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ABSTRACT

Body size is related to many aspects of a bee’s life history including foraging distance
and pollination efficiency. Megachile rotundata, and Osmia lignaria are agriculturally important,
solitary pollinators. Adult body size in solitary bees is variable because it is determined by the
quantity of food available to the developing larva. The goal of this dissertation was to determine
the effect of body size on metabolic rates, scaling, telomere dynamics, and entry into
metamorphosis. Body size was manipulated under laboratory conditions by manipulating the
amount of food provided during the final larval stage. First, I tested the effect of body size on
allometry and amount of energy produced, measured indirectly through CO> emission. The
power required during flight was predicted using biomechanical formulas. I found larger bees
had higher absolute metabolic rates at rest and during flight. Smaller bees had higher mass-
specific metabolic rates at rest, but not during flight. As bees increased in size, their thorax and
abdomens became disproportionately larger, while wings became disproportionately smaller.
Smaller bees had more power available during flight as demonstrated by flight biomechanical
formulas. Next, I measured telomere length in M. rotundata and O. lignaria throughout
development. I also measured telomere length across a variety of body sizes, and life stages in
both bee species, and found that body size does not affect telomere length. I found that telomere
length increases in later life stages in both bee species. Lastly, I determined the cue for
metamorphosis in M. rotundata by determining the critical weight. Entry into metamorphosis
involves the insect’s ability to monitor its size. | found the cue for metamorphosis in M.
rotundata is a critical weight which is influenced by nutritional condition. This was confirmed
by declines in Juvenile Hormone titers, and upregulation of genes involved in metamorphic

molts. This study found smaller-sized bees are not always at a disadvantage. Smaller bees had

il



increased flight preformance based on flight biomechanical formulas, did not show differences in
telomere length based on body size, and enter metamorphosis at small sizes. Advantages to small

body size may be a response to declines in resource availability.
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CHAPTER 1: INTRODUCTION

Body size is variable in animals. A given animal species will have a characteristic size,
but intraspecific ranges can be vast. Body size affects many different aspects of animal life
habits. Larger animals tend to have higher rates of fecundity, metabolism, longevity, and
foraging distance (Smith & Lyons 2013). Additional advantages to a larger body size may
include a better ability to defend against predators and increased mating and competition success
both intra- and interspecifically (Hone & Benton 2005). Being larger also comes with costs,
including longer development time and being more conspicuous to predators. Larger individuals
may also have higher energy requirements, and reduced agility (Blanckenhorn 2000).

Several evolutionary theories have attempted to explain variation in body size across
spatial and temporal scales. Cope’s rule states there is selection for larger body size throughout
evolutionary time (Cope 1896). This trend can be seen in many mammals (Alroy 1998), although
evidence of this trend across orders is weak. Although, this trend has been seen in insects
(D’Amico et al. 2001), insects in general are exceptions to this rule. Gigantic insects have been
found in the fossil record, most notably odonates, with wingspans up to 71 cm (Shear &
Kukalov’a- Peck 1990, Dudley1998, Wootton & Kukalova-Peck 2000). Insects may have been
able to reach such extremely large sizes due to the higher concentration of oxygen in the
atmosphere (Miller 1966). High oxygen reduced constraints on the insect tracheal system, which
relies on the passive diffusion of oxygen to tissues (Dudley 1998). Although recent findings
suggest that tracheal limitations on size may only occur in appendages like legs (Harrison et al.,
2020). Other theories have been presented to explain why insect body size has decreased over
time including reductions in geographic range, thermal tolerance (Huey& Ward 2005),

exoskeleton constraint and responses to predation (Shear & Kukalov’a-Peck 1990).



Bergmann’s rule states that body size increases with latitude and altitude, which
correlates with larger individuals being found in colder climates. This is due to the smaller
surface area to volume ratio of larger animals, which allows these animals to stay warmer in
cooler temperatures. This trend can be seen in insects (Dillon et al 2006). Although there are
many exceptations to this rule (Nylin & Savard 1991) which are termed converse bergmann
clines. These clines occur intraspecifically, in which size decreases with increasing latitude. This
has been seen in insect species with a limited geographical range (Gaston et al., 2008), as well as
longer foraging period (i.e., larger insects nearer to the equator have food available for for longer
periods).

Understanding body size is important for understanding maximum fitness and
performance outputs in insects. Body size is a particularly important aspect of an insect’s life
history because body size in is often correlated with fitness (Blanckenhorn 2000). Larger females
produce larger oocytes (O’Neill et al. 2014), live longer, are able to establish nests faster, invest
more in each offspring (Kim 1997), and have an increased foraging range (Greenleaf et al. 2007).
Body size is also important for overwintering, with larger individuals tending to have higher
survival (Tepedino & Torchio, 1982; Bosch & Kemp, 2004).

Body size determination in insects is complex. An insect is restricted by how large or
small it can become due to genetic (Reeve & Fairbairn 1996), developmental, and physiological
constraints (Peters 1986, Reiss 1991). Although, a given insect species will have a characteristic
size, which is phylogenetically conserved (Chown et al 2002), the intraspecific ranges of body
size can be vast. Solitary bee species can have a 10-fold difference in body size (Helm et al.,

2017). The most important factors influencing solitary bee body size include temperature and



nutrition (Chown & Gaston 2010; Bosch & Vicens 2002, Wilkaniec et al. 2004, Radmacher &
Strohm 2009).

Body size in solitary bees is largely determined by pollen and nectar allocations to the
larvae from the mother (Klostermeyer et al. 1973; Fischman et al., 2017; Freeman 1981; Johnson
1988; Strohm 2000; Bosch and Vicens 2002; Bosch and Vicens 2006). Growth in insects can be
attributed to resources available to the developing juvenile (Emlen 1997). Nutritional quantity is
a better predictor of body size than quality (Radmacher & Strohm 2009). The amount of food
provided to sexually dimorphic male and female offspring, with larger females receiving larger
provisions than males (Strohm 2000, Seidelmann et al. 2010). This can also be seen
experimentally when larvae provided excess food are larger as adults (Wilkaniec et al 2004,
Helm et al 2017, Sidelmann 2018).

Temperature and nest size are also important factors influencing body size in solitary
bees. The temperature-size rule states ectotherms reared in lower temperatures during
development have an increased body size (Atkinson 1994, Davidowitz et al. 2004). This rule
seems to hold true in solitary bees (Radmacher & Strohm 2009). In solitary bees, high
temperature may be inducing behavioral changes in feeding behavior. Bees that have been
exposed to higher rearing temperatures did not consume all of the provided provisions and
consumed less food overall, leading to smaller adult body sizes (Radmacher & Strohm 2009).
Lower temperatures increase the efficiency of converting nutrition to body mass (Karl & Fischer
2008).

Nesting hole diameter also influences solitary bee body size. Solitary bees lay offspring
in preexisting cavities. Bees that have nested in larger nest holes produce larger offspring. Few

females will lay their offspring in a nest with a diameter smaller than the standard commercial



nest size (Tepedino & Torchio 1989). This may be because there is less space for the progeny to
develop, as well as less space to place pollen/nectar provisions. Both temperature and nest size
influence body size by potentially altering the amount of provision the offspring consume, which
indicates that provision amount is the primary influencer of adult body size.

In insects that go through metamorphosis, adult body size is determined after the juvenile
growth period when the final molt occurs because linear dimensions remain fixed due to
sclerotization of the cuticle (Sehnal, 1985, Nijhout et al., 2006). Adult size is predicted by the
weight of the larva at the end of the final instar because feeding ceases prior to the pupal phase
(Chown and Gaston 2010). There are different ways for insects to determine whether a molt will
be from larva-to-larva or larva-to-pupa. Most cues for metamorphosis are related to feeding. In
many insects, such as the well-studied caterpillar, Manduca sexta, a critical weight is the cue to
begin metamorphosis. The critical weight refers to the size at which the larva is physiologically
committed to metamorphosis (Davidowitz et al. 2003). Since solitary bees have a finite amount
of food provided by the mother, their initiation for metamorphosis does not rely on a critical
weight or size. In one solitary bee species, the cue for metamorphosis is the absence of food
(Helm et al 2017).

Larval growth rate and duration are both important for determining the final adult size
(Nijhout, 1975; Nijhout and Williams, 1974). When to undergo metamorphosis is driven either
directly or indirectly by the critical weight at the final larval instar. Metamorphosis in
holometabolous insects begins during the larval-pupal transition. Juvenile Hormone (JH) titers
will begin to decline during the last larval instar. A larva-pupa molt will occur when JH has been
cleared from the system. In the absence of JH, a Prothoracictropic hormone (PTTH) spike, and

20-Hydroxyecdysone (20E) pulse will begin the metamorphic molt to the pupal stage. The



nutrient sensing pathways such as the insulin/insulin-like growth factor sensing pathway (ISS)
and target of rapamycin (TOR) pathway are important for regulating larval growth (Layalle et al.
2008; Mirth and Shingleton, 2012; Ohhara et al., 2017) and are also important in regulating
metamorphic molts via regulation of 20E (Koyama et al., 2014; Mirth et al., 2005; Ohhara et al.,
2017).

Solitary bees can have intraspecific variation in size due to environmental conditions
experienced by the mother bee. The Optimal Allocation Theory predicts that females will
allocate available resources to maximize fitness returns for the offspring (Seidelmann 2014).
Thus, females will produce more males under stressful resource conditions, because males are
less costly to produce, due to their smaller body size (Bosch 2008). Females may also produce
tiny female offspring under stressful conditions although small females tend to have lower
survival rates (Bosch 2008). One explanation for why this occurs is that females may provide
smaller amounts of provisions to close up cells faster to protect the nest cells from predators and
parasites (Bosch 2008). In M. rotundata, females will invest more in female offspring when
resources are high. They will produce more females (as opposed to smaller males), produce more
nest cells per day, and females will be larger when resources are high (Kim 1999).

Body Size and Flight

Body size is correlated with aspects of flight performance, including flight foraging
distance, predator avoidance, parasitism, ability to mate, and ability to carry provisions
(Bushwald & Dudley 2010). This is because body size affects the aerodynamics during flight.
Larger individuals tend to have decreased flight maneuverability (Fry et al. 2003), which
influences predator avoidance and mating ability. As body size increases, foraging distance

increases (Greenleaf et al. 2007).



Flight is particularly important for solitary bees to collect provision materials for their
nest. Female M. rotundata carry leaf pieces (Pitts-Singer & Cane 2011), and O. lignaria carry
mud balls (Bosch & Kemp 2001) to line and cap their nests. Solitary bee females build a cell for
each offspring and provision it with nectar and pollen. Females must collect and carry nest and
provision materials back to their nest with each foraging bout; each cell may take several flight
bouts. A solitary female bee can spend around 5 hours a day foraging for food. Each nest can
require around 120 leaf pieces to complete a nest (15/nest cell) (Matea & Adachi 2005,
Kloystermeyer & Gerber, 1969). Pollen weight carried by bees positively correlates with body
mass (Giejdasz, 1998) with larger females carrying heavier loads.

Interspecifically, larger bees also tend to have the ability to fly farther (Greenleaf, 2007),
which is advantageous for finding resources. Foraging distance determines the scale across
which bees can pollinate (Kremen, 2005) and thus collect provisioning materials. Foraging
distance is important on the community level because it increases pollination, dispersal, and can
influence plant diversity (Ritchie & OIff 1999, Roland & Taylor 1997).

