out using previously published works as a composite reference. The terminology used for
nomenclature of trichomes is described below in Table 1.

Using above-mentioned terminology, we classified all the trichomes found in our

samples. Although, three trichome types viz. stellate non-glandular, simple non-glandular, and
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glandular type trichomes were the most found in the Solanum species in our study, these types
have also been further characterized into a numerous sub-types based on minor morphological
differences (Figure 1; Table 2 and 3).

Stellate non-glandular trichomes have further been divided into multitangulate,
multiradiate, stellate non-glandular hair with subulate rays (2-6 in number) with the presence of
pedestal (Solanum aethiopicum; adaxial) (Table 2; Serial number 2), porrect-stellate multiradiate
non-glandular hair with subulate rays (varying in number) and with short central ray (S.
aethiopicum; abaxial, S. anguivi; abaxial, S. lanceifolium; adaxial and abaxial, S. ovigerum;
abaxial, S. pyracanthos; adaxial and abaxial) (Table 2; 9, 45; Table 3; 4, 7, 13, 45, 51), porrect-
stellate multiradiate non-glandular hair with subulate rays (varying in number) with long central
ray (S. anguivi; adaxial and abaxial, S. lanceifolium; adaxial, S. ovigerum; adaxial) (Table 2; 8,
10, 39; Table 3; 8), porrect-stellate multi-radiate cruciate non-glandular hair with subulate rays
(4 in number) and with short central ray (S. grandiflorum; abaxial) (Table 3; 30), porrect-
geminate stellate multi-radiate non-glandular hair with subulate rays (2-16 in number) and short
central ray (S. melongena; adaxial and abaxial) (Table 2; 30; Table 3; 34). Moreover, some
stellate trichomes also have a pedestal (S. aethipicum; adaxial, S. anguivi; adaxial and abaxial, S.
ovigerum; abaxial, S. pyracanthos; abaxial) (Table 2; 2, 3, §; Table 3; 7, 8, 45, 51). And some
stellate trichomes with only two rays at an angle have been named separately as bifurcated non-
glandular hair (S. aethiopicum; adaxial, S. anguivi; adaxial and abaxial, S. lanceifolium; abaxial,
S. pyracanthos; abaxial) (Table 2; 3, 7; Table 3; 9, 14, 53). Within each stellate trichome, spike
number also varied in almost all the species (Figure 1, Table 2 and 3).

Simple non-glandular trichomes have also been further sub-divided as osteolate (S.

dulcamara; abaxial) (Table 3; 57), subulate (S. aethiopicum; adaxial and abaxial, S. anguivi;
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adaxial and abaxial, S. lycopersicum; abaxial, S. macrocarpon; adaxial and abaxial, S.
melanocerasum; adaxial, S. grandiflorum; adaxial and abaxial, S. melongena; adaxial and
abaxial, S. taeniotrichum; abaxial, S. caripense; adaxial and abaxial, S. ovigerum; adaxial, S.
pyracathos; adaxial, S. dulcamara; adaxial) (Table 2; 1, 6, 20, 22, 25, 31, 36, 37, 40; Table 3; 3,
6, 18,23, 27, 33, 39, 40, 43), falcate (S. grandiflorum; abaxial, S. ovigerum; abaxial) (Table 3;
32, 44), setiform (S. grandiflorum; adaxial) (Table 2; 29), crescent (S. melanocerasum; abaxial)
(Table 3; 24), attenuate (S. lycopersicum; adaxial and abaxial) (Table 2; 17, 18; Table 3; 19, 20),
hooked (S. aethiopicum; abaxial; S. lycopersicum; adaxial and abaxial, S. melongena; abaxial, S.
caripense; abaxial; S. pyracanthos; abaxial) (Table 2; 3, 16; Table 3; 18, 33, 40, 54). And most
of these trichome types were smooth (all species) (Figure 1 and 2; Table 2 and 3) while few
others were pustulated (S. macrocarpon; adaxial and abaxial, S. dulcamara; abaxial) (Table 2;
20; Table 3; 23, 57). Similar to stellate non-glandular trichomes, some simple non-glandular
trichomes have pedestal (S. macrocarpon; adaxial and abaxial, S. grandiflorum; adaxial, S.
melongena; adaxial, S. asperolanatum; adaxial, (Table 2; 20, 25, 29, 31, 41; Table 3; 23, 27)
while others do not have pedestal.

The third most found trichome type was glandular type which has been further
characterized based on the presence of a globular head (all species) (Figure 1 and 2; Table 2 and
3) or small glandular tip (S. aethiopicum; abaxial, S. lanceifolium; abaxial, S. lycopersicum,
adaxial and abaxial, S. macrocarpon; adaxial, S. melanocerasum; adaxial and abaxial, S.
grandiflorum; adaxial, S. taeniotrichum; adaxial and abaxial, S. asperolanatum; adaxial and
abaxial, S. dulcamara; abaxial) (Figure 2 and 3; Table 2; 13, 19, 23, 28, 33; Table 3; 1, 10, 17,
20, 25, 36, 37, 56). Further globular head can be large (Table 2; 5, 11, 12, 14, 21, 24, 26, 32, 41;

Table 3; 2, 5, 12, 15, 16, 22, 26, 28, 31, 35, 42, 48, 52) or small (Table 2; 4, 5, 34, 35, 38, 44, 48;
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Table 3; 38, 46, 55, the characterization made based on comparative visual observations (Figure
2 and 3; Table 2 and 3). Globular headed trichomes can vary in shape as was observed in case of
S. lanceifolium (doliform globular head; adaxial; Table 2; 9). Additionally, globular headed
glandular trichomes having distinct four-celled head have also been observed (Table 2; 5; Table
3; 5,15, 16, 42). Similar to simple non-glandular trichomes, glandular trichomes were also found
in various major shapes such as attenuate (S. aethiopicum; abaxial, S. lanciefolium; abaxial, S.
lycopersicum; adaxial and abaxial, S. macrocarpon; adaxial, S. grandiflorum; adaxial, S.
dulcamara; abaxial) (Table 2; 13, 19, 28; Table 3; 1, 10, 20, 57), acuminate (S. lycopersicum;
adaxial) (Table 2; 15), subulate (S. lycopersicum; abaxial, S. melanocerasum; adaxial and
abaxial, S. taeniotrichum; adaxial and abaxial) (Table 2; 23, 33; Table 3; 17, 25, 36, 37), hooked
(S. lycopersicum; abaxial) (Table 3; 17). In case of non-glandular hair with attenuate non-
glandular branches and one gland-tipped branch in S. asperolanatum, trichome has one branch
with a glandular tip making it both glandular and non-glandular type trichome but named as non-
glandular because of a greater number of rays being non-glandular (Table 3; 50).

And based on previous literature (Werker, 2000) and since these trichome lack a clear
distinction of glandular head, ovoid (S. grandiflorum; adaxial and adaxial, S. asperolanatum;
adaxial and abaxial) (Figure 1, table 2; 27, 42; Table 3; 29), mammilla (S. /ycopersicum; abaxial)
(Table 3; 21) and verrucate (S. lanceifolium; abaxial) (Table 3; 11) trichomes were characterized
as non-glandular.

Although DSEM microscope used in the study had numerous benefits including no
sample preparation or the use of critical chemicals and machinery, and faster image processing
(critical point dryers and sputter coaters; Kariyat et al., 2017), it also had some drawbacks. One

of them was that we were unable to further classify the glandular trichomes based on the number
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of their head cells as SEM images lacked those details. And, since fresh leaf samples were used
for the study, few glandular trichomes with pliable heads burst on their encounter with vacuum
of the machine while scanning, due to the lack of critical point drying and sputter coating.

For detailed results of species, trichome type, their density, and dimensions with pictorial
representation of each trichome type on adaxial leaf surface see table 2, and on abaxial leaf
surface, see table 3.

Density Measurements:

Consistent with morphological diversity and variation among and within each species,
density of trichomes also varied across species (Watts and Kariyat, 2021; Figure 2 and 3; Table 2
and 3). Oddly, in some of the species, while acquiring images for density count at 60X, we did
not observe any trichomes, but while zooming in on different leaf samples at a higher
magnification, we observed few trichome types although they were quite rare. These include
attenuate basilatus glandular hair with small glandular tip on adaxial leaf surface of S.
macrocarpon (Table 2; Serial number 19), attenuate basilatus glandular hair with small glandular
tip; mamilla non-glandular hair on abaxial leaf surface of S. lycopersicum (Table 3; 20, 21),
subulate glandular hair with multicellular jointed stalk and small glandular tip on abaxial leaf
surface of S. melanocerasum (Table 3; 24), subulate non-glandular hair with multiseriate base
and tall pedestal on abaxial leaf surface of S. grandiflorum (Table 3; 27), hooked subulate non-
glandular hair on abaxial leaf surface of S. caripense (Table 31; 40), and falcate non-glandular
hair on abaxial leaf surface of S. ovigerum (Table 3; 44).

The trichome types with highest trichome density include glandular hair with large
globular head, single stalk cell and no neck cell on adaxial leaf surface of S. asperolanatum

(Figure 3, Table 2; 41), and porrect-stellate multiradiate non-glandular hair with subulate rays
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(5-10 in number) and with short central ray on abaxial leaf surface of S. aethiopicum (Figure 2;
Table 3; 4). Although the variation was huge, we found that some trichome types had higher
trichome density than the other types in each species. For example, in S. anguivi (abaxial)
porrect-stellate multi-radiate non-glandular hair with subulate rays (5-10 in number)
with short/long central ray and pedestal (density: 13.001.56; Table 3; 7, 8 and 9) had
considerably higher trichome density than the other two trichome types (Table 3; 5 and 6)
(Figure 2). Almost all the species in which one/two trichome types dominated over the other. In
addition to this, occasionally it was difficult at 60x to distinguish between some trichome types,
so the density of some trichome types have been compiled. For example, manual counting of
both glandular hair with large quadricellular globular head and single stalk cell in case of abaxial
leaf surface of S. lycopersicum resulted into total density of 0.94+0.19 (Table 3; 15 and 16). Such
cases were observed for all three major trichome types (stellate non-glandular, simple non-
glandular and glandular trichomes) (Table 2 and 3). Additionally, we found significant variation
in trichome numbers (total, glandular and non-glandular; at 60x magnification) among species
(Generalized Regression; p< 0.0001) and interaction of species with trichome type (total,
glandular and non-glandular) (Generalized Regression; p < 0.0001) (Figure 4, 5 and 6), but the
variation was non-significant between trichome types (Generalized Regression; p= 0.6971).
Trichome Dimensions

Similar to density, dimensions of each trichome type also varied across species and
location (Figure 7; Table 2 and 3). Subulate non-glandular hair with multiseriate base and tall
pedestal on abaxial leaf surface of S. grandiflorum (Table 3; Serial number 27) was the longest
in dimensions, and the shortest non-glandular trichome was subulate non-glandular hair with

multicellular jointed stalk and multicellular base on abaxial leaf surface of S. ovigerum (Table 3;
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43). Longest glandular trichome type was subulate glandular hair with multicellular jointed stalk,
multicellular base, distinct subsidiary cells, and small glandular tip on adaxial leaf surface of S.
melanocerasum (Table 2; 23), and the shortest glandular trichome type was glandular hair with
large globular head on abaxial leaf surface of S. melongena (Table 3; 35). The glandular
trichome with largest head was glandular hair with large quadricellular globular head and single
stalk cell on abaxial leaf surface of S. l[ycopersicum (Table 3; 16). The glandular trichome with
smallest glandular tip was hooked subulate glandular hair with multicellular jointed stalk and
small glandular tip on abaxial leaf surface of S. lycopersicum (Table 3; 17). Dimensions of some
trichome types seemed comparable and thus dimension data for few trichome types was
collected as one type (Stellate and bifid trichomes; all globular glandular trichomes; glandular
trichomes with small tip; simple trichomes).

Although the stellate trichomes had almost consistent spike length within a species or/and leaf
surface, but central ray of stellate trichomes varied (long/short) resulting into sub-dividing them
into stellate trichomes with short or long central ray. Simple trichomes had the most variation
resulting them being both the shortest and the longest trichome found among species in the
study. Further, in general, glandular trichomes with globular heads were shorter than glandular
trichomes with small tip on the top. Additionally, glandular trichomes with globular heads had
greater diameter of their glandular heads than glandular trichomes with small tip on the top. Due
to the high species numbers, processing of multiple samples, and incredible trichome diversity,
we could not acquire dimensions of some trichome types (for example, osteolate non-glandular

hair with multicellular stalk on abaxial leaf surface of S. dulcamara; Table 3; 57).
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Discussion

In this study, we examined the trichome characteristics including their nomenclature,
density, and dimensions on both adaxial and abaxial leaf surface of 14 Solanum species using
scanning electron microscopy on fresh leaf samples. We found that Solanum genus consists of
numerous trichome types which vary not only among the species, but also within each species
and between adaxial and abaxial leaf surfaces. We also found that three trichome types are most
common in Solanum: stellate non-glandular, simple non-glandular and glandular trichomes.
Broadly, all trichomes have been characterized into glandular and non-glandular trichomes, but it
is not fair, because both glandular and non-glandular trichomes can further be classified into
various types based on their shape, size, number of cells, basal cells, neck cells, etc. Besides, it
was not certain whether ovoid, verrucate and mamilla trichomes are glandular or non-glandular
because of their unusual and perplexing structure but we confirm that they can be characterized
as non-glandular trichomes because of their lack of distinction of a clear glandular head.