Flight performance is determined by how effectively and efficiently an individual can fly
based on their mass plus the load mass. The ability of a bee to successfully lift and transport
loads during flight is an important aspect of flight performance. The maximum load that an
animal can lift during take-off is relative to body mass (Marden 1994) in many different animals.
Flight performance can be assessed by using flight-related morphometrics to predict performance
outcomes. The allometry of adult morphology in solitary bees does not increase isometrically. As
bees increase in size, the thorax size gets hyperallometrically larger, while the wing area
increases hypoallometrically (Helm 2021 in revision). These allometric relationships may

influence flight performance. Samller bees have improved flight performance this may be due to



larger bees having a smaller wing area in relation to body size, which might compromise flight
performance (Helm 2021 in revision). Based on measurements of body mass, thorax mass, and
wing area, larger bees have decreased flight performance. Larger bees may be spending more of
their available flight power to lift their own mass to maintain hovering flight (Dillon & Dudley
2004, Buchwald & Dudley 2010, Sidelmann 2014).

Flight is incredibly energetically costly and requires a high metabolic demand. Insect
flight muscles use the highest rate of mass-specific oxygen compared to any other tissue used in
the animal kingdom for locomotion (Dudley 2002). The majority of an insect’s energy
metabolism during flight is directed to flight muscles (Niven & Scharlemann 2005). Flight
metabolic rates in insects can vary dramatically within a species (Chown et al., 2007).

Larger animals tend to have higher metabolic rates, but there is a negative correlation
between body size and mass-specific metabolic rate. Mass-specific metabolic rate is the
metabolic rate per gram of body tissue (Rubner, 1908; Kleiber, 1947). This can be seen in the
“mouse-to-elephant curve” where the larger elephant has a lower mass-specific metabolic rate
than the smaller mouse (Brody, 1945). This is also seen in invertebrates (Altman and Dittimer,
1968; Schmidt-Nielsen, 1984) including insects (Reinhold, 1999, Lehmann et al., 2000, Niven
and Scharlemann, 2005; Coelho and Moore, 1989). Across taxa, metabolic rate in insects scales
as mass®’>, once corrected for phylogeny. Intraspecific scaling exponents can range from 0.67 to
1.0. (Chown et al 2007). Differences in scaling exponets are likely due to physiological,
taxonomic, or environmental factors (Glazier 2005). General differences in metabolic rate
between and within species may be due to selection and heritability (Petterson et al. 2018), body
size (Speakman et al. 2004, Chown et al. 2007), growth (Sadowska et al., 2009), season (Smit &

McKechnie 2010), and availability of food resources (Sadowska et al., 2009). Metabolic rates



can vary intraspecifically (Chown et al. 2007). Since solitary bees can be experimentally
manipulated to have a 10-fold difference in body size (Helm et al 2017), it makes them an
interesting model for investigating differences in intraspecific metabolic rate. Previous studies
have not shown a correlation between body size and flight mass-specific metabolic rate in
Megachile rotundata (Bennett et al. 2013). However, this lack of correlation could be explained
by the small range of body masses within the study.

In insects, body size may be limited by the ability of the tracheal system to effectively
transport oxygen. The ability to diffuse oxygen to all vital organs within the body (diffusive
capacity) of an insect may be limited by size and can possibly affect the flight metabolism of
larger insects (Dudley 2002). There may be an upper limit to which the tracheae size can
successfully allow for passive diffusion of oxygen through the insect body and maintain the
ability to meet the metabolic demands of flight (Callier et al. 2011). To overcome these
limitations, Hymenopterans are able to enhance gas transport by flapping their wings, which
causes deformation of the cuticle and drives ventilation of the respiratory system. This allows for
more oxygen to enter the trachea and be delivered to the tissue (Weis-Fogh 1964). Another
method of expanding the air flow to the branches of the tracheal system is through abdominal
pumping which may increase air ventilation during flight (Weis-Fogh 1964).

Body Size and Aging

How and why organisms age are big questions in organismal biology. One of the first
hypotheses explaining aging originated from Medawar (1952), called the mutation accumulation
hypothesis, and notes that natural selection is not efficient against post-reproductive mutations.
Williams (1957) further developed Medawar’s theory. Williams’ Theory of Antagonistic

Pleiotropy posits that there is a trade-off between early life-history traits and late in life repair.



This is the idea that genes that control multiple traits in an organism may increase success of
early life traits such as development and reproduction, and the trade-off will be the genes may
cause a detrimental effect later in life. Another early aging theory, the Disposable Soma Theory,
was proposed by Kirkwood (1977). This is idea that there is a tradeoff of allocation of resources
into growth, and reproduction, and DNA repair. An increase in investment into growth and
reproduction will lead to a decrease in resource available for DNA repair, thus causing an
accumulation of damage over time. Another theory, termed the free radical theory of aging
hypothesizes that aging is caused by the accumulation of free radicals over time. Free radicals,
which occur naturally during cellular metabolism, are uncharged molecules that are highly
reactive, causing cellular and molecular damage via oxidative stress (Harman 1956; Betteridge
2000), leading to cellular senescence (Campisi & di Fagagna 2007).

Cellular aging may be understood through the meachanism of telomere attrition over
time. Telomeres are repetitive sequences of non-coding DNA located at the end of
chromosomes, which protect coding DNA during replication, and delineate the ends of
chromosomes (Blackburn 2005). There is a limit to the number of times a cell can divide. This
limit is termed the Hayflick limit (Hayflick 1965), which is the number of times a cell
successfully mitotically divides before it begins senescing (Wright and Shay 2000). One of the
causes of cells to stop dividing is when the telomeres have reached a critically short length
(Blackburn 2005) leading to cellular senescence. Cellular senescence occurs when the ability to
normally replicate is decreased, and the metabolic function of cells declines (Sahin et al. 2011).
This can lead to problems such as chronic inflammation or organ failure (Wong et al 2003). To

avoid problematic telomere shortening, cells trigger a DNA damage signal to stop replication



(d’Adda di Fagagna et al., 2003, Takai et al., 2003). Accumulation of damaged senescent cells
may lead to aging effects such as declines in overall health (Krtolica et al., 2001, Campisi, 2005)
Although larger animals tend to live longer, intraspecifically larger indiciduals have
shorter lifespans (Selman et al. 2013). This trend can be seen in many animals including; mice,
snakes, and domesticated dogs (Miller et al. 2002, Bronikowski & Vleck 2010, Kraus et al.
2013). Factors which contribute to longer lifespan within a species include slow growth rates,
and low body mass (Kraus et al. 2013) which slow the pace of aging. Rapid growth in larger
individuals can be detrimental downstream because it is associated with higher levels of
oxidative stress, and shorter telomeres (Nussey et al. 2009). Shorter telomere lengths have been
found in larger individuals, with shorter lifespans (Fick et al. 2012). Body size influences
telomere dynamics, which function differently in animals with different life expectancies. This
may be due to the rate of expression of telomerase. The enzyme telomerase adds nucleotides to
the end of telomeres, which help elongate telomere sequences (Greider 1996). Telomerase is
often downregulated in adult somatic tissues, and is typically upregulated in stem cells, immune
cells and germline tissue (Monaghan 2010, Weng 2008). Differential telomerase expression may
be an adaptation to balance critically short telomeres and tumorigenesis (Campisi, 2001).
Expression of telomerase varies among organisms. Small mammals like mice for example,
express telomerase in their somatic cells (Prowse and Greider, 1995) and larger mammals like
humans tend to only express telomerase in germline tissue, and immune cells, and not in somatic
cells (Bekaert et al., 2004). The expression of telomerase in mouse tissue differs from other
mammals due to differences in body mass, and rates of extrinsic mortality (Wright and Shay,
2000, Forsyth et al., 2002). It is hypothesized that the absence of telomerase in the somatic tissue

of larger mammals may be because in larger, longer lived individuals, the downregulation of
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telomerase may be a mechanism to suppress tumor growth by limiting cell proliferation
(Seluanov et al., 2006). Comparing telomerase expression in different rodent species with
different body sizes and life expectancies shows that telomerase regulation is associated with
body size, not lifespan (Seluanov et al., 2007). Telomerase expression in somatic tissues is
present in mammals below 2 kg but is not present in animals larger than 5 kg (Gorbunova and
Seluanov 2009). Larger animals tend to have lower telomerase expression (Seluanov et al.,
2007). Indicating that tumor suppression is essential in larger individuals as opposed to longer-
lived individuals. The hypothesized explanation for this phenomenon may be the increased
number of cells in larger mammals increases the risk of cancer to develop, therefore the need for
tumor-suppressing mechanisms increases (Nunney, 1999; Leroi et al., 2003).
Aging and Telomeres in Insects

Insects are a good model system for understanding aging. In general, insects have short
lifespans, small body size, high fecundity, and low laboratory maintenance costs. These factors
facilitate the study of these organisms (Lee & Kim 2015). Despite their relatively short lifespans,
insects show declines in performance with age (McFarlane 1967, Giraldo & Traniello 2014), and
studies in insects have helped to determine signaling pathways that affect lifespan (Lee & Kim
2015).

Hymenopterans are a good system to study telomere dynamics. Telomerase is expressed
in bees in a similar way to other insects (Robertson & Gordon 2006, Frydrychova et al. 2004).
Telomere dynamics have been studied in hymenopterans, these studies focus on honey bees and
ants, which are eusocial. Studying telomeres in these species pose an interesting research
question in the framework of aging biology because these organisms have experience extreme

plasticity of longevity between castes, with queens typically living 1-3 years, but some queens
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have been shown to live up to 8 years (Bozina 1961). In honeybees, previous studies have found
no difference in telomere length between different developmental stages or castes (Korandova &
Frydrychova 2016). Honeybees do show differential expression of telomerase. The longer-lived
queens have higher expression of telomerase (Korandova & Frydrychova 2016).

Background: Solitary Bee Lifecycle

This dissertation focuses on two solitary bee species; Megachile rotundata and Osmia
lignaria. Both bee species are both in the family Megachilidae, which have a defining
characteristic of carrying pollen on the ventral side of their abdomen in dense, hairy pollen
carrying structures called scopa (Michener 2000). These bees are cavity nesting bees and
construct and line their nests with leaf pieces (M. rotundata) or mud caps (O. lignaria). These
bees pollinate agriculturally important crops, including alfalfa for seed and orchard crops (Bosch
& Kemp 2001, Pitts-Singer & Cane 2011).

Bees are holometabolous, and complete the egg, larvae, pupae and adult life stages
(Michener 2000). In both species, bees will undergo five larval instars (de Oliveira 1960). The
larvae will begin to consume their provisions during the second instar, and by the end of the fifth
instar, they will consume the entire provision (Trostle and Torchio 1994). The sole source of
food available for the larvae is the provision within its brood cell. After the final larval instar, the
bee will begin to spin silk to create a cocoon where it will continue to develop until it is prepared
to overwinter as a prepupae (M. rotundata, Pitts-Singer & Cane 2011) or as an adult (O. lignaria,
Bosch and Kemp, 2001). O. lignaria transition to the pupal phase during late summer, and then
will diapause as an adults, where they will remain until they emerge in early spring (Sgolastra, et

al., 2012). M. rotundata diapause as a prepupae beginning in the late summer and early fall.
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They transition to the pupal and adult stages the following summer, although non-diapausing M.
rotundata can emerge as a second generation in the summer (Pitts-Singer & Cane 2011).
Objective 1: Determine How Body Size Influences Flight-Related Morphology and
Metabolic Rate in the Solitary Bee Megachile rotundata

Body size is a predictor of metabolic rate in many organisms (Brody, 1945). My goal was
to determine how body size influenced resting and flight metabolic rates and flight related
morphology within a single species. I manipulated the amount of food given to the developing
larva to produce a wide range of adult body sizes. This allowed for the measurement of the effect
of body size on allometry, metabolic rates, and power required for flight. I predicted that larger
bees would have higher absolute metabolic rates, and lower mass-specific metabolic rates. I also
predicted that there would be an investment tradeoff as demonstrated by allometric scaling of
differing body segments. Finally, I predicted based on flight biomechanical formulas that smaller
bees would have more power available during flight.

Objective 2: Determine How Body Size Impacts Telomere Dynamics Throughout
Development and Adult Lifespan in Solitary Bees

Telomere attrition has been linked to senescence in many organisms (Blackburn 2015;
Haussman and Vleck 2002) and exposure to stress can increase the rate of telomere loss (Epel
2004). In social bees, telomere length does not change over time (Korandova & Frydrychova
2016; Koubova et al. 2021; Koubova et. al 2019). How stress impacts telomere length in bees
has not been established. To date telomere length has not been measured in solitary bees. My
goal was to determine how body size impacts telomere dynamics throughout the life span of two
solitary bee species M. rotundata and O. lignaria. 1 aimed to establish he patterns of telomere

dynamics throughout development, overwintering, and post emergence. Telomere length was
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measured in larvae, prepupae, pupae, and multiple adult stages. I also measured changes in
telomere length in response to stress. A nutritional stressor was implemented in adult O. lignaria.
I measured relative telomere length using qPCR. I predicted that there would be an increase in
telomere loss with age and in response to stress exposure. I also predicted telomere length would
negatively correlate with body size.

Objective 3: Determine if Starvation is the Cue for Metamorphosis in the Solitary Bee

Megachile rotundata
There are different ways in which insects sense the timing for entry into metamorphosis.
These cues include triggers from stretch receptors post-blood meal (Anwyl 1972), a critical
weight (Davidowitz et al. 2003), or a starvation period (Helm et al., 2017). Little research on the
cue for metamorphosis has been done in solitary bees. It has been determined in the solitary bee,
Osmia lignaria, that the removal of food is the cue for metamorphosis. The goal of our study was
to determine if the removal of food is the cue for metamorphosis in the solitary bee M.
rotundata. 1 determined entry into metamorphosis through three factors, the critical weight,
decline in JH titers, and gene expression. I hypothesized that food removal would be the cue to
entry into metamorphosis, which would be demonstrated by the absence of a critical weight,
decline in JH titers, and the upregulation of genes involved in molting and metamorphic
commitment.
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CHAPTER 2: BODY SIZE ALLOMETRY IMPACTS FLIGHT RELATED
MORPHOLOGY AND METABOLIC RATES IN THE SOLITARY BEE MEGACHILE
ROTUNDATA'

Abstract

Body size is related to many aspects of life history, including foraging distance and
pollination efficiency. In solitary bees, manipulating the amount of larval diet produces
intraspecific differences in adult body size. The goal of this study was to determine how body
size impacts metabolic rates, allometry, and flight-related morphometrics in the alfalfa
leafcutting bee, Megachile rotundata. By restricting or providing excess food, we produced a
range of body sizes, which allowed us to test the effect of body size on allometry, the power
required for flight, and amount of energy produced, as measured indirectly through CO»
emission. The power required during flight was predicted using the flight biomechanical
formulas for wing loading and excess power index. We found larger bees had higher absolute
metabolic rates at rest and during flight, but smaller bees had higher mass-specific metabolic
rates at rest. During flight, bees did not have size-related differences in mass-specific metabolic
rate. As bees increase in size, their thorax and abdomens become disproportionately larger, while
their wings (area, and length) become disproportionately smaller. Smaller bees had more power
available during flight as demonstrated by flight biomechanical formulas. Smaller body size was

advantageous because of a reduced power requirement for flight with no metabolic cost.

! The material in this chapter was co-authored by Courtney C. Grula, Joseph P. Rinehart, Kendra J. Greenlee, and
Julia H. Bowsher and is in review for the Journal of Insect Physiology in March 2021 under the title “Body size
allometry impacts flight-related morphology and metabolic rates in the solitary bee Megachile rotundata” and
adapted here with permission. Courtney C. Grula had primary responsibility for all of the methods described in this
chapter including Metabolic Rate Analysis, and Allometric Scaling analysis. Courtney C. Grula drafted and revised
all versions of this chapter. Julia H. Bowsher proofread the text written by Courtney C. Grula.
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Introduction

Body size is a critical determinate of performance and fitness in insects. Body size in
insects correlates with aspects of flight ability, including increased foraging distance (Greenleaf
et al., 2007), predator avoidance, mating ability (Sugiura, 1994), ability to carry provisions
(Buchwald and Dudley, 2010), and provisioning rates (Kim, 1997; Sugiura and Matea, 1989;
Bosch and Vicens, 2006). Larger body size in solitary female bees is associated with higher rates
of fecundity, production of larger oocytes (O’Neill et al., 2014), increased longevity (Sugiura
and Maeta, 1989), greater overwintering survival (Tepedino and Torchio, 1989; Bosch and
Vicens, 2006) and increased investment in each offspring (Kim, 1997). Despite these many
advantages, larger body size also comes with costs such as higher energy requirements and
reduced agility (Blanckenhorn, 2000). Thus, smaller body sizes may have an advantage for some
performance measures by avoiding these costs.

As organisms grow and develop, all body parts may not grow proportionally. The scaling
relationship between a morphological trait and the whole-body size of an organism is termed
allometry (Huxley and Tessier, 1936). Adult body size in insects is a phenotypically plastic trait
determined during the juvenile growth period (Koyama et al. 2013). Final adult size remains the
same after the final molt occurs, because dimensions of most structures are fixed due to
sclerotization of the cuticle (Nijhout et al., 2006). Nutritional conditions lead to differences in
resource allocation, which can result in allometric trait growth. Examples of this are the
exaggerated, hyperallometric growth of the fiddler crab claw (Huxley, 1924) and beetle horns
(Emlen, 1997; Emlen, 1994; Emlen et al., 2007). When morphological traits grow in proportion

to whole-body size, it is termed isometry.
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Allometric trait growth occurs when insects differentially invest in body parts associated
with flight morphology or fecundity. Development and maintenance of flight mechanisms is
energetically costly, and this investment is thought to come at a cost in egg production. This
pattern occurs in wing-dimorphic insects (Guerra, 2011; Mole and Zera, 1993; Roff, 1986;
Roffand Bradford, 1996; Tanaka and Suzuki, 1998). When resources are low some insects
allocate growth to flight, exhibited by an increase in thorax size (Saastamoinen et. al 2010), or
wing size which lead to increased flight performance (Tigereos et al. 2013). Typically, when
resources are high, insects devote more resources toward increased body size and fecundity
(Forrest, 1987; Zera and Harshman, 2001).

In solitary bees, adult bee body size is largely determined by larval provisions of pollen
and nectar, which can vary widely based on environmental, and maternal conditions
(Klostermeyer et al., 1973). Variation in adult body size can be generated experimentally
(Wilkaniec et al., 2004; Helm et al., 2017; Seidelmann, 2018; Fischman et al., 2017) and has
been observed in the field (Bosch, 2008). In the solitary bee Megachile rotundata (F.), when
resources are high, females invest more to produce female offspring, which are larger than males
and require more provisions (Kim, 1999). Diet manipulations during the larval stage have been
shown to produce a wide range of adult body sizes in Osmia lignaria, a bee in the same family
(Megachilidae) (Helm et al., 2017). A wide range of body sizes within a bee species may have
implications for performance, including metabolic rate.

Across animal species, body size is a strong predictor of metabolic rate, with larger
individuals having higher metabolic rates. However, when corrected for body mass, known as
mass-specific metabolic rate, the metabolic rate per gram of body tissue shows a negative trend,

with larger organisms having a lower metabolic rate per gram (Rubner, 1908; Kleiber, 1947).
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The “mouse-to-elephant curve” demonstrates this phenomenon, in which the large elephant has a
lower mass-specific basal metabolic rate than the small mouse (Brody, 1945). This trend also
exists in invertebrates (Altman and Dittimer, 1968; Schmidt-Nielsen, 1984), including insects
(Reinhold, 1999, Lehmann et al., 2000, Niven and Scharlemann, 2005; Coelho and Moore, 1989)
and specifically bees (Casey et al., 1985; Darveau, 2005). This trend extends intraspecifically, as
metabolic rate increases with mass (Billardon and Darveau, 2019; Darveau et al. 2014; Skandalis
and Darveau, 2012; Greenlee and Harrison 2005; Greenlee and Harrison 2004; Combes et al.
2020) and mass-specific metabolic rate shows a negative trend (Roberts et al. 2004).

For the solitary bee species M. rotundata previous studies have not shown a correlation
between body size and mass-specific metabolic rate (Bennett et al., 2013, Abdelrahman et al.,
2014; Owings et al., 2014), although this lack of correlation could be explained by the narrow
range of body masses used in those studies, which had approximately a two-fold change in mass.

Patterns of scaling are even more important for flight metabolic rate, since flight
metabolic rate is energetically costly (Dudley 2002). The majority of an insect’s energy
allocation during flight is directed to flight muscles (Niven and Scharlemann, 2005). Flight
metabolic rates in insects can vary dramatically within a species (Chown et al., 2007). However,
intraspecific studies often use a narrow range of body sizes and do not represent body sizes at the
extreme ends of the possible size range. Our study measured metabolic rates in bees that had a
four-fold change in body size which is a larger range in body size than has previously been
measured in the solitary bee M. rotundata (Bennett et al., 2013, Abdelrahman et al., 2014;
Owings et al., 2014).

Flight, and thus metabolic rate, are important traits for solitary bees because offspring

success depends on the resource acquisition by a single female bee (Bosch and Vicens, 2006).
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Solitary bee females provision their offspring sequentially, building each offspring a brood cell
and providing individual food provisions for each one. Females must collect and carry this
material back to their nests, taking multiple foraging bouts to build and provision one brood cell
(Pitts-Singer and Cane, 2011). M. rotundata uses leaf pieces to line and cap her brood cells
(Pitts-Singer and Cane, 2011), and each nest requires around 120 leaf pieces, an average of 15
pieces per brood cell (Klostermeyer and Gerber, 1969; Royauté et al., 2018). Bees also carry
nectar and pollen to provide nutrition for their developing offspring. Thus, an investment in the
thorax as body size increases could influence reproductive fitness in solitary bees.

The weight of pollen loads carried by bees is positively correlated with body mass
(Giejdasz, 1998; Ramalho et al., 1998; Goulson et al., 2002; Kerr et al., 2019) with larger
females carrying heavier loads than their smaller conspecifics. The maximum load that an animal
can lift during take-off flights is positively correlated with body mass (Marden, 1994). However,
larger bees may be spending more of their available flight power to lift their mass and maintain
hovering flight (Dillon and Dudley, 2004; Buchwald and Dudley, 2010; Seidelmann, 2014),
leading to a reduction in power available for flight. Wing loading, which is body mass divided by
wing area, is higher in larger species, and is linked to a higher metabolic cost (Casey 1976,
Darveau et al., 2005; Skandalis and Darveau, 2012, Dillon, 2004). Body size also affects
aerodynamics during flight. Larger individuals tend to have decreased flight maneuverability
(Fry et al., 2003). Body mass and the mass of the load carried determines how effectively and
efficiently an individual can fly. The thorax of insects is generally used for locomotion; it
contains the legs and wings, and 95% of its mass is muscle tissue (Marden, 1987).