Trichomes, in general, have been proven to be an excellent phenotypic trait for finding
evolutionary and taxonomic relationships among species (Cantino, 1990; Khosroshahi and
Salmaki, 2019). For example, Phlomis genus has characteristic multi-nodal branched trichomes
and can be considered as synapomorphy for this group, but Phlomoides lacks this feature and
thus, this feature most likely represents a plesiomorphy in the genus (Khosroshahi and Salmaki,
2019); and separation of African and Asian Leucas spp were made more explicit by the
differences of capitate trichomes with definite morphology and absence of non-glandular
trichomes with one cell and more than three cells (Mannethody and Purayidathkandy, 2018). Our
study characterized the finer details of trichome morphology, and it can be of an aid in exploring

phylogenetic and taxonomic relationships among the members of genus Solanum, and their
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relationship with members of other genus of Solanaceae family and among other plant families.
Additionally, trichomes act as excellent cell differentiation models (Hiilskamp, 2004) and
provided with the diversity from this study, it can be explored how differentiation in trichome
cells result into production of glandular/non-glandular of various shapes and sizes.

Defense against herbivores is one of the major functions of trichomes, and both glandular
and non-glandular trichomes have been well documented to deter herbivore movement and
feeding (Kariyat et al., 2013; 2017; 2019). Morphology, density and dimensions relationships of
sub-types of trichomes can be employed to find correlations between trichome characteristics
with herbivore feeding intensity and behavior (Li et al., 2020). For instance, Watts and Kariyat
(2021) found that significantly higher trichome density on abaxial leaf surface than adaxial leaf
surface of Solanaceae species resulted into delayed feeding and lower mass gain of tobacco
hornworm caterpillars (Manduca sexta; Lepidoptera: Sphingidae); Kariyat et al. (2017) found
damage done to peritrophic membrane (gut-lining) of M. sexta caterpillars after feeding on
stellate trichomes of horsenettle (Solanum carolinense; Solanaceae). Further, since the damage
done by non-glandular trichomes is primarily because of their structure and many herbivores
mow the trichomes off the plant surface before feeding (Kariyat et al., 2017; 2019; Kaur &
Kariyat, 2020b), we speculate that trichomes with a greater number of spikes, and spikes with
higher dimensions can result into higher negative impacts on herbivore feeding, but warrants
closer examination (Medeiros & Moreira, 2005; Andama et al., 2020). The variation in trichome
types, density, dimensions and their functional consequences (Watts and Kariyat, 2021) between
abaxial and adaxial leaf surfaces also warrants detailed exploration, a reason why we examined
these differences in detail (Tables 2 and 3). Contrary to non-glandular trichomes, glandular

trichomes are the secretory structures and contain various types of chemicals in their head cells
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and those chemicals have been found to trigger different defense related pathways against
herbivores (Tissier, 2012), and some glandular trichome types have been found to play more
prominent roles than the others. For example, type VI (as named by Luckwill, 1943; glandular
trichomes with quadricellular head) trichomes of Lycopersicon genus were found to contain
chemicals possessing insecticidal properties against lepidopteran larvae (Lin et al., 1987). Thus,
knowledge of glandular trichome density and dimensions such as length and diameter can help
us know the plant parts with higher trichome density, amount of chemicals possessed by
trichomes and if the trichomes are tall enough to act against herbivores with its structural
features along with chemical defense. Additionally, expanding on this study, histochemistry and
volatile collection of various glandular secretions can be done, and anti-herbivore chemicals can
be identified (Muravnik et al., 2019), and can lead to further functional assessment and
classification, an area that we are currently exploring. Trichomes have been of great importance
against herbivores as a defense trait, and thus, have been incorporated in integrated pest
management of insect pests of various crops of economic importance including potato (Solanum
tuberosum; Solanaceae), cotton (Gossypium spp.; Malvaceae), cowpea (Vigna unguiculata;
Fabaceae), to name a few. For instance, #ooked non-glandular trichomes of Phaseolus vulgaris
(Fabaceae) entrap pests such as black bean aphid (Aphis fabae; Hemiptera: Aphididae) and green
stink bug (Nezara viridula; Hemiptera: Pentatomidae) (Rebora et al., 2020). Trichomes also play
multiple roles in plants including leaf water uptake and protection from UV light, in addition to
defense against herbivores (Sack and Buckley, 2020). For example, Li et al., 2021, showed that
among three trichome types viz. non-glandular trichomes, linear glandular trichomes and
glandular trichomes, only non-glandular trichomes of Sunflower (Helianthus annuus) were

found to accumulate and translocate Zinc, an important micronutrient for plants, an potential area

19



of research to be explored for mineral and nutrient uptake to enhance crop yield through
trichomes. Clearly, trichome characteristics has the potential to be explored in relation plant
ecophysiological functions such as water use efficiency (Thitz et al., 2017), UV protection and
mineral uptake.

Taken together, this study documented the variation in trichome types, their density and
dimensions in representative Solanum species. So far, the major reasons which withheld the
detailed classification and nomenclature of trichomes were (i) the conventional approach to
classify trichomes as just glandular or non-glandular trichomes failed to document their
morphotypes and function, (ii) the requirement of expensive machinery and skilled professionals,
required to process samples across species and families, and (iii) the need of intensive and
detailed workflow for the closer examination of images to extract all the data on morphology,
density and dimensions. By overcoming these challenges, we show the variation in trichome
traits within a subset of the genus Solanum and encourage more detailed examination across

various plant families.

Conclusions

Overall, the study provides unusually fine details and morphological characterization of
trichomes of a mixture of wild and domesticated, annual, and perennial, food crops and weed
species of genus Solanum which can act as referral source for further studies of most of trichome
related parameters and their relationships with biotic and abiotic stresses (Tian, 2012). Since
Solanum 1s the largest genus of one of the major angiosperm family viz. Solanaceae, exploring
trichome diversity by considering fourteen species from various groups (eg. S. macrocarpon and
S. lycopersicum are cultivated species, while S. anguivi and S. pyracanthos are wild species) of

the family provided us with an updated data source of trichome characteristics with such details
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that never has been done before. Further, future directions in trichome studies can be focused on
understanding variability and organ development while studying gene expression simultaneously
using trichomes as a model. Moreover, trichomes are also known to play role in multi-trophic
interactions in ecosystem (Weinhold and Baldwin, 2011) and thus, each trichome type can be

explored for its potential in strengthening plants’ defenses.
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Table 1. List of terminology used to define trichomes in the study.

Terminology Definition (compiled from previously published literature)
Attenuate Long and gradually tapering

Base Lowermost part of the trichome

Basilatus Emerging from a broad base

Bifurcated Divided into two branches

Brevicolate Short-necked

Compound Having multiple rays

Cruciate Shaped as a cross with four equal arms

Doliform Barrel-shaped
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Falcate

Sickle-shaped

Glandular Has secretory/excretory function
Hooked Bent/incurved apex shaped

Head Has an enlarged terminal portion
Jointed Presence of apparent articulation
Mamilla Nipple-shaped projection

Multiradiate Multi-rayed

Multitangulate Rays at many angles

Muticous No pointed tip

Neck Middle cell of a uniseriate glandular hair

Non-glandular

Without secretory/excretory function

Osteolate

Thighbone shaped with many cells having swollen ends
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Ovoid

Egg-shaped with attachment at larger end

Pedestal

Raised base to which hairs are attached

Porrect-geminate

Similar to porrect stellate but consisting of two whorls of rays one over the other

Porrect-stellate

Resemblance with porrect rays of cacti with multiple horizontal rays and a

central ray

Pulvinate Swollen base

Pustulated Blistered surface

Quadricellular Four cells

Sessile Without stalks (for glands)
Setiform Bristle-shaped

Simple Unbranched

Smooth Without any surface irregularities
Stalk Supporting part of a hair
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Stellate Star-shaped

Subsidiary cells Neighboring base cells
Subulate Awl-shaped
Tufted/penicillate Branched from a base
Uniseriate Single rows/columns of cells
Verrucate Warty shaped

Table 2. Detailed morphological characterization (Major shape and additional features) of trichomes on adaxial leaf surface along with
pictorial representation, density, and dimensions of trichomes in fourteen Solanum species in the study (‘very rare’ in density table
indicate the absence of certain trichome types while counting trichomes at 60X, however the trichome was present very rarely in very
few images which were not at 60X magnification; Blank values in density and dimensions table indicate that the density of that
particular trichome types has already been included in the density of a broader trichome type, such as density of all glandular
trichomes, or density of simple non-glandular trichome types or density of all stellate trichome types as one number rather than

individual density of all sub-types of these trichomes; ‘no data’ in dimension table indicate the lack of dimensions of that trichome;
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Asterisks in dimensions table indicate the multiplication sign showing the length of trichome multiplied by width of gland of trichome,

in case of glandular trichomes).

Species

Serial

number

Trichome types (Major

shape)

Additional features

(Simple smooth

uniseriate-S;

Compound smooth

uniseriate- C;

Simple pustulated

uniseriate- P)

Line art of morphology

Density

(Average+S
tandard
error;
trichome
number/m
m? leaf

area)

Dimensions

(in um;
Length in
case of non-
glandular
trichome;
Length*widt
h of gland in
case of
glandular
trichome;
Average+St
andard

error)
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Ethiopian
eggplant
(Solanum

aethiopicum)

subulate basilatus non- S 4.73£1.02 | 153.71%15.6
glandular trichome 7
with distinct subsidiary
cells
multitangulate C 1.06+0.73 | 185.08+7.29
multiradiate stellate (#2+#3) | (#2 and #3)
non-glandular hair
with subulate rays (2-6
in number) with the
presence of pedestal
bifurcated non- C see #2 see #2

glandular hair with
subulate rays with the

presence of pedestal
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glandular hair

glandular hair with S 4.88+1.40 | 65.254+5.58*
small globular head on 25.08+1.88
the top
Forest glandular hair with S 3.50+0.60 | 59.58+3.13*
bitterberry single stalk and neck 27.11£1.69
(Solanum cell and large
anguivi) quadricellular globular
head
subulate basilatus non- S ? 2.40+0.90 93.14+9

28




bifurcated basilatus
non-glandular hair
with subulate rays (one

shorter than the other)

see #8

see #8

porrect-stellate multi-
radiate non-glandular
hair with subulate rays
(3-10 in number)
with long central ray

and pedestal

5.92+0.96

(#7 + #8)

133.01+5.39

(#7 and #8)

((Lance-leaved
nightshade
(Solanum

lanceifolium)

porrect-stellate multi-

radiate non-glandular

hair with subulate rays
(2-7 in number)

and short central ray

0.72+0.14

(H9 + #10)

193.75+£10.2
2 (#9 and

#10)
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10. porrect-stellate multi- C see #9 see #9
radiate non-glandular
hair with subulate rays
(2-7 in number)
and long central ray
11. glandular hair with S see #12 see #12
single stalk and neck
cell and large doliform
globular head
12. glandular hair with S 1.45+0.21 | 66.46+7.19*
large globular head (#11+ 28.64+2.67
#12) (#11 and
#12)
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Garden tomato
(Solanum

lycopersicum)

hair with bicellular
stalk and small

glandular tip

13. attenuate glandular S 0.55+0.15 | 63.55+£6.35%*
hair with small 9.85+1.25
glandular tip
14. glandular hair with S 0.44+0.11 | 58.74+3.18*
large globular head 25.38+42.23
15. acuminate glandular S ? 0.05+0.05 | 327+93.30
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16. hooked non-glandular S 0.97+£0.22 | 218.21+£18.2
hair 4
17. attenuate non- S 0.17£0.05 | 327.33+£93.3
glandular hair with 0
multicellular jointed

stalk and multicellular

base
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18. attenuate non- S 0.12+0.06 | 436.33+44.6
glandular hair with 3
jointed multicellular
stalk
African 19. attenuate basilatus S very rare no data
eggplant glandular hair with
(Solanum small glandular tip
macrocarpon)
20. subulate non-glandular P 0.22+0.09 288

hair with pulvinate

base and a pedestal
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21. glandular hair with S 1.88+0.36 | 72.05+6.99*
multicellular large _ 24.23+1.55
globular head and

single stalk cell
Huckleberry 22. subulate non-glandular S 0.23+0.07 | 421.42+43.0
(Solanum hair with multicellular 1
melanocerasum jointed stalk,
) multicellular base, and

distinct subsidiary cells
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23. subulate glandular hair S 0.02+0.02 | 461.8+26.03
with multicellular *20.68+3.67
jointed stalk,
multicellular base,

distinct subsidiary cells

and small glandular tip
24. glandular hair with S 0.77+0.18 | 78.81+3.11*
large globular head, 32.37£1.49

single stalk cell and no

neck cell
Potato tree 25. subulate non-glandular S 0.47£0.47 | 583.83+121.
(Solanum hair with multiseriate 39
grandiflorum) base and tall pedestal
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base and a pedestal

26. glandular hair with S 80.55+12.72
14.57+6.48
large globular head and *32.21+4.34
single stalk cell
27. ovoid sessile non- S 0.19+0.19 no data
glandular hair O
28. attenuate basilatus S 0.19+£0.19 256%*25.2
glandular hair with
small glandular tip
29. setiform non-glandular S 0.94+0.75 | 549.25+96.8
hair with multicellular 5
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Eggplant
(Solanum

melongena)

30.

porrect-geminate
stellate multi-radiate
non-glandular hair
with subulate rays (2-
16 in number)

and short central ray

8.34+1.26

168+7.46

31.

subulate non-glandular
hair with pulvinate

base and pedestal

0.19+0.19

64.4+14

32.

glandular hair with

large globular head

0.41+£0.20

47.3+0.9*13

.1£0.85
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Solanum 33. subulate glandular hair S 7.20+£0.76 | 385+£75%48.
taeniotrichum with multicellular 1+£23.8
jointed stalk and small
glandular tip
34. glandular hair with S 0.44+0.35 no data
small globular head

Pepino lloron 35. glandular hair with S 0.75+£0.11 | 52.3£14.2*3

(Solanum small globular head 2.2+12.5

caripense)