We manipulated provision quantity in M. rotundata (as previously done in Helm et al.,

2017) to examine the effect of body size on metabolic rates, flight-related morphology, and
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growth scaling in a large range of body sizes. We measured bees with a four-fold difference in
body size for metabolic rate analysis, and al2.75-fold change in body size for allometry analysis,
a larger body-size range than previously measured in M. rotundata. During resting metabolic rate
measurements, it was observed that bees were exhibiting discontinuous gas exchange. Therefore,
we measured time spent in each phase, as well as CO> emission. We predicted that there would
be a decreasing mass-specific metabolic rate with increasing body mass, matching the general
pattern observed for insects and other animals (Rubner, 1908; Kleiber, 1947; Schmidt-Nielsen,
1984; Chown et al., 2007; Niven and Scharlemann, 2005). For bees to maximize their fitness,
they must invest in flight, as well as fecundity, as body size increases. When resources are high,
we predicted that thorax and abdomen size would increase hyperallometrically with body size.
Within the parameters of our study, we define flight performance as the predicted flight ability
based on wingbeat frequency, wing loading, excess power, and metabolic rate during tethered
flight. We predicted large bees would have a lower wing beat frequency, decreased lift (higher
wing loading), and less flight power (lower EPI) compared with smaller bees, as determined by
the wing loading and excess power index.
Methods

Bee Body Size and Rearing. Nests containing larval bees were collected from a
polystyrene nesting board (Megablock, Beaver Plastics, Canada) throughout the summer of 2017
in Fargo, ND (46°52°17”° N 96°53°54>°W; 930 ft elevation). Adult bees used for nesting were
sourced from JWM Leafcutters, Inc. of Nampa, ID, US. Each brood cell was removed from its
nesting straw and housed in a 96-well plate. The brood cell cap was removed to allow access to
the larva and its provision. At the fifth instar larval stage, as described by Trostle and Torchio

(1994), larval food quantity was manipulated to generate adults of different body sizes (Helm et
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al., 2017). The feeding treatments were: starved (n=90), in which the entire provision was
removed from the brood cell; control (n=83), in which the provision was not manipulated; and
fed (n=109), in which bees were given approximately double the amount of their provision.
Larvae in the fed treatment were provided with leftover provisions from bees placed in the
starved treatment. Once assigned a treatment, bees, along with their brood cells, were placed into
3D printed plates (125mm x 82mm; height 20 mm) to provide sufficient room for growth. Each
plate had 77 holes (well diameter =7mm and volume = 770mm?). Bees were incubated at 29°C in
an environmental chamber to complete larval development then stored as prepupae in fluctuating
overwintering temperatures (6°C for 21 hours 20°C for one hour - with one hour ramp up and
one-hour ramp down cycle) beginning in October 2017. This fluctuating thermal regime
increases survival and lowers thermal stress (Rinehart et al., 2013; Colinet et al., 2018). Bees
were transferred to a 29°C environmental chamber in July 2018 to initiate development and adult
emergence. Once adults emerged, a subsample was individually placed into separate deli cups
with mesh lids and fed ad libitum on a 50% sucrose solution for 24 hours before measuring
metabolic rates. Bees that were not used in metabolic rate experiments were stored at -80°C for
subsequent morphometric measurements.

Respirometry. The effect of body size on metabolic rate during rest and flight was tested
using flow-through respirometry as done previously (Bennett et al., 2013; Abdelrahman et al.,
2014; Owings et al. 2014). We measured CO; emission as an indirect measure of metabolic rate
for a subsample of bees in the starved (n=11), control (n=13), and fed (n=10) treatments.
Incurrent air was dried and scrubbed of CO> using a purge gas generator (Balston, Haverhill,
MA). Flow rate was controlled using mass flow controller (Model 840L-OV1-SV1-D-V1-S1,

Sierra Instruments, Monterey, CA). Excurrent CO> was measured using a CO; analyzer (LI-7000
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CO2/H20 Analyzer, LI-COR Biosciences, Lincoln, NE). Voltage outputs from the CO; analyzer
and mass flow controller were digitized and recorded using Sable Systems hardware (UI2) and
software (EXPEDATA version PRO, 1.9.22, Sable Systems). This setup was used for measuring
both resting and flight metabolic rates, with different chambers used for each type of
measurement. Metabolic rate was calculated by taking the mean parts per million CO2 emission
subtracted from the baseline average parts per million CO>. This value was then multiplied by
the flow rate (microliters per minute) and converted to micromoles using the ideal gas constant
(22.4 umol/pl).

Resting Metabolic Rate. Resting metabolic rate (umolCOxh!) of each bee was measured
before flight trials. Adult bees inside their brood cells were placed in complete darkness in a
small airtight glass chamber (~14 ml), and an activity monitor (AD-1 Activity Detector, Sable
systems) was used during resting metabolic rate measurements. Air was pushed through the
chamber at a flow rate of 250ml min!. CO, emission was recorded for 1 hour, and the middle 20
minutes of the recording was taken as resting metabolic rate, only complete cycles were
measured. The bee’s recorded resting absolute metabolic rate (umolCOzh™") was used for
analysis. Mass-specific metabolic rate (umolCO,g'h™') was calculated by dividing the resting
metabolic rate by mass (g).

During rest, it was observed that bees were exhibiting discontinuous gas exchange. We
measured the three phases of discontinuous gas exchange: the closed phase, the flutter phase, and
the open phase, based on descriptions by Lighton (1996). The closed phase occurs when the
spiracles are closed and is indicated by a near zero CO; emission. The flutter phase is defined as
when the spiracles begin to flutter as seen by a rapidly fluctuating CO> emission. The open phase

occurs when the spiracles release a peak of accumulated CO (Lighton, 1996). We measured
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time spent in each phase, as well as amount of CO> produced during the open phase by
measuring the area under the curve of resulting CO> peaks. Mass-specific metabolic rate was
calculated by dividing the metabolic rate by mass (g).

Flight Metabolic Rate. Flight metabolic rate (umolCO; h'') was measured using tethered
flight as done previously (Bennett et al., 2013). Tethered flight was used because bees refused to
fly freely in the respirometry chamber. Bees were chilled at 6°C for approximately 5 minutes, to
facilitate attachment to the tether. Bees were tethered by looping a polyester string directly
posterior to the head. This positioning ensured the tether would not interfere with the wings, legs
or thorax during flight. Tethered bees were placed into an airtight glass jar attached to the lid
(~550 ml). Air was pushed through the chamber at a flow rate of 375ml min-!. Bees were placed
on a 3D printed stage (length=4 cm) within the chamber that allowed for the bees to become
acclimated to the new environment. Bees were allowed to fly for the entire flight bout duration,
with 30 seconds rest in between each flight bout to standardize the amount of rest bees got
between bouts. Bees would only fly in the presence of a heat lamp (Hotspot, I2R, Cheltenham,
PA), and temperature inside the chamber was recorded on a thermocouple (TC-2000
Thermocouple Meter, Sable systems). The average temperature with the heat lamp was 27.83°C
+0.2020 (min= 25.46°C, max=30.35°C). For reference, the room temperature was 25.920°C +
0.20 (min= 24.29°C, max= 29.873°C). Temperature did not significantly affect flight metabolic
rate (p =0.959). Flight was initiated by removal of the stage from the tarsi by rotating it away
from the bee, and CO; emissions were recorded for 30 minutes which included active flight
bouts and non-flight resting periods. Each flight bout was marked at the start and end of the
flight period on EXPEDATA software. The first 10 minutes were removed from the analysis to

ensure the bee was acclimated to the chamber. Absolute metabolic rate was measured as the
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average CO» emission of six flight bouts, during the beginning, middle and end of the 20-minute
recording period. Bees were weighed after flight metabolic rate measurements to obtain their
body mass (g).

Wing Beat Frequency. Wingbeat frequencies were recorded during tethered flight using
a high-speed camera (Sony Cyber-shot Dsc-rx10iii digital camera). Three videos were recorded
during the beginning, middle and end of the 30-minute sample period for each bee during active
flight. The videos were replayed in slow motion to allow for counting individual wing beats.
Three 10-second measurements from each video were analyzed to obtain a measurement of
wingbeats per second. The original recording speed of the videos was 960 frames per second and
were reduced to 29.97 frames per second to facilitate wing beat measurements. Wingbeat
frequencies were then converted to hertz (Hz).

Morphometrics and Allometric Scaling. To evaluate the effect of body size on flight,
we measured body mass (M), thorax mass (TM), wing area (S), wing length and intertegular
span (IT span) of each bee. IT span is the distance between the tegulae on the dorsal side of the
thorax and a common proxy for whole-bee body size (Cane, 1987). Bees were dissected into
three segments: head, thorax and abdomen. All segments were dried at room temperature to a
constant weight. The dry weight of the head, thorax and abdomen, as well as whole body weight,
were used in analysis morphometric analysis for EPI, while wet weight was used in
morphometric analysis for wing beat frequency, wing loading, and allometric analysis. Wings
were dissected from the abdomen and mounted onto slides to measure wing area and wing
length. Forewings were photographed under a microscope, and wing area was calculated with
Image J (version 2) software. These measurements were used to determine how each body

segment and wings scaled with overall body size. The relationship between two traits is
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represented by the allometric equation, y=axb, where the exponent b is the slope of the
regression and a is the intercept (Schmidt-Nielsen, 1984), and x and y represent the two traits
being measured. The linear relationship can be found between two traits when the parameters are
log transformed (logy=alogxb), exponent b then becomes the slope of the linear function. When
determining how metabolic rate (y) scales with body mass (x) the relationship is often
represented as mass®. When comparing two morphological traits of the same dimensions, the
predicted slope if there is isometric growth is 1. Thus, for the head, thorax, and abdomen, the
expected slope is 1. Predicted slopes change when comparing different dimensions. When
comparing wing area and body size the expected slope is 0.667, and for wing length and IT span,
the expected slope is 0.333 (Calder, 1996). These measurements were also used to calculate the
wing loading (mg mm™) and excess power index (EPI) (mg(mg™')/(mm?)"). Wing loading
measures the loaded weight the organism can carry with respect to its wing area (Marden, 1987).
Wing loading= M/S
The excess power index measures the maximum power production relative to the power required

to maintain steady flight (Hepburn et al., 1998).

_ [(TM/ M)?
EPI= \/—M s

Statistical Analysis. All statistical analyses were performed using R statistical software
(version 3.6.1, Base R package) and graphed using the package ggplot2 (Wickham, 2016). To
determine the effect of feeding treatments (starved, control, fed) on adult body mass analysis of
variance (2-way ANOVA) which included sex, and the interaction of sex and treatment, in the
model. A pairwise comparison (Tukey post-hoc test) was used to determine which treatments
were different from each other. Linear models were used to determine the correlation between

body mass and CO; emission rate (absolute and mass-specific) at rest and during flight. All data
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were log-transformed before analysis. Linear regression was also used to determine the
correlation between body mass and time spent in the open, closed, and flutter phases of
discontinuous gas exchange at rest, as well as absolute and mass-specific CO; emission during
the open phase. Linear regression was also used to determine the correlation between body size
and flight metrics (wing beat frequency, and wing loading). For EPI, values were normalized by
using the lowest and highest values (EPI=[i-min(x)]/[max(x)-min(x)]) to obtain a range from
zero to one. A generalized linear model was used to test the relationship between body size and
excess power index. Sex was included as a fixed effect in all the models. To determine scaling
exponents of metabolic rates, EPI and wing loading, the data were log-transformed and fit to a
linear relationship. To determine allometric scaling of the head, thorax, abdomen, wing length,
wing area and IT span. An ANCOVA to test if the slopes of the treatments were different using
the car package (Fox, 2019) in R. We used the stmatr package (Warton et al., 2012) to test if the
relationship was isometric, testing for a predicted slope of 1 (head, thorax, abdomen), 0.667
(wing area), or 0.333 (wing length, IT span).
Results

Bee Body Size. Body masses ranged from 4 — 51mg. Females were typically larger, and
weighed an average of 24.88 £1.06 mg. Males were typically smaller, and weighed an average of
21.85 £0.74 mg. Bees (both male and female) in the starved treatment had a combined average
weight of 11.64 £0.57 mg, bees in the control treatment (both male and female) had a combined
average weight of 24.30 + 0.64 mg, and bees in the fed treatment (both male and female) had a
combined average weight of 32.23 £0.69 mg. Feeding treatment, sex, and the interaction
between feeding treatment and sex had significant effects on body size (ANOVA, Treatment

F2.276=310.09, p <0.001; Sex F1276=30.51, p <0.001; Interaction, F2776=8.95, p <0.001). Bees in
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the fed treatment were significantly larger than the control bees (Tukey HSD, fed & control, p
<0.001), which were larger than bees in the starved treatment (Tukey HSD, control & starved, p
<0.001; fed & starved p <0.001).

Metabolic Rates. For the subsample of bees used in respirometry experiments, the
starved treatment had an average weight of 16.84 £1.55 mg, the control treatment had an average
weight of 24.93 £1.947 mg, and the fed treatment had an average of weight of 28.38 £1.479 mg.
For the subsample of bees, body size varied among the feeding treatments and sex (ANOVA,
Treatment F»,19=6.666; p < 0.001, Sex Fi,10= 10.408; p= 0.005, Interaction= F»,19=1.962;
p=0.168). Starved bees were smaller (Tukey HSD: starved vs control, p = 0.027; starved vs fed;
p = 0.005), but the control and fed treatments did not differ (Tukey HSD: p = 0.398). Males were
smaller than females. Mass had an effect on absolute metabolic rate during flight (Table 1, Fig.
1A; Linear Model, T225=5.613; p < 0.000) and at rest (Table 1, Fig. 1A; Linear Model, T2 26=
3.249; p = 0.003). Metabolic rates increased with larger body size. Resting metabolic rate
(slope= 0.603) and flight metabolic rate (slope= 1.080) scaled differently (ANCOVA, Mass,
F256=-24.65; p <0.0001, Sex, F256=-1.04; p=0.303) based on mass. Mass did not affect mass-
specific metabolic rate during flight (Table 1, Fig. 1B; Linear Model, T225= 0.419; p = 0.679)
but did affect metabolic rate at rest (Table 1, Fig. 1B; Linear Model, T226=-2.141; p = 0.042),
although it only explained 16.4% of the variation. This indicates that bees emitted more CO; as
size increased, but once corrected for mass, larger bees did not have a higher flight metabolic

rate.
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Table 1. Metabolic rate (MR) in relationship to body size

Model Term Estimate Std error T value Pvalue

Absolute Flight MR Intercept 2.443 0.314 7.788 <0.001
Mass 1.081 0.193 5.613 <0.001
Sex 0.024 0.066 0.354 0.726
Absolute Resting MR Intercept 1.005 0.312 3.221 0.003
Mass 0.603 0.186 3.249 0.003
Sex -0.013 0.060 -0.215 0.832
Mass-Specific Flight MR Intercept 2.443 0.314 7.788 <0.001
Mass 0.081 0.193 0.419 0.679
Sex 0.024 0.066 0.354 0.726
Mass-Specific Resting MR Intercept 1.005 0.312 3.221 0.003
Mass -0.397 0.186 -2.141 0.042
Sex -0.013 0.059 -0.215 0.831

Results from Linear regression.
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Fig. 1. Metabolic rates of M. rotundata during rest and flight

Absolute CO2 emission (A) during flight (blue line), and at rest (red line). Mass-specific
metabolic rate (B) during flight (blue) and at rest (red line). Absolute CO2 emission (A) of bees
during flight (p< 0.001) and at rest (p <0.003) increased with body size. Mass-specific CO2
emission (B) did not differ with body size during flight (p= 0.679), but at rest CO2 emission
decreased with body size (p=0.042). Grey shading in all panels indicates the 95% confidence
intervals.

Discontinuous Gas Exchange. Bees at rest exhibited discontinuous gas exchange (Fig.
2A). There was no difference in amount of time spent in the open phase (Fig. 2B; Linear Model,

Mass, T226= -0.275; p=0.786; Sex, T226=-1.349; p=0.189), closed phase (Fig. 2C; Linear Model,
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Mass, T222=0351; p=0.729; Sex, T222=-0.477; p=0.639) or the flutter phase (Fig. 2D; Linear

Model, Mass, Ti,16= 1.368; p=0.190; Sex, T1,16=0.176; p=0.869) based on mass (g) or sex. As

mass increased, the volume of CO: produced during the open phase increased (Fig. 2E; Linear

Model, Mass, T226= 4.161; p=0.000; Sex, T226= -0.855; p= 0.400). Once corrected for mass,

there was no correlation of CO> emission with mass or sex (Fig. 2F; Linear Model, T>26= -0.630;

p=0.534; Sex, T226= -0.855, p=0.400). The slope for absolute resting metabolic rate (Fig. 1A,

Table 1, slope = 0.603) was significantly different than the absolute metabolic rate measured

during discontinuous gas exchange (Fig. 2E, slope= 0.869) (ANCOVA, F161=6.617; p =0.013)
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Fig. 2. The relationship between discontinuous gas exchange and body size

An example of a respirometry trace showing discontinuous gas exchange (DGE) including the
closed, flutter and open phases (A). Body size does not correlate with the duration of time spent
in the (B) open (p= 0.373), (C) closed (p= 0.981), or (D) flutter (p=0.179) phases of
discontinuous gas exchange. Larger bees had a significantly higher CO, emission rate (E) (p
<0.001) but once corrected for mass (F) there was no difference in amount of CO: produced (p=
0.496). Grey shading indicates the 95% confidence intervals.

Allometric Scaling. As body mass increased, head mass (Table 2, Fig. 3A; p <0.001),

thorax mass (Table 2, Fig. 3B; p <0.001) and abdomen mass (Table 2, Fig. 3C; p < 0.001)

increased. There was no difference between the slopes of the treatments (Table 2, head: p =
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0.0680; thorax: p = 0.492; abdomen: p = 0.740), which indicates that all body parts increased
with size in the same ratio across treatments. As body size increased, wing area (Table 2; Fig.
3D; p <0.001;), wing length (Table 2, Fig. 3E; p <0.001), and IT span increased (Table 2, Fig.
3F; p <0.001). The slopes of wing traits and body mass differed by treatment (Table 2, Figs 3D
and E, wing area: p =0.003; wing length: p =0.022). There was no relationship between IT span
and mass (Table 2, Fig 3F; p = 0.090). Sex was a significant factor for head mass (Table 2,
ANCOVA p <0.001), thorax mass (Table 2, ANCOVA p <0.001), abdomen mass (Table 2,
ANCOVA, p <0.001), and wing area (Table 2, ANCOVA, p <0.003).

We also determined if each body segment and wings scaled isometrically to overall body
size by comparing the slopes of each body segment to the expected slope. First, we measured
overall scaling patterns of all body segments (Fig. 3, Table 3). The head, thorax, and abdomen
were predicted to scale with a reference slope of 1 in relationship to body mass. The head scaled
hypometrically with body mass (Fig. 3A). The thorax and abdomen scaled hyperallometrically
with body mass (Fig. 3 B and C). Wing area was predicted to scale with a 0.667 relationship to
body mass, and wing length was predicted to scale with a 0.333 relationship to mass. Wing area
and wing length scaled hypoallometrically with body mass (Fig. 3D and E). IT span was
predicted to scale with a 0.333 relationship to mass. IT span scaled hyperallometrically with
body mass (Fig 3F). Next, we measured scaling patterns with respect to treatment (Table 3). The
head scaled isometrically with body size, with the exception of bees in the control treatment
which scaled hypoallometrically with body size (Table 3). Across all treatments, the thorax and
abdomen both scaled hyperallometrically with body size (Table 3). Thorax width, which was
measured as IT span scaled isometrically in the fed treatment. However, the control and starved

treatments had relationships that were hyperallometric (Table 3). Wing length had a significantly
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more hypoallometric relationship with body size than expected in the fed and starved treatment
but scaled hyperallometrically in the control treatment. Wing area was predicted to scale
isometrically in the control and starved treatments, but the fed treatment was significantly more
hypoallometric than predicted (Table 3). This suggests that as bees become larger their thoraces
and abdomens get disproportionately larger, while wings become disproportionately smaller.

Table 2. Relationship of body segments to total body mass

Model Term Slope Intercept SS DF F value P value

Head Logbody mass 0.907 -0.419 4.396 1 1019.948 <0.001
Treatment 0.023 2 2.7153 0.068

Sex 0.104 1 24.170 <0.001

Thorax Log body mass 1.089 -0.515 6.335 1 1865.341 <0.001
Treatment 0.005 2 0.712 0.492

Sex 0.095 1 27.858 <0.001

Abdomen Log body mass 1.202 -0.782 7.578 1 1182.857 <0.001
Treatment 0.004 2 0.301 0.740

Sex 0.162 1 25.230 <0.001

Wing Area Log body mass 0.408 0.168 0.853 1 306.967 <0.001
Treatment 0.034 2 6.069 0.003
Sex 0.025 1 9.120 0.003

Wing Length Log body mass 0.205 0.417 0.205 1 243.440 <0.001
Treatment 0.007 2 3.8850 0.022
Sex 0.003 1 2.9996 0.085

IT Span Log body mass 0.309 -0.055 0.398 1 290.319 <0.001
Treatment 0.007 2 2.432 0.090
Sex 0.002 1 1.644 0.201

Results from ANCOVA

44



Table 3. Allometric scaling relationships to body size

Treatment Slope Lower Upper P value Allometry Reference
Limit Limit Slope
Head Total 0.919 0.887 0.953 <0.001 Hypoallometric 1
Fed 0.965 0.887 1.050 0.407 Isometric 1
Control 0.789 0.698 0.893 0.000 Hypoallometric 1
Starved 1.072 0.973 1.182 0.158 Isometric 1
Thorax Total 1.113 1.084 1.143 <0.001 Hyperallometric 1
Fed 1.085 1.016 1.158 0.0160 Hyperallometric 1
Control 1.168 1.089 1.252 <0.001 Hyperallometric 1
Starved 1.252 1.158 1.354 <0.001 Hyperallometric 1
Abdomen Total 1.247 1.207 1.288 <0.001 Hyperallometric 1
Fed 1.282 1.195 1.375 <0.001 Hyperallometric 1
Control 1.208 1.085 1.345 0.001 Hyperallometric 1
Starved 1.346 1.218 1.487 <0.001 Hyperallometric 1
Wing Area  Total 0.524 0.498 0.552 <0.001 Hypoallometric 0.667
Fed 0.479 0.424 0.543 <0.001 Hypoallometric 0.667
Control 0.595 0.508 0.697 0.155 Isometric 0.667
Starved 0.581 0.504 0.669 0.056 Isometric 0.667
Wing Length  Total 0.263 0.248 0.279 <0.001 Hypoallometric 0.333
Fed 0.282 0.248 0.321 0.012 Hypoallometric 0.333
Control 0.412 0.346 0.491 0.018 Hyperallometric 0.333
Starved 0.242 0.210 0.278 <0.001 Hypoallometric 0.333
IT Span  Total 0.375 0.355 0.396 <0.001 Hyperallometric 0.333
Fed 0.335 0.288 0.391 0.925 Isometric 0.333
Control 0.466 0.396 0.549 <0.001 Hyperallometric 0.333
Starved 0.414 0.359 0.479 0.003 Hyperallometric 0.333

Results from the test of isometry comparing the slopes of the head, thorax, and abdomen and treatment to a slope of 1, 0.667 in

the case of wing area, and 0.333 for wing length and IT span using the ‘smatr’ package in R.
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Fig. 3. Scaling relationship between body size, body segments and wings

Allometric scaling relationships for head mass (A), thorax mass (B), abdomen mass (C), wing
area (D), wing length (E), and IT span (F). Open circles represent males, and closed circles
represent females. The predicted isometric slope is represented by the dashed line. Predicted
slope for head mass, thorax mass, and abdomen mass (A-C) is 1, predicted slope for wing area
(D) is 0.667, and the predicted slope for wing length and IT span (E & F) is 0.333. Head mass
scaled isometrically with body mass. Thorax mass, abdomen mass, and IT span scaled
hyperallometrically with body mass. Wing area and wing length scale hypoallometrically with
body mass.