38




36. subulate basilatus non- S 0.88+0.19 | 431.44+73.4
glandular hair with 8
multicellular jointed
stalk and multicellular
base
37. subulate non-glandular S 0.12+0.06 287+107
hair with multicellular
jointed stalk
Easter white 38. glandular hair with S 0.44+0.22 | 54.3£7.17*2
eggplant small globular head % 2.4+4.14
(Solanum
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ovigerum) 39. porrect-stellate multi- 1.38+0.56 198+10.8
radiate non-glandular
hair with subulate rays
(3-7 in number) and
with long central ray
40. subulate non-glandular 2.13£0.49 | 153.84+42.3
hair with pulvinate 8
base
Solanum 41. glandular hair with S 17.30 68.9+£5.4*20
asperolanatum large globular head, .6£10.9

single stalk cell and no

neck cell
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42. ovoid sessile non- S 2.25 105+55
glandular hair
43. tufted/penicillate non- C 1.31 918+30.7
glandular hair with
multiseriate long
pedestal
Porcupine 44. glandular hair with S 0.62+0.24 | 48.6+£2.87*2
tomato small globular head 8+2.12

(Solanum
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199+6.61

pyracanthos)

45.

porrect-stellate multi-
radiate non-glandular
hair with subulate rays
(2-12 in number) and

short central ray

4.13+£1.02

46.

subulate non-glandular
hair with multicellular

stalk and base cells

0.60+0.20

107£15.6

158+14

Bittersweet
nightshade

(Solanum

47.

subulate basilatus non-
glandular hair with

multicellular stalk

0.52+0.10
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dulcamara)

48.

glandular hair with

small globular head

0.19+0.11

no data

Table 3. Detailed morphological characterization (Major shape and additional features) of trichomes on adaxial leaf surface along with

pictorial representation, density, and dimensions of trichomes in fourteen Solanum species in the study (‘very rare’ in density table

indicate the absence of certain trichome types while counting trichomes at 60X, however the trichome was present very rarely in very

few images which were not at 60X magnification; Blank values in density and dimensions table indicate that the density of that

particular trichome types has already been included in the density of a broader trichome type, such as density of all glandular

trichomes, or density of simple non-glandular trichome types or density of all stellate trichome types as one number rather than

individual density of all sub-types of these trichomes; ‘no data’ in dimension table indicate the lack of dimensions of that trichome;

Asterisks in dimensions table indicate the multiplication sign showing the length of trichome multiplied by width of gland of trichome,

in case of glandular trichomes).
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Species

Serial

number

Trichome types

Additional features

(Simple smooth

uniseriate- S;

Compound smooth

uniseriate- C;

Simple pustulated

uniseriate- P)

Line art of morphology

Density
(Average+S
tandard
error;
trichome
number/m
m? leaf

area)

Dimensions
(in um;
Length in
case of non-
glandular
trichome;
Length*widt
h of gland in
case of
glandular
trichome;
Average£St
andard

error)
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Ethiopian
eggplant
(Solanum

aethiopicum)

glandular hair with

pulvinate base

attenuate glandular S 0.86+0.86 | 101.24+20.4
hair with small ! i 2*13.66+1.7
glandular tip 4
glandular hair with S 0.52+0.20 | 52.06+3.83*
large globular head g' 17.11+0.82
on the top
subulate hooked non- S : 0.82+0.79 | 88.55+£10.79
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porrect-
stellate multiradiate
non-glandular hair
with subulate rays (5-
10 in number) and

short central ray

15.26+4.60

241.82+6.36

(Forest
bitterberry
(Solanum

anguivi)

glandular hair with
single stalk and neck
cell and quadricellular

globular head

0.72+0.21

46.6£5.1%23

.35+0.25

subulate non-
glandular hair with

pulvinate base

0.19+0.14

113+£28.63
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porrect-stellate multi-
radiate non-glandular
hair with subulate
rays (5-10 in number)
and short central ray

and pedestal

13.00+1.56
(H7T+#8 +

4#9)

290.85+9.83
(#7, #8 and

4#9)

porrect-stellate multi-
radiate non-glandular
hair with subulate
rays (5-10 in number)
with long central ray

and pedestal

see #7

see #7

bifurcated basilatus
non-glandular hair
with subulate rays

(one shorter than the

see #7

see #7
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other)

Lance-leaved
nightshade
(Solanum

lanceifolium)

10. attenuate glandular S see #12 no data
hair with small
globular tip
11. verrucate non- S see #12 no data
glandular hair
12. glandular hair with S 6.04+0.35 | 40.88+1.22*
large globular head (#10,#11 | 23.79+1.23
and #12)
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Garden tomato

13.

porrect-stellate multi-
radiate non-glandular
hair with subulate
rays (2-6 in number)
and with short central

ray

3.38+0.63

(#13+ #14)

156.28+11.7
6 (#13 and

#14)

14.

bifurcated basilatus
non-glandular hair
with subulate rays

(one arm reduced)

see #13

see #13

(Solanum

lycopersicum)

15.

glandular hair with
large quadricellular
globular head and

single stalk cell

0.94+0.19
(#15 +

#16)

42.254+4.69*

23.32*3.07
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16. glandular hair with S see #15 158+21.38*
large quadricellular 66.57+3.45
globular head and
single stalk cell
17. hooked subulate S 0.30+0.22 | 378.5+29.23
glandular hair with *3.50
multicellular jointed
stalk and small
glandular tip
18. hooked subulate non- S 5.4+1.03 | 204.34+16.4
glandular hair @ 0
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19. attenuate non- S 0.35+0.10 | 884.38+84.3
glandular hair with 0
jointed multicellular
stalk
20. attenuate basilatus S very rare | 57.45+8.14*
glandular hair with 7.55+0.91
small glandular tip
21. mamilla non- S very rare no data
glandular hair
Gboma 22. glandular hair with S 3.03£0.58 | 72.83+6.79*
(Solanum large globular head 31.69+1.38
macrocarpon) and single stalk cell

51




23.

subulate non-
glandular hair with
pulvinate base and a

pedestal

0.02+0.02

301.66+21.6

Huckleberry
(Solanum

melanocerasum)

24.

crescent non-
glandular hair with
multicellular jointed

stalk

0.18+0.05

312+38.83

25.

subulate glandular
hair with
multicellular jointed
stalk and small

glandular tip

Very rarc

337.5+£39.63

*24.85+2.7




glandular hair

26. glandular hair with S 0.81£0.12 | 73.46+4.52*
large globular head, 35.09+2.16
single stalk cell and

no neck cell
Potato tree 27. subulate non- S very rare | 11944395.5
(Solanum glandular hair with
grandiflorum) multiseriate base and
tall pedestal

28. glandular hair with S 10.15+£2.25 | 283.2+180.4
large globular head (#28 +#29 | 6*37.9+7.26
and single stalk cell +#31) (#28, #29

and #31)

29. ovoid sessile non- S i see #28 see #28
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30.

porrect-stellate multi-

radiate cruciate non-
glandular hair with
subulate rays (4 in
number) and short

central ray

0.47+0.09

887.25+103.

31

31.

glandular hair with
large globular head,
single stalk cell and

no neck cell

see #28

see #28

32.

falcate non-glandular
hair with pulvinate

base

0.56+0.19

no data
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Eggplant
(Solanum

melongena)

33.

hooked subulate non-
glandular hair with a

pulvinate base

0.08+0.04

103

34.

porrect-geminate
stellate multi-radiate
non-glandular hair
with subulate rays (2-
16 in number)

and short central ray

10.12+1.96

211+£8.9

35.

glandular hair with

large globular head

1.48+0.33

44.3+£3.86*1

6.9+0.94
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Solanum 36. subulate basilatus S 8.21+0.76 | 344+62%21.
taeniotrichum glandular hair with (#36+#37) | 8+£2.33 (#36
multicellular jointed and #37)
stalk and small
glandular tip
37. subulate basilatus S see #36 see #36
glandular hair with
multicellular jointed
stalk, multicellular
base and small
glandular tip
38. glandular hair with S 0.44+0.27 | 51.9£2.55%2
small globular head ? 4.4+8.83
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39. subulate non- S 0.06+0.06 1010
glandular hair
Pepino lloron 40. hooked subulate non- S very rare no data
(Solanum glandular hair / é
caripense)
41. subulate non- S 0.66+0.11 318+58.5
glandular hair
42. glandular hair with S 0.66+0.22 | 53+8%*22.9+
large quadricellular 4.65

globular head
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Easter white
eggplant
(Solanum

ovigerum)

43.

subulate non-
glandular hair with
multicellular jointed
stalk and

multicellular base

0.23+0.12

63.7+£6.35

44.

falcate non-glandular

hair

Very rarce

no data

45.

porrect-stellate multi-
radiate non-glandular
hair with subulate
rays (2-12 in number)
and with short central

ray and pedestal

2.4+0.76

229+11.7
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radiate non-glandular
hair with subulate

rays (4-5 in number)

46. glandular hair with S 0.90+0.32 | 49.6+5.32*3

small globular head V 2.7+28
Solanum 47. ovoid sessile non- S 0.38+0.38 no data
asperolantum glandular hair O

48. glandular hair with S 3.95+£1.03 | 118+19.4*2
large globular head, 6.55+1.82
single stalk cell and

no neck cell
49. porrect-stellate multi- C X 0.12+0.12 127+20.4

and with short central

ray
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50.

non-glandular hair

with attenuate non-

glandular branches
and one gland-tipped

branch

0.06+£0.06

201*39.4

Porcupine
tomato
(Solanum

pyracanthos)

51.

porrect-stellate multi-
radiate non-glandular
hair with subulate
rays (2-12 in number)
and with short central

ray and pedestal

7.08+1.50

(#51+ #53)

265+8.5
(#51 and

453)
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52.

glandular hair with

large globular head

0.53+0.24

55+5.2*30.1

+3.29

53.

bifurcated non-
glandular hair with
subulate rays with
pulvinate

multicellular base

see #51

see #51

54.

hooked non-

glandular hair

0.25+0.14

126+6.5
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Bittersweet
nightshade
(Solanum

dulcamara)

55. glandular hair with S 3.24+0.33 | 86.7+£5.25*2
small globular head 8+1.65

56. attenuate basilatus S 0.04+0.04 no data
glandular hair with
small glandular tip

57. osteolate non- P 0.07+0.05 no data

glandular hair with

multicellular stalk
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Figure 1: The three major trichome types found in the study includes (A-E) Stellate non-
glandular trichomes, (F-L) Simple non-glandular trichomes, and (M-T) glandular trichomes.
Figure shows scanning electron microscopic images of (A) porrect-stellate multi-radiate non-
glandular hair with subulate rays (2-7 in number) and with short central ray on adaxial leaf
surface of Solanum lanceifolium (B) porrect-stellate multi-radiate non-glandular hair with
subulate rays (3-7 in number) and with long central ray on adaxial leaf surface of S. ovigerum
(C) bifurcated basilatus non-glandular hair with subulate rays (one shorter than the other) on
adaxial leaf surface of S. anguivi (D) multitangulate multiradiate stellate non-glandular hair with
subulate rays (2-6 in number) with the presence of pedestal on adaxial leaf surface of S.
aethiopicum (E) porrect-geminate stellate multi-radiate non-glandular hair with subulate rays (2-

16 in number) and short central ray on abaxial leaf surface of S. melongena (F) osteolate non-
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glandular hair with multicellular stalk on abaxial leaf surface of S. dulcamara (G) subulate
basilatus non-glandular trichome with distinct subsidiary cells on adaxial leaf surface of S.
aethiopicum (H) subulate basilatus non-glandular hair with multicellular jointed stalk and
multicellular base on adaxial leaf surface of S. caripense (I) hooked subulate non-glandular hair
on abaxial leaf surface of S. lycopersicum (J) subulate non-glandular hair with multiseriate base
and tall pedestal on S. grandiflorum (K) subulate non-glandular hair with multicellular jointed
stalk, multicellular base and distinct subsidiary cells on adaxial leaf surface of S. melanocerasum
(L) subulate non-glandular hair with pulvinate base and a pedestal on adaxial leaf surface of S.
macrocarpon (M) glandular hair with single stalk and neck cell and large quadricellular globular
head on adaxial leaf surface of S. anguivi (N) glandular hair with single stalk and neck cell and
large doliform globular head on adaxial leaf surface of S. lanceifolium (O) glandular hair with
large quadricellular globular head and single stalk cell on abaxial leaf surface of S. lycopersicum
(P) glandular hair with large globular head and single stalk cell on abaxial leaf surface of S.
macrocarpon (Q) glandular hair with large globular head and single stalk cell on abaxial leaf
surface of S. grandiflorum (R) subulate basilatus glandular hair with multicellular jointed stalk
and small glandular tip on abaxial leaf surface of S. taeniotrichum (S) subulate glandular hair
with multicellular jointed stalk and small glandular tip on adaxial leaf surface of S. taeniotrichum

(T) glandular hair with small globular head on adaxial leaf surface of S. ovigerum.
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Figure 2: Scanning Electron Microscopic (SEM) images captured at 60X magnification of
abaxial (A-G) and adaxial (H-N) leaf surface of (A, H) Solanum aethiopicum (B, 1) Solanum
anguivi (C, J) Solanum lanceifolium (D, K) Solanum melongena (E, L) Solanum pyracanthos (F,
M) Solanum ovigerum (G, N) Solanum grandiflorum with the presence of stellate non-glandular

trichomes as one of the major trichome types.
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Figure 3: Scanning Electron Microscopic (SEM) images captured at 60X magnification of
abaxial (A-G) and adaxial (H-N) leaf surface of (A, H) Solanum macrocarpon (B, 1) Solanum
melanocerasum (C, J) Solanum asperalanatum (D, K) Solanum taeniotrichum (E, L) Solanum
caripense (F, M) Solanum dulcamara and (G, N) Solanum lycopersicum, with stellate non-

glandular trichome absent as a major trichome type.
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Figure 4. Significant variation in total trichome density (Generalized regression; p=<0.0001)

among 14 Solanum species.
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Figure 5. Significant variation in total glandular trichome density (Generalized regression; p=