Wing Beat Frequency and Flight Morphometrics. Mass and sex did not have an effect
on the number of wing beats (Fig. 4A; Linear Model, Mass, T2,23=0.070; p=.945, Sex, T223=
0.687; p = 0.499). Mass and sex have a significant effect on wing loading (Fig. 4B; Linear
Model, Mass, T2210=19.402; p <0.0001; Sex, T2.210= 2.375; p=0.0184) and EPI (Fig. 4C;
Generalized Linear Model, Mass, T7.210=-12.978; p < 0.0001; Sex, T7210=-3.573; p=0.000).
Larger bees had higher wing loading, but lower EPI. Wing loading scaled with mass®>!>, and

EPI scaled with mass %474,
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Fig. 4. Flight performance and body size

There is no correlation between body size and wing beat frequency (Hz) (p = 0.070) (A) Smaller
bees had a lower wing loading (p < 0.001) (B) and higher excess power index (p < 0.0001) (C)
than larger bees. Mass is shown as body mass (mg) for C. Grey shading in all panels indicates
the 95% confidence intervals). Open circles represent males, and closed circles represent
females.

Discussion

Across insect species, as body size increases, metabolic rate increases (Coelho and
Moore, 1989; Bartholomew and Casey, 1977; Darveau et al., 2005; Fielding and DeFoliart,
2008), and there is a negative correlation between body size and mass-specific metabolic rate
and body size (Reinhold, 1999, Casey and May, 1985). In contrast, we found that although larger
bees had a higher absolute metabolic rate, once corrected for mass there was a correlation
between metabolic rate and body size at rest and no correlation during flight. Previous work in
M. rotundata found the same trend across a two-fold range of body sizes (Bennett et al., 2013)
and our study found this trend across a four-fold range of body sizes, which is a larger range of
body sizes than previously seen in studies looking at metabolic rate in M. rotundata. This
suggests both large and small bees are using the same amount of energy per gram during fight,

but at rest small bees expend more energy per gram. Other studies on intraspecific metabolic
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rates have also found no differences in mass-specific metabolic rates based on body size
(Darveau et al., 2014; Darveau et al., 2005; Dillon and Dudley, 2004; Bennett et al., 2013), but
intraspecific correlations between body size and absolute metabolic rate have been found
(Billardon and Darveau, 2019; Darveau et al. 2014; Skandalis and Darveau, 2012).

Interspecific scaling exponents of flight metabolic rate range from 0.63-0.94 in insects
(Harrison and Roberts, 2000). Intraspecific trends in some insect species have scaling exponents
higher than 1 (Chappell and Morgan, 1987; Morgan et al., 1985; Harrison and Roberts, 2000).
We calculated a scaling exponent of mass! % for absolute flight metabolic rate, higher than
previously seen in bees (Euglossine bees, 0.64; Casey, 1985) (Euglossine bees 0.69; Darveau et
al., 2005) (Honeybees, 0.63; Wolf et al.1989) (M. rotundata, 0.92; Bennett et al., 2013) (Worker
bumblebees, 0.829; Billardon and Darveau 2019), although a scaling exponent above 1 has been
documented in worker bumblebees (1.35; Darveau et al., 2014). Differences in metabolic rate
scaling in our study may be due to use of tethering or short flight bouts. Bees were tethered to
measure flight metabolic rates, because they would not fly freely in the metabolic chamber.
Tethered flight has been successfully used to measure flight metabolic rate in other instances
(Brodscheider et al. 2009; Bennett et al. 2013). Bees flew for less than 30 seconds per flight bout
which may be a consequence of the environment of the room in which metabolic rates were
measured, including artificial light. However, the wing beat frequencies were similar to other
insects in the order Hymenoptera, which range from 87-230 Hz (Tercel et al., 2018). The range
of wingbeats found in our study was 147.3-182.7 Hz, suggesting that bees were exhibiting flight
behavior, supporting our use of tethered flight.

Resting metabolic rate in insects scales as mass®’>, once corrected for phylogeny

(Harrison and Roberts, 2000). Intraspecific scaling exponents are more variable and typically
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range from 0.67 to 1.0 (Chown et al 2007, Glazier, 2005). Our results show a scaling exponent of

mass?-603

at rest. Differences in scaling exponents are likely due to physiological, taxonomic, or
environmental factors (Glazier 2005). Differences in resting metabolic rate within and between
species may be due to body size (Speakman et al., 2004; Chown et al., 2007), growth rates
(Sadowska et al., 2009), and availability of food resources (Sadowska et al., 2009).

Metabolic scaling of bees at rest and during flight differed. In our study, the scaling

exponent for flight metabolic rate was mass!%80

, and the scaling exponent for resting metabolic
rate was mass’%%. Our results are similar to data collected for a meta-analysis (Niven and
Scharlemann, 2005), which found flight metabolic rate in insects scaled with body mass!-!® and
resting metabolic rates scaled with body mass®%®. Differences in metabolic scaling may be due to
how the insect partitions its metabolic energy. During flight, most of the insect’s metabolism will
be consumed by flight muscles (Dudley 2000), while metabolism at rest is allocated to function
and maintenance (Weibel, 2002; Glazier, 2005).

At rest, adult bees exhibited discontinuous gas exchange (DGE). We measured the
amount of time spent in each phase (closed, open, flutter), as well as the amount of CO»
produced during the open phase. Patterns of cyclic gas exchange in which spiracles do not
entirely close have been observed during the pupal (Yocum et al., 2011) and adult stages in M.
rotundata (Bennett et al., 2013). We found that there was no correlation between body size and
the amount of time spent in each phase. Yocum et al. (2011) showed similar results in pupal M.
rotundata, where mass had no effect on respiratory patterns, although, that study measured CO>
emission patterns differently than our study. Larger bees produced more CO, during the open

phase, but once corrected for mass, there was no correlation between body size and CO»

production. Studies have found no correlation between body mass and the frequency and
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duration of the phases of discontinuous gas exchange (Davis et al., 1999, Chappell and
Rogowitz, 2000), although a meta-analysis by Terblanche et al. (2008) found the frequency of
the phases in discontinuous gas exchange decreases with mass across species. We found the
slope for total absolute resting metabolic rate was different than absolute resting metabolic rate
measured just during the open phase. This may be due to the influence of the flutter phase, which
was included in the analysis of the total absolute resting metabolic rate.

We also analyzed the scaling relationships between body segments and wings to
determine whether the relationships were proportional as body size increased. Our study
measured bees that had a 12.75-fold change in body size. As bees got larger their thorax and
abdomen were larger than expected based on body size. Head size scaled isometrically with body
size. IT span, forewing length, and wing area, in the fed treatment, were smaller than expected
based on body size. As bees became larger, their thoraces grew proportionately larger, while
their wings grew proportionately smaller. There was also a sex effect in which females had larger
heads, thoraces, abdomens, and wing area than similarly-sized males. Resource allocation to
somatic or reproductive growth can lead to differences in the size of each body segment (Nijhout
and Wheeler, 1996). The hyperallometric scaling of the abdomen may reflect an increased
investment in reproduction as body size increases. While these scaling relationships were
statistically significant, the slopes and confidence intervals for the thorax and abdomen are very
close to 1 and may not be biologically significantly different than 1 for the range of body sizes in
this study.

Our study showed that wings grew smaller than expected in response to body size.
Differential scaling of wings may occur because final wing size is determined by imaginal disc

growth, which is separate but interrelated to overall body growth (Nijhout and Callier, 2015).
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Wings complete growth after the body has stopped growing, potentially leading to allometric
response to size. In response to starvation, in Manduca sexta (L.) and Drosophila melanogaster
(M.), wings reduced proportionally to body size (Nijhout and Grunert, 2010; Shingleton et al.,
2008). Here, we saw a different overall pattern where wings grew smaller than expected in
response to body size.

The hormonal regulation of wing growth throughout development has been well
documented in insects that have a critical weight as a cue for metamorphosis, such as M. sexta,
and D. melanogaster. This cue is an important regulator for imaginal disc growth. Once the
larval insect reaches the critical size, a hormonal cascade is initiated influencing imaginal disc
growth. Models describing wing imaginal disc growth, and final size are based upon a critical
weight (Shingleton et al., 2008). However, there is a different growth dynamic in solitary bees,
which may explain the hypoallometric scaling of wing size in bees. Solitary bees do not have a
critical weight, but rather rely on the absence of food as the cue for metamorphosis (Helm et al.
2017). The reliance on nutrition as a cue for development, which is not the case for insects such
as D. melanogaster (De Moed et al., 1999), may be an explanation for the different wing scaling
pattern seen in this study.

We found no correlation between body size and wingbeat frequency in M. rotundata. For
most insects, wing beat frequency varies with body size (Dudley, 2000), with a negative
correlation between body size and wingbeat frequency (Tercel et al., 2018; Casey et al., 1985;
Darveau et al., 2005. Smaller individuals have a higher wing beat frequency to control
navigation through the higher experienced air viscosity (Ellington, 1999; Wang, 2005). In M.
rotundata, larger bees did not have a lower wing beat frequency, suggesting there is no size

compensation based on number of wing beats. There was no correlation between wing beat
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frequency and body size, as well as between mass-specific flight metabolic rate and body size.
This result may be because the number of times an insect beats its wings influences flight
metabolic rate, with metabolic rate increasing with number of wing beats (Casey et al., 1985;
Darveau et al., 2005; Billardon and Darveau 2019). Wing beat frequency and wing loading are
often positively correlated, insects with a higher wing loading typically have a higher wing beat
frequency (Byrne et al., 1988).

In this study, larger bees had higher wing loading and a lower excess power index.
Smaller individuals with lower wing loading have the capacity to carry heavier loads per gram of
body mass (Marden, 1987) which may decrease cost of flight. Higher wing loading, as we
observed in larger M. rotundata, indicates that more power is needed to accomplish the same lift
as a smaller bee (Marden, 1994). This may be because larger bees in our study have smaller
wings than expected based on their mass. Other studies have also observed lower wing loading in
smaller individuals (Darveau et al., 2005) and EPI is higher (Seidelmann, 2014). Wing loading,
EPIL, and wing beat frequency impact how much female bees can carry when building a nest and
provisioning offspring. Overall, we observed that smaller bees have more power available to fly
beyond hovering flight, and larger bees may be using most of their available flight power to
maintain hovering flight.

While being large may have its advantages in some aspects of flight, the advantages to
small body size have often been overlooked. Although a larger insect may have increased
foraging distance (Greenleaf et al., 2007), smaller individuals may have better performance by
other metrics. We found smaller bees had more power available during flight at no apparent
metabolic cost. Because there were no differences in mass-specific metabolic rates during flight,

it appears that these bees are equally energetically efficient. The smaller bees required less power
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during flight, and as bees decreased in size their power requirements for lifting loads also
decreased. This study demonstrates that smaller bees may not be at a disadvantage in all aspects
of flight performance and may even be at an advantage. Other advantages to small size include
increased agility and reductions in costs of development, maintenance, heat stress, and
reproduction (Chown and Gatson, 2010; Blanckenhorn, 2000). When resources are scarce,
female solitary bees provide smaller provisions to offspring, leading to the production of “tiny”
female offspring (Kim and Thorp, 2001; Bosch, 2008). General decreases in foraging habitat
may lead to bee populations with overall smaller body sizes (Renauld et al., 2016). With
concern for pollinator habitat loss, which would decrease resource availability, more research
focusing on the potential performance outcomes of smaller body sizes is needed.
Conclusion

The goal of our study was to determine how body size affects allometry, metabolic rate,
and flight related morphology in a single species, M. rotundata. We produced a large range of
body sizes by manipulating food quantity to influence adult body size. By using respirometry to
measure excurrent CO2, we measured both resting and flight metabolic rates for a range of bee
body sizes. Our results indicate larger bees have higher absolute metabolic rates at rest and
during flight. Smaller bees have higher mass-specific metabolic rates at rest, but mass did not
impact mass-specific metabolic rate during flight. Differences in nutritional condition led to
allometric growth of the body segments (head, thorax, abdomen, IT span) and wings (area and
length). As body size increases the thorax and abdomens of bees become disproportionately
larger, while their wings become disproportionately smaller compared to mass. These differences
in allometry influenced flight-related morphometrics. Larger bees had wings that were smaller

than expected based on body size, which may have contributed to these larger bees having less
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power available during flight based on flight biomechanical formulas. Our study and others
contradict the assumption that performance only increases with body size, or bigger is always
better. Instead, smaller bees are not at a disadvantage when it comes to flight performance.
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CHAPTER 3: TELOMERE DYNAMICS IN TWO SOLITARY MEGACHILID BEE
SPECIES
Abstract
Adult insects have relatively short lifespans and show declines in performance with age.

The mechanisms that underlie these age-associated declines in performance are not well
understood. Cellular aging may depend on life stage and time spent in that stage, especially if
that life stage is extended, as during diapause. Telomeres are repetitive sequences of non-coding
DNA located at the end of chromosomes, which protect coding DNA during replication.
Decreasing telomere length is associated with increased age. This study aimed to determine how
body size impacts telomere dynamics throughout development, overwintering, and post
emergence, in the solitary bee species Osmia lignaria and Megachile rotundata. Relative
telomere length was measured using qPCR in larvae, prepupae, pupae, and multiple adult stages.
Our results show surprising trends. First, telomere length increased after adult O. lignaria
emerged from diapause. Second, telomere length was shorter in prepupal M. rotundata compared
to other life stages. Third, telomere length did not change during the eight months of diapause in
either species. We also tested whether telomere length was influenced by days post emergence
and whether stress exposure after emergence affected telomere length. Telomere length was not
affected up to fifteen days post-emergence for either species, nor was telomere length influenced
by sex or body size. In M. rotundata, exposure to food restriction as a stress did not influence
telomere length. These results suggest that telomere dynamics in bees differ from what would be
expected from vertebrate species and suggest that insect diapause has specialized the life stages

for aging dynamics.
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Introduction

The rate and manner of how individuals age is highly variable (AihieSayer et al. 1999).
Differences in biological age compared to chronological age make it possible for an individual
older in years to be physiologically similar to a younger individual (Gunn et al. 2009). Biological
age is defined by an organism’s fecundity and performance (Mitnitski et al. 2013), which
decrease over time, termed senescence. Senescence can refer to deterioration of the whole
organism or to individual cells and tissues. Cellular senescence occurs when the metabolic
function of cells declines (Campsi and d’Adda di Fagagan 2007), associated with changes in
gene expression (Sahin et al. 2011) the ability to replicate ceases. Cellular senescence can lead to
problems such as chronic inflammation and organ failure (Wong et al 2003). Stress can
accelerate senescence (Eisenberg et al., 2009) contributing to age-associated diseases such as
cardiovascular disease and cancer (Boonekamp et al. 2013, Haycock et al. 2014, Wentzensen et
al. 2011, Willet 2014). This occurs due to a weakened response to stress, and reduced ability for
maintenance and repair (De Loof 2011).

Telomere dynamics are one mechanism for understanding cellular senescence because
telomere shortening is a mechanism for cellular division cessation. Telomere dynamics can be
defined as changes in telomere length over time. Telomeres are repetitive sequences of non-
coding DNA located at the end of chromosomes, which protect coding DNA during replication
(Blackburn 2005). Telomeres shorten naturally during DNA replication due to the inability of
RNA polymerase to completely copy the lagging strand (Vaziri H, et al. 1994). Critically
shortened telomeres will trigger cells to stop dividing (Blackburn 2005). To avoid problematic
telomere shortening, cells trigger a DNA damage signal to prevent potential replication problems

(d” Amico et al. 2001; di Fagagna et al., 2003, Takai et al., 2003). Accumulation of damaged
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senescent cells may lead to aging effects such as a decline in tissue repair ability, leading to a
decline in overall health (Krtolica et al., 2001, Campisi, 2005).

Telomere length is considered one of the “hallmarks of aging” (Lopez-Otin et al. 2013)
because telomeres shorten over time (Allsopp et al. 1992; Jennings et al. 1999; Haussmann et al.
2003; Herbig et al. 2006; Jemielity et al. 2007). Telomere length is a good predictor of lifespan,
because individuals with longer telomeres early in life having increased longevity (Heidinger
2012, Rudolph et al. 1999; Cawthon et al. 2003; Joeng et al. 2004; Haussmann et al. 2005;
Pauliny et al. 2006). Declining telomere length and aging has been detected in a variety of
animals, including humans (Blackburn 2015; Harley et al., 1990; Aubert et al., 2008) birds
(Haussmann et al., 2002; Hausmann et al., 2003; Haussmann et al., 2008), and fish (Hatakeyama
et al., 2008; Hartmann et al., 2009). A meta-analysis of 27 non-model species showed that
shorter telomeres were correlated with an increased morality risk (Wilbourn 2018). While
telomere length correlates inversely with chronological age, their rate of shortening is is
positively related to biological aging, with slower rates of telomere loss in longer lifespans
(Tricola et al. 2018).

Aside from the issue of not fully copying the lagging DNA strand during replication,
oxidative stress is another primary cause of telomere loss (von Zglinicki, 2002). Oxidative stress
is defined as the imbalance of free radicals and antioxidant production, leading to oxidative
damage (Monaghan et al., 2009). Humans who experienced high levels of stress had shorter
telomeres, lower telomerase levels, and higher oxidative stress (Epel 2004). Individuals with
high levels of stress, had higher levels of free radicals, increased oxidative damage, and

increased telomere shortening (Monaghan 2014). However, this pattern is not as clear in insects.
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In a metanalysis measuring oxidative stress in Drosophila did not find a clear pattern between
oxidative stress and longevity (Le Bourg, 2001).

Rate of growth is thought to impact telomere length (Kraus et al. 2013). Although, larger
vertebrate species tend to have longer lifespans (Selman et al. 2013), intraspecifically, the trend
is reversed, with smaller individuals tending to live longer. Examples of this trend have been
observed in mice, snakes, and domesticated dogs (Miller et al. 2002, Bronikowski & Vleck 2010,
Kraus et al. 2013), with large breeds of dogs tending to have shorter lifespans than small breeds.
Mechanisms underlying the slower pace of senescence in small individuals are slower growth
rates, low body mass (Kraus et al. 2013), which are associated with lower levels of oxidative
stress and reduced rates of telomere loss (Nussey et al. 2009). Larger individuals within a species
have shorter telomere lengths, which are correlated with shorter lifespans (Fick et al. 2012). One
possible mechanism is telomerase expression, which has been shown to be downregulated in the
somatic cells of larger mice, which demonstrates telomerase activity negatively coorelated with
body size (Seluanov et al., 2007)

Insects show declines in performance with age, even within their relatively short
lifespans (McFarlane, 1967, Giraldo & Traniello, 2014). Examples of insect senescence include
reduced performance of muscles and organs (Sohal, 1976; Seehuus et al., 2006), declines in
flight duration (Williams et al., 1943), declines in reproduction, and increased probability of
death over time. In adult solitary bees there are also visible, physical signs of age including loss
of hairs which can impact their ability to collect pollen, and tattered wings which can impact
flight performance and cause increased mortality (Torchio & Tepedino 2016; Carter 1992).
Insects are a good model system for understanding aging because of their short lifespans, small

body size, high fecundity, and low laboratory maintenance costs (Lee & Kim 2015).
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Telomere dynamics in eusocial Hymenopterans (bees, wasps and ants) share many
similarities to those in vertebrate species in that in ants, longer telomeres are associated with
longer-lived reproductive castes (Jemielity et al., 2007). In honeybees, queens typically live 1-3
years, (Bozina 1961), whereas the worker lifespan is less than a year. Overall telomerase levels
are higher in the queen caste, in both the larval and adult stages. (Korandova & Frydrychova
2016). Telomerase is differentially expressed over time and season in worker honeybees and is
higher in the longer-lived winter honeybee workers (Koubova et al. 2021). In bumblebees,
telomerase is upregulated in the fat bodies of queens (Koubova et. al 2019). Telomerase
expression is higher in the reproductive caste, which may indicate that in social bees, there is not
a longevity-reproduction tradeoff. Telomerase is expressed in bees in a similar way to other
insects (Robertson & Gordon 2006, Frydrychova et al. 2004). While telomere dynamics have
been measured in social hymenopterans, there have been no studies to date in solitary bees.

Megachile rotundata (F.) and Osmia lignaria (Say) are both solitary bees in the family
Megachiledae. These bees differ in which stage they overwinter, as well as the amount of time
spend as adults (Fig 5). O. lignaria overwinters as an adult, and may go through multiple
diapause periods, first as prepupae during the late summer, (Sgolastra, et al., 2012) and later as
adults during the winter months (Bosch et al., 2010; Sgolastra et al., 2010). Typically, O.
lignaria bees are in the adult stage for eight months. O. lignaria emerges in early spring, and M.
rotundata emerges in mid-summer. M. rotundata overwinters in the prepupal stage, which
begins during the late summer (Pitts-Singer & Cane 2011), and the average adult lifespan is
about one month. The post-emergence lifespan in O. lignaria is also about one month, but their
adult lifespan begins before they enter diapause. Our goal was to determine the telomere

dynamics in solitary bees. We hypothesize that telomere length will get shorter in later
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developmental stages in solitary bees. We wanted to determine if telomeres were an indicator of
aging in these organisms. We were also interested in determining how stress would impact
telomere length. We predict that individuals that received a stress treatment would have shorter
telomeres. Finally, we were interested in determining if body size would impact telomere length,
we predict that larger individuals would have shorter telomeres.
Methods

Study System. Solitary bee females nest in cavities and a single mother constructs their
offspring brood cells with leaf pieces (M. rotundata) or mud caps (O. lignaria). Females provide
provisions for their offspring within these brood cells. All bees are holometabolous, and
complete the egg, larvae, pupae and adult life stages (Michener 2000). After the final larval
instar, the bee will begin to spin silk to create a cocoon where it will continue to develop into the
prepupal stage. M. rotundata diapauses for four to six months as a prepupa (Fig. 5). As M.
rotundata and O. lignaria develop into adults, they go through distinct pupal stages, including
the white eye, pink eye, and red eye pupal stages. This takes place during the first week after
being exposed to increased temperatures in M. rotundata; in O. lignaria, pupal development
occurs before overwintering. Sclerotization and tanning of the pupa begins in the second and
third weeks of development (Helm et al., 2018; Bosch and Kemp 2001). O. lignaria begins

winter diapause after they have become adults (Fig. 5)
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Fig. 5. Life cycle of O. lignaria and M. rotundata

Timeline of development and overwintering in O. lignaria and M. rotundata. We show the entire
active season for adults in M. rotundata, although the typical adult lifespan is one month. The
average lifespan post-emergence for O. lignaria is also about one month.