<0.0001) among 14 Solanum species.
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Figure 6. Significant variation in total non-glandular trichome density (Generalized regression;

p=<0.0001), among 14 Solanum species.
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Figure 7: Dimension measurement of different trichome types on (A) adaxial leaf surface of
Solanum anguivi at 100X (B) adaxial leaf surface of S. aperolanatum at 45X (C) abaxial leaf
surface of S. melongena at 150 X (D) abaxial leaf surface of S. grandiflorum at 60X, by tracing
the trichome projections (length of hair and diameter of bulb in case of glandular trichomes, and

length of hair/spike in case of non-glandular trichomes) using the ‘Nanoeye’ software.
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CHAPTER 1I

DESKTOP SCANNING ELECTRON MICROSCOPY IN PLANT-INSECT INTERACTIONS
RESEARCH: A FAST AND EFFECTIVE WAY TO
CAPTURE ELECTRON MICROGRAPHS WITH

MINIMAL SAMPLE PREPARATION

Abstract

The ability to visualize cell and tissue morphology at a high magnification using scanning
electron microscopy (SEM) has revolutionized plant sciences research. In plant-insect
interactions studies, SEM based imaging has been of immense assistance to understand plant
surface morphology including trichomes (plant hairs; physical defense structures against
herbivores (Kaur and Kariyat, 2020a, 2020b; Watts and Kariyat, 2021), spines, waxes, and insect
morphological characteristics such as mouth parts, antennae and legs, that they interact with.
While SEM provides finer details of samples, and the imaging process is simpler now with
advanced image acquisition and processing, sample preparation methodology has lagged. The
need to undergo elaborate sample preparation with cryogenic freezing, multiple alcohol washes

and sputter coating makes SEM imaging expensive, time consuming, and warrants skilled

71



professionals, making it inaccessible to majority of scientists. Here, using a desktop version of
Scanning Electron Microscope (SNE- 4500 Plus Tabletop), we show that the “plug and play”
method can efficiently produce SEM images with sufficient details for most morphological
studies in plant-insect interactions. We used leaf trichomes of Solanum genus as our primary
model, and oviposition by tobacco hornworm (Manduca sexta; Lepidoptera: Sphingidae) and fall
armyworm (Spodoptera frugiperda; Lepidoptera: Noctuidae), and leaf surface wax imaging as
additional examples to show the effectiveness of this instrument and present a detailed
methodology to produce the best results with this instrument. While traditional sample
preparation can still produce better resolved images with less distortion, we show that even at a
higher magnification, the desktop SEM can deliver quality images. Overall, this study provides
detailed methodology with a simpler “no sample preparation” technique for scanning fresh

biological samples without the use of any additional chemicals and machinery.

Introduction

While we can clearly see leaves, roots, and flowers with our naked eye- plants and
animals have functionally complex and morphologically diverse structures which necessitates the
need of advanced microscopy techniques to comprehend microscopic structures such as tissues
and cells (Caldwell and Iyer-Pascuzzi, 2019). These structures tend to have complex
morphological variations, which can only be visualized by advanced and powerful microscopy
(Palaiologou et al., 2020). For example, while pollen is visible, individual pollen grains typically
range in size between 25 and 50 um (Kelly et al., 2002) and can be studied more effectively with
microscopy. Similarly, insect antennae and trichomes also range in micrometers and are difficult
to observe in detail with the naked eye. Therefore, to understand the ultra-structure and to

penetrate beyond the visible surface morphology, various microscopy tools are routinely
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employed (Mustafa et al., 2018). Light microscope is popular and commonly used for this
purpose but is limited by extremely low resolution and limited specimen compatibility (Wollman
et al., 2015).

Alternatively, a Scanning Electron Microscope (SEM) can acquire images ranging from
magnifications of 10X to 500,000X, using secondary electrons (Zhu et al., 2009), X-rays (Kotula
et al., 2003) and electron beams (Nakamura et al., 2021) that interact with the specimen while
collecting the scattered radiation to produce an image (Inkson, 2016). For the past few decades,
SEM has revolutionized imaging by helping to understand the microstructure of biological
samples, cell lines, superconductors, micro-crystallization of nano particles, and many more
(Zhang et al., 2020a). Plant-insect interactions studies utilize SEM quite often because the filed
routinely examines morphological traits of insects and plants and their interactions between
them, and among other components of the environment (Pathan et al., 2008; McCully et al.,
2009; Kaur et al., 2020). For example, plants morphological traits including trichomes, stomata,
waxes, and pollen show tremendous variation like their insect counterparts including their
antennae, eggs, mouth parts, legs, and wings vary immensely among them (Krenn, 2009; Singh
and Kumari, 2020), commonly imaged using SEM.

As the use of SEM has exponentially increased in last few decades, the technological
advances in microscopy have also improved (Sujata and Jennings, 1991; Stokes, 2004; Newbury
and Ritchie, 2015; Weigend et al., 2017). However, due to the lack of innovation in sample
preparation methodology, SEM imaging remains a time consuming and expensive process
(Inkson, 2016; Kariyat et al., 2017). As a result of the time consuming and expensive sample
preparation associated with SEM prior to the actual scanning of sample, SEM is still limited to

core facilities across various research and educational institutions. Due to the lack of a simpler
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protocol, microscopists follow lengthy and complex procedures of sample preparation and image
processing involving fixation of sample using critical buffers (e.g., glutaraldehyde) overnight,
tissue drying through sequential alcohol washes, critical point drying and sputter coating of
sample, which not only adds up cost and efforts, but can also take minimum of 6-10 hours to get
samples ready to be processed for imaging (Kariyat et al., 2017; Table 1). Moreover, SEM
demands skilled personnel and technical expertise to acquire quality images, thus limiting its use
to core facilities or big-budget laboratories with the technicians available. It is quite evident that
SEM imaging warrants methodology that can retain its quality in imaging, but it can also shorten
the timeline.

To overcome intensive and expensive methodology associated with traditional SEM, we
have been using the SNE- 4500 Plus, a tabletop SEM (Nanoimages LLC, Pleasanton, CA, USA)
that requires almost no sample preparation before imaging. The Desktop SEM (DSEM) can
capture images up to x200,000 magnification, while providing precise 3-D imaging of
morphology and dimensions of structures seen in the samples. The DSEM is equally capable of
capturing miniature plant features and ultra-structures of objects, thus providing detailed
morphological characterization. For instance, one of the biggest advantages of DSEM is its
ability to use fresh specimens (having high water content such as leaves an almost impossible
task with a traditional SEM), cutting back on elaborative and tedious sample preparation time.
Since DSEM requires no sample preparation before imaging and only takes 15 minutes for image
acquisition (Table 2), it allows for more throughput processing unlike traditional SEM (Table 1).
Moreover, it is user-friendly as it requires little or no technical expertise, and its cost

effectiveness makes it possible for individual laboratories to possibly acquire and can also serve
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as a learning opportunity for students who can use it on a routine basis by themselves without
supervision.

DSEM is even more beneficial in plant-insect interactions studies, where plant and insect
images are routinely studied at microscopic levels (Silva et al., 2017; Watts and Kariyat, 2021).
Previously, we have documented that trichomes not only act as a mechanical barrier to the
movement and feeding of caterpillars but can also damage the peritrophic membrane of
caterpillars and are even present in the frass pellets of these caterpillars (Kariyat et al., 2017;
2019). Furthermore, to test for subtle differences in treatments (e.g., damaged versus
undamaged; inbred versus outbred plants; Kariyat et al., 2017), we require fast and throughput
imaging, an almost impossible feat with traditional high-performance SEM. Resorting to simple
light microscopy on the other hand can lead to missing key details. For example, trichomes can
be classified into glandular and non-glandular types, based on the presence or absence of
glandular top, and silverleaf nightshade (Solanum elaeagnifolium Cav.; Solanaceae), a
worldwide invasive weed, has been found to have a dense mat of non-glandular stellate
trichomes (Kariyat et al., 2018; Chavana et al., 2021). However, using the DSEM, we recently
found that in addition to non-glandular stellate trichomes, also possess a low density of glandular
trichomes, almost impossible to detect through light microscopy. And, in a recent study (Watts
and Kariyat, 2021), we imaged 11 Solanaceae species, and leaves for each leaf surface (adaxial
and abaxial) to determine the statistical significance between treatment groups (species; leaf
surface)- clearly showing the need for extensive and thorough imaging which could have only
been possible with SEM needing no prior sample preparation. DSEM can also distinguish the
sub-parts of these microscopic hairs. In addition, DSEM also aided us to observe epicuticular

wax along with trichomes present on the leaf surface in species like Solanum glaucescens Zucc.
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We show how DSEM can acquire images of various biological samples and their morphological

features with precision, without the costs or time associated with traditional SEM.

Materials and Methods

Instrument specific methodology for image acquisition:

There are four major steps in imaging using DSEM. The first step ‘Pre-Sample
Preparation DSEM Operation’ involves preparing the DSEM before placing the sample in the
vacuum chamber. The second step ‘Sample Preparation’ includes setting up the sample stage
without the use of chemicals and other machinery. The third step ‘post-sample preparation
DSEM Operation’ involves the steps to be followed post sample set up in the machine. The final
step ‘Image capturing and processing using ‘Nanoeye’’ involves steps to be followed to acquire
SEM image post sample insertion and vacuum build up in machine.

Below is the description of these major steps:
A. Pre-Sample Preparation DSEM Operation

Before turning on the DSEM and computer, the vacuum pressure should range from 90 to
120pst on the air compressor (rotary vane pump). Confirm that the vacuum pumps are functional
for the entire duration of imaging and that the fastened stage with/without sample is under
vacuum despite the fact it is turned off to avoid any debris entering the machine. Allow the
vacuum to build in DSEM by pressing the ‘Exchange’ button. A stable green light indicates that
full vacuum has been established into the column containing stage inside the DSEM. After the
establishment of full vacuum, press the ‘Exchange’ switch again to initiate release of vacuum
from DSEM. Then, launch ‘Nanoeye’ software associated with DSEM on the computer linked to

DSEM. Then, pull out the motorized stage smoothly, fully open the door, loosen the stage using
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hex key (Figure 12A1) and take out sample along with aluminum stub using the SEM mount
forceps (Figure 12A2). Select the ‘Calibration’ icon on the Motor Control Panel of ‘Nanoeye’
software and allow the stage to come to its originally assigned 3-D position.
B. Sample Preparation

Any fresh biological/non-biological sample can be used for image acquisition in SNE-
4500 Plus. A general principle for sample preparation is to get an excised sample of diameter up
to 80 mm and thickness up to 50 mm (based on size of the stage). Then, fix the sample onto a
double-sided conductive carbon tape (Figure 12C) glued to an aluminum stub of suitable
diameter (15mm, 25mm and 40mm) depending on the size of the sample (Figure 12B).
C. Post-sample preparation in DSEM Operation

The diameter and height of stub along with sample should be recorded using the machine
jig (Figure 12D) by aligning the specimen stage with the groove in the middle. The recorded
parameters should be entered into the ‘Nanoeye’ software. It is imperative that the height entered
is 2-3 mm more than the recorded height to avoid contact of sample to electron gun. In the case
of single aluminum stub (15 mm, 25 mm, or 40 mm in diameter), it can be directly placed on the
motorized stage and stage should be fastened using a hex key. Use the ‘Camera’ button on the
Motor Control Panel of software screen to capture the image of the stage as it will later act as a
map to capture magnified images of different regions of the specimen. It is important to note
that the center of x-y coordinates on the camera navigation should align with the center of the
fastened stage. Press “Exchange” switch while keeping the door slightly pushed for few seconds
using one hand. After loading a fresh unprepared sample, the user has approximately five
minutes to acquire images.

D. Image capturing and processing using ‘Nanoeye’
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On the Start Page of Nanoeye software screen, select SKV voltage, SE detector and
High/low vacuum (we used high vacuum for most samples). Then, press “START” to start
scanning of specimen inside vacuum chamber. After pressing start button, check to see that the
emission current rises to 110pA. The initial page of Image Window shows the fast-scanning
mode with minimum resolution. Use X, Y, Z, R and T on Motor Control Panel to select the
region/coordinates of sample to be scanned at certain rotation and angle. By default, the Z is an
equal height of fastened stage, and X, Y, T and R is 0. When selecting X-Y coordinates, double
click on camera navigation and later minor changes in the coordinates can be made using X-Y
motor operation. Initially, increase the magnification up to 500-1000X to focus rather than
focusing at a magnification lower than 500X. Then, decrease the magnification as per
requirement and the image to be captured. Select 10-30% spot size on Image Control as per
requirement before changing the scan mode. Select the slow photo 2 scan mode (on the extreme
bottom right; Image Control) for highest resolution publication quality image. Then select
“Auto” on the brightness/contrast focus area on Image Control. On the bottom bar of Image
Window, company label, researcher’s name and specimen label can be modified. Monitor the
complete scanning on the screen and just before the scanning is completed, click the “Camera”
icon on bottom right corner of Image Control, and save the image at a designated storage
location. To measure the dimensions of the various components in the image, pause the scanning
by clicking on pause icon on bottom bar and click M. Tools. Select length to measure two-
point/multi-point length and markings (arrow, square, and rectangle) to mark the components of
image. Click on the operation button on top right bar of Image control and a dropdown menu will
appear. Select “Stop” to stop scanning. Once Stop” is selected on the Nanoeye page, the power

switch can be pressed to stop operation of DSEM and Nanoeye window will be closed. A
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detailed flowchart comparing traditional SEM and DSEM is presented respectively in tables 3

and 4.

Results and Discussion

Here we document a detailed procedure of a possible alternative to traditional electron
microscopy that removes the major bottlenecks while sustaining image quality. Using SNE-
4500 Plus Tabletop Desktop SEM, we captured images of fresh leaf samples of different species
of Solanaceae (Figure 8B, 8C, 8D, 9A and Figure 3), Cucurbitaceae (Figure 8A and 9B),
Asteraceae (Figure 9C) and Poaceae (Figure 9D) plant families to study their surface features
(eg. trichomes, stomata, and waxes) (Figure 9B). We varied magnifications to estimate the
density of trichomes depending on the characteristics of plant families (Figure 9). Additionally,
we captured images of insect eggs (Figure 8E; Figure 10A), pollen grains (Figure 8D), and
caterpillars using DSEM. Images of fall armyworm (Spodoptera frugiperda; Lepidoptera;
Noctuidae) and tobacco hornworm (Manduca sexta; Lepidoptera; Sphingidae) (Figure 10A) eggs
laid by adult moths on tomato (Solanum lycopersicum: Solanaceae) leaf surface were collected to
assess any damage caused by trichomes present on the leaf surface to eggs.

In DSEM imaging of insect eggs, we did observe some structural distortion (shrinkage)
after placing them under vacuum in DSEM (Figure 10A). However, aldehyde fixing, and sputter
coating would resolve this issue. Previously, Kariyat et al. (2017), had captured images of M.
sexta caterpillars’ peritrophic matrix and frass pellets to study the effects of trichomes of
horsenettle (Solanum carolinense: Solanaceae) post-feeding (Kariyat et al., 2017; Figure 11A
and 11C). This was done with a traditional Cambridge S360 SEM (Huck institutes of life
sciences, Microscopy Core Facility, Pennsylvania State University, USA) and used typical SEM
preparation protocol which includes overnight fixation of the sample at 4°C in 25%

79



glutaraldehyde solution, dehydration rinses through series of ethanol solutions, critical point
drying, and sputter coating of critically dried sample (Figure 11A and 11C; Table 4). However,
without using the abovementioned method, we captured images of frass pellets of cabbage
loopers (Trichoplusia ni; Lepidoptera: Noctuidae) to detect the presence of undigested trichomes
when the caterpillars were fed on cucumber (Cucumis sativus; Cucurbitaceae) and bottle gourd
(Lagenaria sicerraria; Cucurbitaceae) leaves. Interestingly, we obtained similar results of the
trichomes being embedded in these frass pellets (Figure 8F; Figure 11B, 11D) to the images
earlier captured by Kariyat et al. (2017). Additionally, plant waxes, one of first line of defenses
encountered by herbivores, were also observed very clearly in our SEM images from S.
glaucescens (Figure 8B). Additionally, the resolution of DSEM is Snm which is comparable to
traditional SEMs with nanoscopic resolution. This strengthens our point that DSEM is equally
capable of capturing minute details from the specimens with no sample prep which was earlier
thought to be only captured by expensive high-tech SEMs which use extensive sample
preparation methodology.

While sample preparation and image acquisition are much easier and can be
accomplished quickly, there are some concerns. We found that it is difficult to estimate the gland
cell number and the exact shape of the gland of glandular trichomes, and eggs of insects due to
the damage sustained after placing the sample under vacuum in DSEM (Figure 10).
Alternatively, we found that shape of non-glandular trichomes of tomato was not distorted under
vacuum. Sputter coating and would have possibly produced better images of glandular
trichomes. Using a more efficient method for capturing SEM images by placing the sample on
the stage can produce similar results as produced by using more complicated and traditional

SEM. This is especially true for plant-insect interactions studies where routine imaging of plant
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and insect parts could be fast tracked using DSEM. Overall, we demonstrate that using DSEM,
which is fast, easy to operate, and inexpensive, can produce quality images similar to other SEM,

with significantly lower costs of purchase, maintenance and methodology.

Table 4. A flowchart representing the basic steps involved in image acquisition on traditional

SEM

TRADITIONAL SCANNING ELECTRON MICROSCOPY

Fixation of sample: 2.5% glutaraldehyde in phosphate buffer |

Post fixation: three changes in phosphate buffer which takes 5 min
Placing sample in 1% osmium tetroxide

- >

Dehydration — serial dehydration each of 25%, 50%, 70 %, 80%. 90% and 100%, each at 30 min
(varies with sample type )

Critical point drying: slide is transferred to critical point apparatus
liquid carbon dioxide is passed through the sample and temperature is raised to 34°C, raised to
1280 Psi

- =

Sputter coating: heavy metal coating with gold and palladium/ Vacuum evaporation coating

Transferring the specimen to the specimen stub with the help of liquid adhesives such as
cyanoacrylate or conductive tapes such as carbon and sticky tabs

o=

The machine is under vacuum; Clicking vent switch in software to de-vacuum Scanning electron
microscope (SEM)

Placing the sample stub in the specimen holder (9 samples can be processed at a time)

Adjust working distance

Close the SEM door and turn on the vacuum

nwxcaO=

Image is focused and magnified

Turn on the electron beam I
-

Saturation of electron beam must be self-adjusted

To obtain high resolution image, SEM involve technical expertise and playing with other different
parameters such as wobble and stagnation.
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Table 5. A flowchart representing the basic steps involved in image acquisition on SNE- 4500

Plus Tabletop SEM with representative images of SNE- 4500 parts

DESKTOP SCANNING ELECTRON MICROSCOPY

| 1. Pump should be operating with a pressure of 90-120 psi |

2. Before de-vacuuming the DSEM, build a complete vacuum which is indicated by vacuum
LED filled with green light

| 3. After de-vacuuming, slide the chamber door to take out the stage until you hear a ‘click’ |
sound

4. Open ‘Nanoeye’ software and the window displayed can be divided into three separate
sections: Motor Control Panel- controls the motor and navigates samples; Image Window-
displays image of the specimen; Start Page- customize basic settings for imaging before
imaging before starting scanning of sample

5. Measure the height and width of sample stage and enter them in Motor Control of
‘Nanoeye’ software before putting the sample on the stage and inserting it into vacuum
chamber

6. Prepare the sample stage by fixing fresh biological/non-biological sample on double-
sided carbon tape

7. After placing the sample stage in the vacuum chamber and building the vacuum
completely, press ‘Start” on Start Page and when emission current reaches 110 pA, the
entire window can be divided into three separate sections: Motor Control; Image Window;
Image Control- adjusts the focus, spot size, brightness and contrast of the specimen image,
and images at different scanning modes can be captured,

8. For measuring specific structures in the sample, scanning is paused, and measurements
can be recorded by selecting different shapes from ‘M. tools’ menu. After measurement,
images can be captured by clicking camera icon on Image Control and saved at desired
location. —

82

vmR > A

wmHCcz—2 ZomHSTm—T




Figure 8. Schematic representation of the wide diversity of functions performed by high- tech, no
sample prep Desktop Scanning Electron Microscopy (DSEM) in plant-insect interactions studies
including (A) density of trichomes present on cucumber (Cucumis sativa: Cucurbitaceae) leaf at
estimated at 180 X magnification, (B) waxes and glandular trichomes (gland on the top of hair)
of Solanum glaucescens (Solanaceae) magnified at 150X, (C ) potato tree (Solanum
grandiflorum; Solanaceae) magnified at 60X for measurement of dimensions of different
trichome types, (D) pollen grains of silverleaf nightshade (Solanum elaeagnifolium: Solanaceae)
flowers magnified at 250X, (E) surface interphase of squash bugs (4nasa tritis; Hemiptera:
Coreidae) eggs and plant surface of cucumber magnified at 90 X, and (F) microstructural details
of presence of undigested trichomes of bottle gourd (Lagenaria siceraria: Cucurbitaceae)
embedded in frass pellets of cabbage loopers Trichoplusia ni (Lepidoptera: Noctuidae)

magnified at 700 X.
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Figure 9. Desktop Scanning electron microscopic images of various kinds of trichomes present in
different plant families including (A) Solanaceae (tomato; Solanum lycopersicum) at 140X, (B)
Cucurbitaceae (bottle gourd; Lagenaria siceraria) at 200X, (C) Asteraceae (sunflower;

Helianthus annus), and (D) Poaceae (sorghum; Sorghum bicolor).
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Figure 10. Desktop scanning electron microscopy showing shrunken (A) egg of fall armyworm
(Spodoptera frugiperda) on tomato (Solanum lycopersicum; Solanaceae) leaf surface at 75X, and
(B) glandular trichome of African eggplant (Solanum macrocarpon; Solanaceae) at 1000X,
indicating that the although the surface features of a biological sample are visible, but not fixing

sample and leaving out sputter coating can lead to deviation of image from its original structure.
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Figure 11. Scanning electron microscopy (SEM) of undigested trichomes embedded in frass
pellets of (A and C) tobacco hornworm (Manduca sexta: Sphingidae) caterpillar fed on trichome
rich plant material of horsenettle (Solanum carolinense; Solanaceae). Scanning of sample was
carried out at 300X and 400X using traditional Cambridge S360 scanning electron microscope
following conventional sample fixation with gluteraldehyde, tissue dehydration with ethanol
washes, critical point drying of sample and sputter coating, and (B and D) cabbage looper
(Trichoplusia ni: Noctuidae) after caterpillar fed on cucumber (Cucumis sativa; Cucurbitaceae)
and bottle gourd (Lagenaria Sicerraria; Cucurbiitaceae) plant material and scanning of sample

done at 450X and 150X using no sample preparation desktop scanning electron microscope.
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Figure 12. Frequently used tools for sample preparation and handling while operating Desktop
Scanning Electron Microscope: (A) 1. Hex key to loosen or tighten the screws of stage while
taking out or putting the sample stage (aluminum stub with sample mounted on it) in vacuum
chamber 2. SEM mount forceps to handle the aluminum stubs without damaging the sample, (B)
Aluminum stubs of diameter 1. 15 mm, 2. 25 mm, 3. 40 mm and 4. 40 mm stub to handle
multiple (1-4) 15mm stubs at one time, (C) Double-sided carbon tape used to fix sample on the

aluminum stubs, and (D) Machine Jig to measure the diameter and height of sample stage.

87



CHAPTER III

PICKING SIDES: FEEDING ON THE ABAXIAL LEAF SURFACE IS COSTLY FOR

CATERPILLARS

Main Conclusion

The study provides us with the evidence that caterpillars tend to feed on the abaxial leaf

surface despite the damage caused to them because of higher trichome density.

Abstract

To defend against herbivory, plants have evolved physical and chemical defense
mechanisms, including trichomes (hair like appendages on leaves and stem) being one of them.
Caterpillars, a major group of insect herbivores are generally found to occupy the abaxial
(underside) leaf surface, considered as an avoidance mechanism from biotic and abiotic stresses.
Since trichomes are a first line of defense, we examined the correlation between abaxial vs
adaxial (above side) trichomes and caterpillar feeding, behavior, and growth. A combination of
field, lab and microscopy experiments were performed using tobacco hornworm, Manduca
sexta (Lepidoptera: Sphingidae), a Solanaceae specialist caterpillar, and multiple host species.

We found that M. sexta caterpillars overwhelmingly preferred to stay and feed on the abaxial leaf
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surface, but the abaxial leaf surface also had significantly more trichomes, and consequently,
caterpillars took significantly longer to commence feeding. In addition, lab-based diet
experiment containing shaved trichomes showed that feeding on the abaxial leaf surface with
more trichomes also affected caterpillar growth. Taken together, our study shows that although
caterpillars prefer to feed on the abaxial leaf surface, they accrue feeding delays and
developmental constraints, indicating tradeoffs affecting performance, and exposure to predation

and abiotic stressors.

Introduction

Most caterpillars are commonly found to sustain and feed on the abaxial (underside) of
leaves (Heinrich 1979; Tagawa et al. 2008; Watanabe et al. 2018; Despland 2019). This is
primarily considered as an avoidance mechanism against predators and parasitoids, and also to
protect against abiotic factors such as sunlight and winds (Heinrich 1979). To counter herbivory
(Reid and Cuthbert 1964; Savary et al. 2019; Saha et al. 2020), plants employ a suite of structural
and chemical defenses (Coley and Barone 1996; Hare 2005; Mithofer and Boland 2012; Horgan
et al. 2009; Paudel et al. 2019). Among structural defenses, leaf trichomes are a major group that
delay caterpillar feeding, cause toxicity through both pre and post-ingestive effects (Kariyat et al.
2017, 2018, 2019). For example, non-glandular trichomes delay and hinder Manduca sexta
caterpillars from feeding on Lycopersicum esculentum and Solanum carolinense (Solanaceae)
(Kariyat et al. 2017; Wilken et al. 1996). On the other hand, glandular trichomes produce toxins
(Peiffer et al. 2009), and even sugars that can alter caterpillars’ body odor to give away their
location to predators and parasitoids (Weinhold and Baldwin 2011; Stork et al. 2011). Adaxial
and abaxial leaf surfaces tend to differ in their characteristics including stomatal density,
trichome morphology and their density (Hardin 1979; Maffei et al. 1989; Dahlin et al. 1992).
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However, whether the variation in leaf surface trichome density, affects herbivore feeding and
growth has been seldom tested.

Solanaceae is a diverse plant family with economically important food crops and weeds
found in all habitats (Symon 1981; Childers et al. 1998; Knapp 2002; Vallejo-Marin and O’Brien
2007; Shah et al. 2013). Previous studies have reported that Solanaceae members possess a wide
variety of trichomes, and can limit caterpillar feeding (Kariyat et al. 2018, 2019; Fiirstenberg-
Hagg et al. 2013). For this study, we exploited these features of Solanaceae to test the following
hypotheses using tobacco hornworm (M. sexta), a Solanaceae specialist, and 11 species (wild and
cultivated) as host plants. We hypothesized that M. sexta caterpillars would prefer to feed and
develop on the abaxial side, however, will accrue negative consequences due to higher trichome
density. To test these, we used (a) field observations to examine caterpillar preference on leaves,
(b) electron microscopy to estimate trichome density and (¢) manipulative lab experiments to

examine the role of trichomes in caterpillar growth.

Materials and Methods

Plants and Insects: We used 11 Solanaceae species in the study (Fig 1 (a); Online
Resource 1). Our objective was to get a collection of species with different types of growth
habits and variation in trichome morphology and density. Eggs of M. sexta were obtained from
our laboratory reared colony and a commercial vendor (Great Lake Hornworm Ltd. Romeo,
Michigan, USA), and were reared as previously described (Kariyat et al. 2017). For details, see

Online Resource 1.
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Assays

1. Field observations of M. sexta on Solanum elaeagnifolium: During the past 3 years, we
routinely observed native populations of S. elaeagnifolium in McAllen- Edinburg area of south
Texas for M. sexta caterpillars. Around ~5000 plants were sampled for M. sexta caterpillar
presence during the light phase and every caterpillar observed was recorded for its position.

2. Trichome density assessment: To determine the trichome density (n= 6/species/side
except n=3/side for S. lycopersicum, n= 4/side for S. dulcamara and S. aethiopicum, and n=
5/side for Capsicum annum), a desktop Scanning Electron Microscope (SNE- 4500 Plus
Tabletop; Nanoimages LLC, Pleasanton, California, USA) was employed. For details, see Online
Resource 1.

3. Time to initiate feeding: To examine whether M. sexta takes longer to initiate feeding on
the abaxial surface, starved first instar caterpillars (n=3/plant/side; 5 plants/species except n=4
for S. dulcamara) were used for all the species. The time taken by each caterpillar to have its first
bite from leaf tissue was recorded (Kariyat et al. 2017, 2018). For details, see Online Resource 1.
4. Trichome shaving assay: To test and quantify the effect of trichome density on caterpillar
growth, first instar M. sexta caterpillars (n= 15 per treatment) were fed on three diets: artificial
diet containing adaxial trichomes, or abaxial trichomes of S. pyracanthos and no trichomes. Mass
and mass gain by caterpillars were recorded at 48h and 96h after start of the experiment (Tayal et
al., 2020). For details, see Online Resource 1.

5. Mass gain on taped leaves: To further examine whether caterpillars tend to stay or leave
the surface on which they were originally placed, 1* instars were forced to feed on either surface
of leaves (n=15/species/side) of Solanum anguivi, Solanum lanceifolium and Capsicum annum.

Caterpillar mass gain (only if caterpillar was found feeding on the same surface on which it was
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placed) and percentage of total caterpillars found stuck on the tape around the leaf was recorded
after 24h of start of the experiment. For details, see Online Resource 1.

6. Feeding site assessment of M. sexta: To examine the feeding site of M. sexta caterpillars,
two second instars were placed on adaxial surface of one young and one older leaf on the same
plant (n=15) of S. melanocerasum, S. lycopersicum and S. pyracanthos during the day. Data on
caterpillar feeding position (adaxial vs abaxial), for those found actively feeding, after 24h and

72h of start of the experiment was collected.

Statistical Analysis

Field observations of M. sexta on Solanum elaeagnifolium was expressed in percentage
of caterpillars found on abaxial, adaxial or on stem. Since our interest was to identify differences
in position, we pooled all the species data and pairwise comparison of trichome density on
adaxial and abaxial surface was done using Mann-Whitney test. Mann-Whitney test was also
used to analyze pooled data of time taken by caterpillars to initiate feeding. For trichome shaving
assay, mass and mass gain data at 48h and 96h were analyzed using one-way ANOVA and
pairwise comparisons with Tukey’s test. For the taped leaves experiment, data of mass gain on
adaxial and abaxial leaf surface was analyzed using Mann-Whitney test. For M. sexta feeding
site assessment, pairwise comparison of caterpillar position was done using two-tailed Fischer’s
Exact test. All analyses were carried out using JMP (SAS institute, Cary, NC, USA) and

GraphPad prism (La Jolla, CA, USA).
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Results

1. M. sexta caterpillars from Solanum elaeagnifolium in field: Over the past 3 years, we
observed a total of 107 M. sexta caterpillars on S. elaeagnifolium. Of these, 89.72% were found
on the abaxial leaf surface when compared to 6.5% on adaxial, and 3.7% on the stem.

2. Trichome density assessment: The results from our trichome density data showed that in
general, Solanaceae species had significantly higher abaxial than adaxial trichome density (Mann
Whitney test; two tailed; p= <0.0001; Figure 13(a-d) and Figure 18). Besides, three trichome
types viz. stellate non-glandular, uniseriate non-glandular and globular headed glandular
trichomes were the most common trichome types in the species included in the study. Among
these types, stellate non-glandular was the most prevalent type.

3. Time to initiate feeding: Consistent with higher trichome density on the abaxial leaf
surface, time to initiate feeding by M. sexta caterpillars was significantly higher (longer) on
abaxial than adaxial surface for pooled data on all the species (Mann-Whitney test; two tailed; p=
0.0171) (Figure 14).

4. Trichome shaving assay: Mass of caterpillars at 48h (One-way ANOVA; df=40; F=
14.77; p=<0.0001) and 96h (one-way ANOVA; df= 39; F=34.86; p=<0.0001) was
significantly different for three treatments (Figure 15). Pairwise comparison for different diets
revealed significantly lower mass of caterpillars on abaxial diet than adaxial and control diet at
48h (Tukey’s test; p= < 0.0001 and p= 0.0010) and 96h (Tukey’s test; p= < 0.0001 and p= <
0.0001) but the difference was non-significant between adaxial and control diet at 48 h (Tukey’s
test; p=0.3731) and 96h (Tukey’s test; p=0.1635) (Figure 15). Mass gain at 48h (one-way
ANOVA; df=41; F=10.79; p=0.0002), 96h (one-way ANOVA; df=41; F=4.41; p=0.0187)

and total mass gain (one-way ANOVA; df=39; F=25.54; p=<0.0001) by caterpillars was
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significantly different among three treatments (Figure 16). Pairwise comparisons revealed
significantly lower mass gain on abaxial diet than adaxial at 48h (Tukey’s test; p=0.0002), 96h
(Tukey’ test; p=0.0161) and total mass gain (Tukey’s test; p= < 0.0001). Significantly lower
mass gain on abaxial than control diet was obtained at 48h (Tukey’s test; p= 0.0047) and for total
mass gain (Tukey’s test; p= < 0.0001), but the difference was non-significant at 96h (Tukey’s
test; p= 0.1483) (Figure 16). The difference in mass gain between adaxial and control diet was
non-significant at all the times (Tukey’s test: 48h; p= 0.5305, 96h; p=0.5721 and total mass
gain; p= 0.3055) (Figure 16).

5. Mass gain on taped leaves: Significantly higher mass gain (Mann-Whitney test; p=
0.0341) was observed for caterpillars placed on adaxial than abaxial leaf surface (Figure 17).
Moreover, the 13.33% of caterpillars were found stuck on tape with the abaxial side exposed and
40% were found stuck with adaxial side exposed.

6. Feeding site assessment of M. sexta: Significantly higher number caterpillars were found
on abaxial than adaxial leaf surface on all three species at 24h (Fisher’s Exact test: S.
melanocerasum; p= < 0.0001, S. lycopersicum; p= 0.0002 and S. pyracanthos; p=<0.0001) and
72h (Fisher’s Exact test: S. melanocerasum; p= < 0.0001, S. lycopersicum; p=0.0005 and S.

pyracanthos; p= 0.0003) of starting the experiment (Figure 19).

Discussion

Our study clearly shows that in general, trichome density is higher on abaxial than
adaxial surface in Solanaceae. In tandem with higher abaxial trichome density, caterpillars took
longer to initiate feeding on the abaxial surface. We also found consistent results for the taped
leaves experiment, and shaved trichomes experiment, where caterpillars gained more mass on

adaxial than abaxial surface. Moreover, the majority of M. sexta caterpillars placed onto the
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adaxial leaf surface moved to the underside of leaves for feeding, which support the findings
from our field observations where they were consistently observed on the abaxial leaf surface.
Collectively, we show that while hiding on the abaxial leaf surface has possible benefits, this can
also lead to potential fitness consequences, where their growth is affected, leading to possible
cascading effects (Portman et al. 2015).

Many studies have demonstrated that caterpillars tend to stay on the abaxial surface to
feed (Heinrich 1979; Tagawa et al. 2008; Watanabe et al. 2018; Despland 2019), consistent with
our observations that regardless of the trichome density, the caterpillars tend to stay and feed on
the abaxial side. However, it has been documented that Chlosyne lacinia (Lepidoptera:
Nymphalidae) caterpillars feed exclusively on the adaxial leaf surface having lower trichome
density than the abaxial surface of Tithonia diversifolia (Asteraceae) (Ambrosio et al. 2008).
Notably, we found that when the caterpillars were forced to feed on one side or the other, ~40%
of caterpillars originally placed on adaxial surface escaped the surface and got stuck (attempting
to reach the abaxial surface) on tape in contrast to only 13.33% of caterpillars stuck on tape
originally placed on the abaxial surface. Therefore, M. sexta appear to have an innate preference
for remaining on the abaxial leaf surface regardless of higher trichome density and negative
consequences associated with it. Future studies should also consider whether M. sexta females
oviposit more on the abaxial side, in line with mother knows best hypothesis.

A possible explanation for having higher trichome density on abaxial than adaxial leaf
surface might be because caterpillars prefer abaxial over adaxial side and thus, higher trichome
density can discourage/harm herbivores, by affecting their growth and development, since
feeding on trichomes can cause damage, than just deterring feeding (Kariyat et al. 2017, 2019;

Malakar and Tingey 2000; Hurley and Dussourd 2014). We show that trichome mediated

95



defenses are even more complicated than understood before and can differentially affect
caterpillar growth based on their preferred feeding site.

M. sexta caterpillars fed on diet containing S. pyracanthos abaxial non-glandular
trichomes (~ 44 trichomes/ 5.32 mm?/ trichome number in 60X magnified SEM image of leaf)
gained lower mass than those fed on diet containing adaxial (~ 29 trichomes/ 5.32 mm?)
trichomes or no trichomes. The results for abaxial trichomes added to the diet were in line with
our previous work (Kariyat et al. 2017), but the mass gain by caterpillars fed on diet containing
adaxial trichomes was not significantly different than control diet, probably because of
caterpillars possessing a threshold for damage imposed by high trichome density, but needs
further investigation. Taken together, the study concludes that the trichome density is higher on
abaxial leaf surface and has a negative correlation with caterpillars’ growth. Despite negative
effects of the abaxial trichomes on caterpillars, they still tend to settle and feed on the abaxial
surface possibly, to protect themselves from abiotic and biotic stresses. In context of host plants,
Solanaceae plants most likely evolved higher trichome density on the abaxial surface to

discourage chewing herbivores as an evolutionary adaption but warrants further investigation.
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Figure 13 (a). Variation in adaxial and abaxial leaf trichome density in different Solanaceae
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species




(b) Result of pooled trichome density on adaxial and abaxial leaf surface of 11 Solanaceae
species (Mann Whitney test; two tailed; p= <0.0001). Image of (c) abaxial and (d) adaxial leaf
surface of Solanum aethiopicum at 60X magnification showing higher abaxial than adaxial

trichome density.
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Figure 14. Results of first bite experiment time (in minutes) by M. sexta caterpillars to

commence feeding from on 10 Solanaceae species (Mann-Whitney test; two tailed; p=0.0171).
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Figure 16. Results of mass gain of M. sexta on artificial diet containing shaved trichomes from
abaxial and adaxial leaf surface of Solanum pyracanthos at Oh (initial mass), 48h (mass gain 1)

and 96h (mass gain 2).
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Figure 17. Results of forced feeding experiment with higher mass gain by 1% instar M. sexta
caterpillars on adaxial than abaxial leaf surface of 3 Solanaceae species (pooled data; Mann-

Whitney test; p= 0.0341).
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Figure 18. Electron microscopic images of (a, b, ¢) adaxial and abaxial (d, e, f) leaf surface of (a,
d) Solanum lanceifolium, (b, €) Solanum anguivi and (c, f) Capsicum annum at 60X

magnification.
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Figure 19. Variation in the position (adaxial/abaxial) ot M. sexta caterpillars on (a) Solanum

melanocerasum, (b) Solanum lycopersicum and (c) Solanum pyracanthos analyzed using
Fisher’s Exact test with significantly higher number of caterpillar found on abaxial (red bars)
than adaxial (yellow bars) leaf surface after 24h and 72h of originally placing them on adaxial

leaf surface.
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CHAPTER IV

ARE EPICUTICULAR WAXES A BETTER SURFACE BARRIER THAN TRICHOMES IN
PLANT DEFENSE? A TEST USING TWO SOLANUM

SPECIES AND A SPECIALIST HERBIVORE.

Abstract

Although plants possess a suite of structural defenses including trichomes, waxes and
spines to name a few, more studies have focused on trichomes. Trichomes, can have both pre and
post ingestive effects and have been consistently found to reduce herbivory in a density
dependent manner. Along with trichomes, few studies have also focused on epicuticular waxes
(hydrophobic layer in outermost leaf surface) being an important abiotic and biotic defense,
however manipulated pairwise comparisons examining herbivore growth and development is
quite limited. In this study, using two Solanum species (Solanum glaucescens and Solanum
macrocarpon) that show natural variation in both defenses, we tested our hypothesis that the
herbivore feeding will be differentially affected by the variation in defenses primarily restricting
feeding commencement. We tested this using a series of experiments including electron
microscopy, plant-based and diet-based manipulative experiments using tobacco hornworm

(Manduca sexta; Lepidoptera: Sphingidae; chewing type herbivore) as the model herbivore. We
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found that Solanum glaucescens had significantly lower trichomes and significantly higher wax
content when compared to Solanum macrocarpon. We also found that S. glaucescens waxes
acted as a stronger physical barrier resulting into low mass gain and very high mortality of
caterpillars compared to S. macrocarpon. And, diet manipulation experiments also suggest
possible toxicity of waxes, leaf tissue added diet experiments had no differential effects on
caterpillar growth. Collectively, we show that epicuticular waxes can play a significant role as a
strong surface barrier and should be examined further independent and in combination with

trichomes.

Introduction

It is a well-established fact that plants use both physical and chemical defenses to protect
against arthropod herbivores (Coley and Barone 1996; Hare 2005; Mithdéfer and Boland 2012;
Horgan et al. 2009; Paudel et al. 2019; Singh and Kariyat, 2020; Tayal et al., 2020a; 2020b;
Singh et al., 2021). Physical defenses mainly include waxes, trichomes and spines and chemical
defenses include numerous secondary metabolites that can directly or/and indirectly defend
plants (Howe and Jander, 2008). Among physical defenses, trichomes are one of the most
important, and possibly the most studied defenses (Levin, 1973; Kariyat et al., 2013; 2017; 2018;
2019; Karabourniotis et al., 2019; Kaur and Kariyat, 2020a; 2020b; Watts et al., 2021; Watts and
Kariyat, 2021a; 2021b). They are epidermal hairs present on various plant parts including leaves,
stems and flowers (Kaur and Kariyat, 2020a).

Although trichomes are primarily classified as glandular and non-glandular types based
on the presence or absence of a glandular head, deeper inspection revealed much more
complicated morphological variation, both inter and intra specifically (Watts and Kariyat 2021a)
including variation in size, shape, density and dimensions, that also varies between abaxial and
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adaxial leaf surfaces (Watts and Kariyat 2021a; 2021b). In addition to trichomes, plant
epicuticular waxes also play a major role in herbivore defense (Jetter et al., 2008). Waxes are
basically a hydrophobic layer (made up of lipids and hydrocarbons) within an outer layer of cells
(cutin) and have been found to layer most aerial parts of plants (Konno et al., 2006; Kaur et al.,
2021 In Press). Waxes discourage the movement and feeding of herbivores by making leaf
surface slippery and lowering crevices on leaf surfaces (Whitney and Federle, 2013). If ingested,
herbivores have also been found to spend additional time cleaning their mouthparts when
covered with waxes (Shelomi et al., 2010). In this regard, waxes too have both pre and post
ingestive effects on insect herbivores, quite like trichomes. Trichomes deter herbivore movement
and feeding pre-ingestion but can also cause post-ingestive effects by damaging caterpillar inner
gut lining (peritrophic matrix) and determine multitrophic interactions by providing cues to
herbivore’s natural enemies (Kariyat et al., 2017; Weinhold and Baldwin, 2011). Moreover,
higher trichome density is usually associated with reduced herbivory (Watts and Kariyat, 2021b).
Understanding physical defenses in plants and their role in deterring herbivores had been a well-
researched area, with both morphological variations, and molecular bases. And, for herbivores,
estimating fitness impacts at various life stages, behavioral modifications to avoid them, and the
mechanisms underlying multi-trophic interactions mediated by physical defenses have also been
of interest for empirical work in this field. However, studies that examine trichomes and waxes
together and independently have been limited. To understand the role of waxes and trichomes in
tandem, also warrants plant species that are phylogenetically close, and exhibit variation for
defenses, that are easy to manipulate for experiments. Over the past decade, we had been using
Solanaceae family to understand the effects of inter and intraspecific variation in physical

defenses, and their impact on mediating plant-herbivore interactions. More recently, we found
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that among the sampled leaves of 14 species in Solanum genus, Solanum macrocarpon (Gboma)
has both glandular and non-glandular trichomes (Watts and Kariyat, 2021a), but almost no waxes
on leaf surface. On the other hand, another species used in the study, Solanum glaucescens
(Cuatomate) has a thick wax layer on its leaf surface with almost no trichomes (Kaur et al.,
2021a; in press). This natural variation for trichome-wax presence-absence provided us with an
opportunity to test the impact of these defenses both in situ and in vitro. We used a combination
of microscopy, herbivore behavior and growth assays to test our hypothesis that the trichomes
and waxes would differentially affect herbivore feeding, with consequences for their growth and

development.

Materials

a. Plants: We bought the seeds of two Solanaceae species viz. Solanum glaucescens
(Product code: YSSSSOGL) and Solanum macrocarpon (Product code: Y5SSSSOLG) from
rarepalmseeds.com. For details of how the plants were grown, see Watts and Kariyat (2021a).
b. Insects: Tobacco hornworm (Manduca sexta; Lepidoptera: Sphingidae) was used for
laboratory-based assays. M. sexta is a Solanaceae specialist chewing type herbivore that feeds
voraciously on a variety of Solanaceae species (Watts and Kariyat, 2021b). For details of rearing
of insect colony, see Tayal et al. (2020a) and Watts and Kariyat (2020b).

C. Desktop Scanning Electron Microscopy (DSEM): To capture images of leaves for
trichome morphology, dimension and density analysis (n=3-11 plants/side/species), a desktop
Scanning Electron Microscope (SNE- 4500 Plus Tabletop; Nanoimages LLC, Pleasanton,
California, USA; Watts et al., 2021) was employed. For details on operational procedures and

methodology of DSEM, see Watts and Kariyat (2021a) and Watts et al. (2021).
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Assays

a. Trichome morphology: Fresh leaf samples (n= 3-11 plants/side/species) as described
above were used and magnified ranging from 45X to 1000X depending on trichome type and
size, to achieve maximum resolution to extract finer details of trichomes. For fine details of

procedure, see Watts et al. (2021) and Watts and Kariyat (2020a).

2. Trichome density estimation: To determine the trichome density on both the species (n=
3-11 plants/side/species), sample preparation was done as described above. The images for
trichome count were consistently captured at 60X magnification which contains approximately
5.32 mm? leaf area measured using ‘Nanoeye’ software linked to DSEM. We calculated the total
trichome number, total glandular trichomes and total non-glandular trichomes as follows
(Chavana et al., 2021; Watts and Kariyat, 2021b).

Trichome count (5.32 mm? of leaf area) = Number of trichomes counted manually in the image at

60X magnification

3. Wax quantification: The epicuticular waxes from the leaves of both the species were
quantified. 50 circular leaf discs (0.63 cm in diameter) were punctured uniformly allover each
plant (n=20: S. glaucescens; n=13: S. macrocarpon) using hole puncher. The leaf discs from
each plant were placed in a pre-weighed Eppendorf (2 ml) tube containing anhydrous
chloroform. Following this, Eppendorf tubes were vortexed (VWR; ~1500rpm) for a minute. The
leaf discs were removed from Eppendorf tubes post-vortexing and the tubes containing
chloroform+wax solution were left under fume hood for 24h to let chloroform evaporate leaving
the wax behind. The tubes were weighed again and the difference in post and pre weight of tubes

was recorded as the wax amount for each sample (Kariyat et al., 2019).
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4. Time to first bite: To examine whether caterpillar takes longer time to initiate feeding on
one species over the other, first instar caterpillars (n= 15 per species) were used. Twenty minutes
was decided as a limit to stop each observation if the caterpillar does not start feeding since a
starved caterpillar should not take so long to start feeding. For details, see Watts and Kariyat

(2020b).

5. Mass gain and mortality by caterpillars: This experiment was used to estimate the
amount of plant tissue/artificial diet fed, and mortality by 1% (n= 15; control diet: n=30) instar M.
sexta caterpillars on S. glaucescens and artificial diet. Pre-weighed 1% instars were placed on
plants and allowed to feed. Each pre-weighed caterpillar was placed on a diet pellet in a separate
petri-plate as control. The caterpillars were placed for 24h on plants and control diet, and then
collected to weigh. After recording their mass, the caterpillars were placed back on their
respective treatments from where they were collected and were weighed again after 24h (48h in
total). While recording mass gain at 24h and 48h, mortality by caterpillars was also recorded on

treatment and control. Data of mass gain by caterpillars was recorded as following:

Mass gain= (Final Mass-Initial Mass)/ Initial Mass
6. Mass gain and mortality by caterpillars on diet pellets coated with waxes: Waxes
extracted from the wax quantification experiment was used for this experiment. Five Eppendorf
tubes containing extracted waxes of each species were selected randomly. 200ul of chloroform
was added to each tube as solvent and the Eppendorf tubes were vortexed (VWR; ~1500rpm) for
one minute to dissolve waxes in chloroform. The dissolved waxes were coated thrice on artificial
diet pellets using a paint brush. There were two treatments: Diet pellets coated with waxes
extracted from S. glaucescens; diet pellets coated with waxes extracted from S. macrocarpon,

one positive control: diet pellet coated with chloroform only, and one control: artificial diet pellet
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with no waxes or chloroform. Pre-weighed 1% instar caterpillars (n=15 per treatment) were
allowed to feed for 24 and were weighed at 24h. After weighing caterpillars at 24h, they were
put back on diet pellets and weighed again after another 24h (48h in total). After 48h, all four
batches of caterpillars were moved to control artificial diet separately and were allowed to feed
for another 24h (72h in total), and then weighed again. Mass gain by caterpillars at 24h, 48h and
72h was recorded as mentioned above. Mortality of caterpillars was also recorded during all
three times.

7. Mass gain and mortality by caterpillars in diet containing leaf tissue: 50g of leaf tissue of
each species (from 8 different plants) was subjected to cryo-drying, followed by grinding (Mitton
et al., 1979) and adding it into 0.5 1 of artificial diet. 0.5 1 of control artificial diet was prepared in
the similar manner, but without leaf tissue. Pre-weighed caterpillars (n=30) were then allowed to
feed on diet pellets on all three treatments. Mass and mortality of caterpillars was recorded after
24h and 48h of starting the experiment. Mass gain of caterpillars was recorded as mentioned

above (Kariyat et al., 2019).

Analysis

Following Watts and Kariyat (2021a), we identified and named trichomes in S.
glaucescens and S. macrocarpon. The trichome number (response variable) was analyzed using
Wilcoxon 2 sample test by considering species as explanatory variable for all trichome types
(total, total glandular trichomes and total non-glandular trichomes). Further, wax quantity (in
mg) in both species was analyzed using Wilcoxon 2 sample test. Time to first bite by 1% instars
was analyzed using Wilcoxon 2 sample test by considering species as explanatory variable. Mass
gain by caterpillars at 24h and 48h on plant species and artificial diet was analyzed using one-

way ANOVA. Mortality of caterpillars in mass gain experiment at both 24h and 48h was
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analyzed using Generalized regression with binomial distribution (alive/dead). Mass gain of
caterpillars on pellets coated with waxes at 24h was analyzed using One-way ANOVA and
pairwise comparison was done using Tukey’s test. For 48h and 72h, because of data not being
normally distributed, Kruskal-Wallis test was used and pairwise comparison was done using
Wilcoxon test. Mortality of caterpillars on pellets coated with waxes was analyzed using
Generalized regression with binomial distribution (alive/dead) for all the times. Mass gain by
caterpillars in diet containing leaf tissue (both 24h and 48h) were analyzed using Kruskal-Wallis
test followed by pairwise comparison using Wilcoxon test. All the analyses were carried out
using JMP (SAS institute, Cary, NC, USA), and the plots were built using GraphPad Prism (La

Jolla, CA, USA).

Results

1. Trichome morphology: While scanning leaves of both species, we observed S.
glaucescens possessed two glandular trichomes: glandular hair with globular head; acuminate
glandular hair with multicellular stalk and small glandular tip. S. macrocarpon had glandular
hair with globular head and single stalk cell on; attenuate basilatus glandular hair with small
glandular tip, and subulate non-glandular hair with pulvinate base and pedestal (Figure 20).

2. Trichome density assessment: In case of S. macrocarpon, we observed more trichomes
than S. glaucescens in Scanning electron microscopic (SEM) images. As expected, we found
significantly higher total trichome number (Wilcoxon 2 sample test; p= 0.0049), total glandular
trichome number (Wilcoxon 2 sample test; p= 0.0073), and total non-glandular trichome number
(Wilcoxon 2 sample test; p= 0.0084) in S. macrocarpon than S. glaucescens (Figure 21).

3. Wax quantification: In SEM images of leaves, we observed a thick mat of epicuticular

waxes on leaf surface of S. glaucescens and no wax mat on S. macrocarpon. With quantification,
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we found significantly higher amount of waxes on leaves of S. glaucescens (Wilcoxon test;
p<0.0001) than S. macrocarpon (Figure 22).

4. Time to first bite: After quantification of physical defenses in both species, we found that
1% instar caterpillars took significantly longer time to initiate feeding on S. glaucescens than S.
macrocarpon (Wicoxon 2 sample test; p<0.0001) (Figure 23).

5. Mass gain and mortality by caterpillars: Mass gain by caterpillars on S. glaucescens was
significantly lower than control artificial diet at both 24h (One-way ANOVA; p<0.0001) and 48h
(One-way ANOVA; p=0.0015). Consistent with mass gain results, mortality of caterpillars on S.
glaucescens was significantly higher than control diet (Generalized regression; p<0.0001) at both
24h and 48h (Generalized regression; p<0.0001) (Figure 24 and 25).

6. Mass gain by caterpillars on diet pellets coated with waxes: When diet pellets were
smeared with waxes, mass gain by 1% instar caterpillars was significantly different among four
treatments at 24h (One-way ANOVA; p<0.0001). Post-hoc tests showed that caterpillars placed
on pellets coated with S. glaucescens waxes had significantly lower mass gain than caterpillars
placed on control diet (Tukey’s test; p=0.0062). Other interactions were non-significant (Tukey’s
test; p>0.05). At 48h of the experiment, there was no significant difference among all four
treatments (Kruskal-Wallis test; p=0.1217). But for post hoc tests, caterpillars placed on pellets
coated with S. glaucescens waxes had significantly lower mass gain than caterpillars placed on
control diet (Wilcoxon test; p=0.0278). At 72h of experiment, there was significant difference
among all treatments (Kruskal-Wallis test; p=0.0306). And caterpillars initially placed on pellets
coated with S. glaucescens waxes (Wilcoxon test; p=0.0320) and S. macrocarpon (Wilcoxon
test; p=0.0141) had significantly lower mass gain than caterpillars placed on control artificial diet

throughout the experiment (Figure 26). But there was no significant difference in mortality of
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caterpillars among all treatments at 24h, 48h and 72h (Generalized regression; p>0.05) (Figure
27).

7. Mass gain by caterpillars on diet containing leaf tissue: When plant tissue was added into
artificial diet, there was no significant difference in the mass gain by caterpillar among diets
treatments during both 24h (Kruskal-Wallis; p=0.7698) and 48h (Kruskal-Wallis; p=0.6952)
(Figure 28). There was no significant difference between treatments at both timings (Wilcoxon

test; p>0.05), and no mortality was recorded in any of the treatments at both timings.

Discussion

Our results collectively show that although different trichome types are present in both S.
glaucescens and S. macrocarpon, trichome density is greater on S. macrocarpon leaves.
Behavioral assays show that M. sexta caterpillars tend not to initiate feeding, and have decreased
mass and high mortality on leaf surface with greater wax amount viz. S. glaucescens. Caterpillars
also gained lower mass after ingestion of S. glaucescens waxes smeared on artificial diet pellets,
but when leaf tissue was added into artificial diet of both species, it did not have any differential
effects on herbivore growth, in case of manipulative diet-based experiments.

Both Solanum species have both glandular and non-glandular trichomes. But non-
glandular trichomes are present in considerably greater number in S. macrocarpon than S.
glaucescens. Previously, non-glandular trichomes have been found to have deterrent effects on
caterpillar feeding (Kariyat et al., 2017) especially in earlier instars (Kariyat et al., 2018). And
trichome density of all trichome types (total, glandular and non-glandular) is higher in S.
macrocarpon, thus creating comparatively stronger physical barrier against various stresses.
Higher trichome density is usually associated with decreased herbivory (Fordyce and Agrawal,

2002; Eaton and Karba, 2014; Pastorio et al., 2019; Watts and Kariyat, 2021b) and increased
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abiotic stress tolerance (Liakoura et al., 1997; Li et al., 2018). Thus, we expected S.
macrocarpon to be more resistant to herbivore feeding than S. glaucescens, but S. glaucescens
has a thick epicuticular wax layer and higher wax content than S. macrocarpon. Waxes are also
considered as a strong physical defense against herbivores (Daoust et al., 2010; Whitney and
Federle, 2013; Kaur et al., 2021 in press) and here we show that these waxes can also be a
significant physical barrier for herbivores to cross and commence feeding.

Herbivore feeding behavior assays showed that starved 1% instar caterpillars took much
longer to initiate feeding on species with more waxes (Varela and Bernays, 1988; Shelomi et al.,
2010). And as a matter of fact, the caterpillars did not even start feeding on leaves of S.
glaucescens in 20 minutes (some feeding was observed afterwards). Additionally, caterpillars did
not gain any mass, and even lost mass, possibly due to desiccation, after caterpillars placed on S.
glaucescens. Mortality of caterpillars was also very high (more than 90%) on S. glaucescens
plants, with almost zero mortality on artificial diet (W9jcicka, et al., 2016). These results when
combined with the fact that S. glaucescens has more epicuticular waxes and low trichome
numbers suggest that S. glaucescens acts as a stronger physical barrier for caterpillars,
independent of trichomes. Although a combination of different defense strategies are usually
employed by plants to mount “an efficient defense phenotype” based on their ancestry and
evolution (Agrawal and Fishbein, 2006), in this case, epicuticular waxes have an upper hand than
trichomes because the combination of high trichome density and thin wax layer present on S.
macrocarpon leaf surface failed to hinder caterpillar feeding when compared to S. glaucescens.

When artificial diet pellets were coated with waxes from both plant species, mass gain by
caterpillars placed on diet pellets smeared with waxes of S. glaucescens was lower than

caterpillars placed on control diet at 24h and 48h. Although the mass gain was lower, mortality
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on all treatments was similar which indicates that the wax layer primarily acted as a barrier, but
not as severe as on the actual leaf. However, these results also show that wax composition also
matters since possible toxins in wax (Belete, 2018) of S. glaucescens did not allow caterpillars to
gain mass and grow to its full potential. Later when all caterpillars from four treatments were
moved (separately) to artificial diet, mass gain by caterpillars initially placed on pellets smeared
with waxes of S. glaucescens and S. macrocarpon was lower than mass gain by caterpillars
placed on artificial diet with no coating throughout the experiment. This result also indicates the
significance of chemical composition (Eigenbrode and Espelie, 1995) of waxes playing an
important role in caterpillars’ mass gain and growth (Johnson, 2021). For instance, Negin et al.
(2021) found that fatty alcohols in the epicuticular waxes of Nicotiana glauca (Solanaceae) tend
to reduce the various caterpillars’ growth. Moreover, mass gain was decreased in case of S.
glaucescens caterpillars at 24h, but it was lower at 72h on S. macrocarpon wax smeared pellets,
which again points that waxes on S. glaucescens act as stronger barrier, most likely due to higher
wax amount. And, although the caterpillars were moved away from waxes (after 48h), reduction
in growth was recorded which emphasize the impact of waxes acting against caterpillars even
after the caterpillars were saved. Thus, the chemical composition of waxes in both plant species,
and more specifically S. glaucescens should be explored to identify and extract anti herbivore
compounds, an area we are currently exploring.

We also tested whether composition of leaf tissue (chemistry rather than physical barrier)
acts as a factor (Matsuki and Maclean, 1994; Lill and Marquis, 2001) (without surface defenses)
in herbivore growth, leaf tissues from both species were added into artificial diet separately and
caterpillars were allowed to feed on diet pellets (Kariyat et al., 2017; Watts and Kariyat, 2021b).

The caterpillars gained equal mass on both treatment and control diet pellets. The results suggest
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that composition of leaf tissue has no negative/positive effects on caterpillars’ mass gain and
thus, mass gain of caterpillars on plants is most likely solely affected by surface defenses.
However, we acknowledge that these effects should be further studied over a longer period,
growth stages, or even generations (Tayal et al., 2020b; Portman et al., 2020). For example., Lill
and Marquis (2001) which found that low quality oak leaves (Quercus alba; Fagaceae) lead to
reduced survivorship of first generation of leaf tying caterpillars (Psilocorsis quercicella;
Lepidoptera: Despressariidae), but the second generation feeding on the same leaves were
unaffected.

Taken together, in this study, waxes proved to be stronger and possibly a better surface
defense, although more surface defense studies are focused on trichomes, and demands more
attention (Kaur et al., 2021; in press). Additional work should also focus on understanding wax-
trichome interplay and how other contributing factors could influence the efficiency of these
surface defenses both under favorable and harsh environmental conditions (Lewandowska et al.,
2020), and with different herbivores (White and Eigenbrode, 2000) and their natural enemies of

herbivores (Yao et al., 2021).
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Figure 20. Scanning electron microscopic images of adaxial leaf surfaces of (A) Solanum
glaucescens (Solanaceace), and (B) Solanum macrocarpon (Solanaceae) at S00X. A thick wax
layer and glandular trichomes with globular head can be observed in Solanum glaucescens, and
no visible wax layer, and glandular hair with globular head and single stalk cell, and attenuate
basilatus glandular hair with small glandular tip on adaxial leaf surface can be observed in S.

macrocarpon.
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Figure 21. Trichome number (n; in Scanning electron microscopic images at 60X magnification;

5.32 mm? of leaf area) was found significantly higher in S. macrocarpon than S. glaucescens for
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(A) total trichomes (Wilcoxon test; p= 0.0049), (B), total glandular trichomes (Wilcoxon test; p=
0.0073), and (C) total glandular trichomes (Wilcoxon test; p= 0.0084). Different letters (a, b) on
bars of both species for comparison of each trichome type (total; glandular; non-glandular)

represent significant difference.
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Figure 22. Epicuticular waxes were present in significantly higher amount on S. glaucescens
leaves than S'.macrocarpon leaves (Wilcoxon test; p<0.0001). Different letters on the bars

represent significant difference. Different letters on the bars represent significant difference.
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Figure 23. Time taken by starved 1st instar Manduca sexta (Lepidoptera: Sphingidae) caterpillars
(in minutes) to initiate feeding on leaf surface was higher on S. glaucescens than S. macrocarpon

(Wicoxon 2 sample test; p<0.0001). Different letters on the bars represent significant difference.
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Figure 24. M. sexta 1% instars gained significantly higher mass (in mg) on artificial diet than S.
glaucescens plants (One-way ANOVA; p<0.0001) after 24h of start of experiment. Different

letters on the bars represent significant difference.
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Figure 25. Survival (1-mortality; 0- dead and 1-alive) of M. sexta caterpillars was significantly
higher on control artificial diet than S. glaucescens plants at both 24 h (Generalized regression;
p<0.0001) and 48h (Generalized regression; p<0.0001) during mass gain experiment. Different
letters (a, b) on the bars during each timing (24h and 48h; independent) represent significant

difference.
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Figure 26. Caterpillars had significant difference in mass gain among four treatments (diet pellets
coated with waxes extracted from S. glaucescens; diet pellets coated with waxes extracted from
S. macrocarpon, diet pellet coated with chloroform, and artificial diet pellet with no waxes or
chloroform) at 24h (One-way ANOVA; p<0.0001) and 72h (Kruskal-Wallis test; p=0.0306), but

the difference was non-significant at 48h (Kruskal-Wallis test; p=0.1217). Post-hoc analysis
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reveals significantly lower mass gain by caterpillars placed on pellets with S. glaucescens waxes
than caterpillars placed on control diet at 24h (Tukey’s test; p=0.0062) and 48h (Wilcoxon test;
p=0.0278). At 72h, caterpillars placed on S. glaucescens (Wilcoxon test; p=0.0320) and S.
macrocarpon (Wilcoxon test; p=0.0141) wax pellets initially had significantly lower mass gain
than caterpillars on control diet throughout the experiment. Different letters (a, b) on the bars

during each timing (24h, 48h and 72h; independent) represent significant difference.
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Figure 27. No significant difference in the survival (1-mortality; 0- dead and 1-alive) of M. sexta

caterpillars placed on four treatments (diet pellets coated with waxes extracted from S.

glaucescens; diet pellets coated with waxes extracted from S. macrocarpon, diet pellet coated

with chloroform, and artificial diet pellet with no waxes or chloroform) at 24h, 48h and 72h was

observed (Generalized regression; P >0.05). Similar letters on the top of bars during each time

represent non-significant differences among treatments.
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Figure 28. Caterpillars when fed on diets containing leaf tissue of S. glaucescens and S.
macrocarpon, and control artificial diet had non-significant mass gain among (24h; Kruskal-
Wallis; p=0.7698 and 48 h; Kruskal-Wallis; p=0.6952) and between treatments (Wilcoxon test;
p>0.05) during both 24h and 48h of experiment. Same letters (a or b) on the bars in each timing

(24h and 48h; independent) represent non-significant difference.
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS

Through a series of lab, field, and microscopy experiments, we conclude that there is
tremendous trichome diversity in Solanum genus, and this variation has functional consequences
for plant defense against insect herbivores. Trichomes vary a lot both inter and intraspecifically,
and among a mixture of wild and domesticated, annual, and perennial, food crops and weed
species. Overall, exploring trichome diversity by considering fourteen species from various
groups (for example, S. macrocarpon and S. lycopersicum are cultivated species, while S.
anguivi and S. pyracanthos are wild species) of Solanum genus provided us with an updated data
source of trichome characteristics with such details that never has been done before.

Additionally, we documented a detailed procedure as a possible alternative to traditional
electron microscopy that removes the major bottlenecks such precise expertise in use of
machinery, and longer preparation time, while sustaining comparable image quality. We
demonstrated that using Desktop Scanning Electron Microscope (DSEM), which is fast, easy to
operate, and inexpensive, can produce quality images like other SEM, with significantly lower
costs of equipment, maintenance, and methodology. Next, we showed that caterpillars tend to

feed on the abaxial leaf surface despite the damage caused to them because of higher trichome
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density on leaf surface. Additionally, epicuticular waxes are quite strong physical barrier
against caterpillars which can lead to lowering their mass gain and high mortality.

Future directions in trichome studies should be focused on understanding variability and
organ development while studying targeted (e.g., glandular trichomes) gene expression
simultaneously using trichomes as a model. Moreover, trichomes are also known to play role in
multi-trophic interactions in various natural and agroecosystems (Weinhold and Baldwin, 2011;
Kariyat et al., 2013) and thus, each trichome type can be explored for its potential in
strengthening plants’ defenses, either directly or indirectly, and whether host plant genetic
variation plays a role in modifying these interactions (Kariyat et al., 2013; Nihranz et al., 2019).
In addition to this, using a more efficient method for capturing scanning electron microscope
images by placing the sample on the stage can produce similar results as produced by using more
complicated and traditional SEM. This tool can especially be used more oftenly for plant-insect
interactions studies where routine imaging of plant and insect parts could be fast tracked using
DSEM. With finding that while hiding on the abaxial leaf surface has possible benefits, this can
also lead to potential fitness consequences, where their growth is affected, leading to possible
cascading effects, which can be explored. Although waxes proved to be a strong physical barrier,
chemistry of waxes needs to be explored to understand if there are any specific chemical leading
to reduced mass gain of caterpillars’ post-ingestion of plant materials.

Taken together, trichomes, possibly the most common structural defense in flowering
plants can be of immense research potential for ecologists, entomologists, and plant biologists.
And since most plant species in nature must deal with biotic and abiotic stressors, trichomes
which are thought to be evolved as an abiotic stress response may help us in understanding both

the external manifestation of “plant defense phelnotype” and their mechanistic underpinnings, as
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an additional index in estimating plant-herbivore interactions (Kariyat and Portman, 2016). And

Solanaceae may possibly be one of the best plant families to ask these questions.
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