Megachile rotundata Rearing and Sample Collection. Prepupal bees sourced from
JWM Leafcutters, Inc. of Nampa, ID, US were taken from 6°C storage, removed from their
brood cells, and placed in 96 well plate in a 29°C incubator to initiate development. For
comparison of telomere lengths, bees were sampled at the following stages: overwintering
prepupae (Arrived March 2020, n=28), white eye pupae (n=28), pink eye pupae (n=28), red eye
pupae (n=25), tanning (n=18), newly emerged adult (n=28). Stages are clearly represented in
Helm et. al 2018. is termed “body pigmented.” Bees were flash frozen on liquid nitrogen and
stored in the -80°C freezer.

Osmia lignaria Rearing and Sample Collection. Freshly capped O. lignaria nests from
Woodenville, WA (2018), and CA (2021) were kept in an incubator at 25°C and 75% humidity
and allowed to develop. Developmental stages were monitored by X-ray. Bees were sampled at

the following stages: fifth instar larvae (n=6), prepupae (n=6), pupae (n=13), prewintering adult
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(n=18), diapausing adult (date pulled, n=18), post diapausing adults (n=20), emerged adults
(n=20). Bees were flash frozen on liquid nitrogen and stored in the -80°C freezer.

Osmia lignaria Post-Emergence Adult Sample Collection. 100 bees from Woodenville,
WA were shipped to Fargo, ND. Upon arrival, a subsample of adult bees were immediately
frozen at -80°C for the first timepoint. The rest of the adult bees were stored in the incubator at
25°C in separate 15 ml conical tubes and fed a 1:1 sucrose solution. Bees were checked daily for
survival. Bees were sampled on day 1 (n=20), day 5 (n=20), day 15 (n=32), frozen on liquid
nitrogen and stored in the -80°C for telomere measurement.

Osmia lignaria Post-Emergence Adult Nutritional Stress. We repeated the above
experiment measuring telomere length in adult O. lignaria with the addition of a nutritional
stress treatment. Bees from Logan, UT were shipped to Fargo, ND. Upon arrival, adult bees
were immediately frozen on liquid nitrogen, then stored in -80°C. The remaining bees were then
placed into feeding treatments 24 hours after arrival. The feeding treatments included a food
removal treatment (starved) and a continuously fed treatment (fed). Bees that were continuously
fed bees were given a 1:1 sucrose solution, bees in the food removal treatment were given only
water for 24 hours. After the 24 hour period, all bees were then given a 1:1 sucrose solution for
the remainder of the experimental time period. Bees were stored in the incubator at 25°C in
separate 15 ml conical tubes and fed a 1:1 sugar solution. Bees were checked daily for survival.
Bees were sampled at day 1 (fed n=30; starved n=25) and day 15 (fed n=31; starved n=23) post-
emergence for telomere measurement.

Telomere Measurement. We analyzed telomere lengths from the thorax (adult) or
partial bee (juvenile stages). Bees were cut to fit the weight requirement of the kit. We used

Machery-Nagel Insect DNA Extraction Kit and measured the quantity and purity of DNA on a
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spectrophotometer. We used the quantitative PCR (qPCR) to determine relative telomere length,
using the T/S ratio (Cawthon, 2002). The T/S ratio describes the telomere signal (T) relative to a
reference single control gene (S), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
relative to a reference control sample used across all plates. This calculates the proportional
average of the relative telomere length. The same telomere primer was used for both M.
rotundata and O. lignaria. The following forward and reverse primers were used to amplify the
telomere: Telol (5°-CGG TTT GTT TGG TTT GGT TTG GTT TGG TTT GGT T-3'), Telo2
(5’-GGC TTG CCT TAC CTT ACC TTA CCT TAC CTT ACC T-3') and bee-specific GAPDH
sequences: (M. rotundata) GAPDH-F (5’-GACGTAGTGTCTTCCGACTTTAT -3'), (M.
rotundata) GAPDH-R (5’-CAATCACGCGGCTAGAGTAA-3"). (O. lignaria) GAPDH-F (5’-
GGCCAATGTCGGGAGATAAA-3’), (O. lignaria) GAPDH- R (5’-
GAGACTCTGCTTCGCTTTCA-3’). The telomere and GAPDH reactions were run on two
separate plates. The number of PCR cycles required to accumulate a fluorescent signal to cross a
threshold was measured. A standard curve was used to determine the reaction efficiency. All
samples were run in duplicate, and the standard curve was run in triplicate. Average duplicate
values were used to calculate the T/S ratios for each sample relative to the reference sample
according to the formula: 2AACt, where AACt = (Cticlomere — Ctgarpn) reference — (Ctielomere —
Ctcarpu) sample. Reference samples were a pool of multiple individuals that were used to
normalize expression across the multiple plates run for each experiment. Reference samples
were different between experiments. Telomere length is a relative measurement based on the
reference sample, therefore telomere length cannot be compared between experiments.
Statistical Analysis. All statistical analyses were performed using R statistical software

(version 3.6.1, Base R package) and graphed using the package ggplot2 (Wickham, 2016). To
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determine the effect of developmental stage, sex and weight on telomere length a multiple
comparisons of linear model tests were performed using the Ime4 package (Bates et al., 2015),
the MuMIn package (Bartof 2020) to was used to calculate R?, and the multcomp package
(Hothorn et al., 2008) was used for Tukey post-hoc comparisons.
Results

Megachile rotundata Development. The prepupal life stage had significantly shorter
telomeres than other life stages (Fig. 6, Table 4, Linear Model, p < 0.0001). Weight did have an
impact on telomere length, although the interaction of weight and life stage was not significant
(Fig. 7, Linear Model, weight, p = 0.0278; lifestage*weight, p=0.391).

Table 4. Post-hoc comparisons of T/S ratios of different developmental stages in M. rotundata

Life Stage 1 Life Stage 2 P value

Adult Pink Eye 0.736
Adult Prepupa <0.001
Adult Red Eye 0.919
Adult Tanning 0.413
Adult White Eye 0.923
Pink Eye Prepupa <0.001
Pink Eye Red Eye 0.999
Pink Eye Tanning 0.979
Pink Eye White Eye 0.999
Prepupa Red Eye <0.001
Prepupa Tanning <0.001
Prepupa White Eye <0.001
Red Eye Tanning 0.913
Red Eye White Eye 1.00
Tanning White Eye 0.937

Results from Multiple Comparisons of Linear Model test
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Osmia lignaria Development. Emerged bees had significantly longer telomeres than
other developmental stages, with the exception of bees in the diapause stage (Fig. 8, Table 5;
Linear Model, p < 0.001). Weight and sex were only collected for adult bees, and do not affect
telomere length, nor did the interaction between weight and sex (Fig. 9, Linear Model, weight,
p=0.849; sex, p=0.259; sex*weight, p=0.661).

Table 5. Comparing T/S ratios of different developmental stages in O. lignaria

Life Stage 1 Life Stage 2 P value
Diapause Emergence <0.001
Diapause Larva 0.133
Diapause Post-Diapause 0.835
Diapause Pre-Winter 0.999
Diapause Prepupa 0.739
Diapause Pupa 0.799
Emerged Larva <0.001
Emerged Post-Diapause <0.001
Emerged Pre-Winter <0.001
Emerged Prepupa <0.001
Emerged Pupa <0.001

Larva Post-Diapause 0.627
Larva Pre-Winter 0.270
Larva Prepupa 0.976
Larva Pupa 0.785
Post-Diapause Pre-Winter 0.979
Post-Diapause Prepupa 0.977
Post-Diapause Pupa 1.000
Pre-Winter Prepupa 0.902
Pre-Winter Pupa 0.959
Prepupa Pupa 1.000

Results from Multiple Comparisons of Linear Model Test
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Osmia lignaria Post-Emergence Adult Lifespan. Telomere length did not change
throughout the post-emergence adult lifespan (Fig. 10, Linear Model, p = 0.948). Sex and mass
do not affect telomere length in adults, nor did the interaction of sex and weight (Fig. 11, Linear

Model, Sex, p=0.916; Weight p= 0.821; Sex*Weight p=0.366).

Telomere Length (T/S)

1 5 15
Days Post Emergence

Fig. 10. Comparing telomere length in days post emergence in adult O. lignaria
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Osmia lignaria Adult Feeding Stress. Telomere length did not differ throughout the

adult lifespan or by feeding treatment, or the interaction of days post emergence or feeding

treatment (Fig. 12, Linear Model, days post-emergence, p= 0.523; feeding treatment, p=0.966;

days post-emergence*feeding treatment, p=0.655) Telomere length did not differ by sex, weight

or the interaction of sex and weight (Fig. 13, Linear Model, sex, p=0.747; weight, p=0.955,

sex*weight, p=0.995).
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Discussion

We found that telomeres were longer in later developmental stages in both M. rotundata
and O. lignaria. In M. rotundata telomeres were the shortest in the prepupal phase and became
longer in later developmental stages. In the case of O. lignaria telomeres were shorter in early
developmental stages including early adult stages and became longer upon adult emergence. The
emerged bees had the longest telomeres compared to all other life stages with the exception of
the diapausing adult bees. There were no differences in telomere length in adult O. lignaria
based on days since emergence, or due to nutritional stress. We also saw no differences in
telomere length based on size, or between the sexes in the experiments. Our results were cross-
sectional, we were unable to measure telomere length in the same individuals across time. These
results contradict the theory that telomeres shorten with age; telomeres were significantly longer
in later stages in both solitary bees.

Our study did not find a negative correlation between telomere length and age. It is still
unclear whether telomere shortening directly contributes to aging or is an artifact of the
combination of biological age, stress accumulation, and physical condition (Lansdorp 2008).
Others have demonstrated telomere length does not always appear to be directly correlated with
age (Lund et al. 2009; Olsson et al., 2010). In a zebrafish, there is no relationship between
telomere length and age, likely due to high levels of telomerase expression in somatic tissue
(Lund et al. 2009). In lizards, differences in telomere length were based on sex and response to
stress, rather than age (Olsson et al., 2010). Factors associated with telomere length may be
indirectly associated with senescence.

The rate and timing of telomerase expression may be a cause of increasing telomere

length in later stages. Telomerase is a reverse transcriptase that functions in telomere
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maintenance by adding nucleotides to chromosome ends to elongate telomeres. In many animals,
telomerase is downregulated in somatic tissues and upregulated in embryonic tissue, stem cells,
immune cells and germline tissue (Monaghan 2010, Weng 2008). The downregulation of
telomerase may be an adaptation to balance short telomeres and unregulated cell proliferation
(Campisi, 2001). Expression of telomerase varies among organisms. Some organisms, such as
mice, continuously express telomerase in their somatic cells (Prowse and Greider, 1995). The
cause of lengthening in our study is likely upregulation of telomerase, but telomerase expression
was not directly measured.

Our results differ from other studies on telomere length in bees. Honeybee telomere
length does not differ across developmental stages, adult age, caste or time (Korandova &
Frydrychova 2016; Koubova et al. 2021). In addition, bumble bees also do not have different
telomere lengths based on developmental stage or caste (Koubova et. al 2019). There was a
higher expression of telomerase in the longer-lived caste (Korandova & Frydrychova 2016).
From these data, it is hypothesized that telomerase expression may be maintaining telomere
length (Korandové & Frydrychova 2016; Koubova et al. 2021). Lack of coorelation of telomre
length and age has been found in cricket species as well (Boonekamp et al., 2021) Although it is
unclear whether comparison of telomere dynamics to social hymenopterans is the best
representation. While many insects share a similar telomere motif (TTAGG),, including the
families Formicidae (ants) and Apidae (honeybee) in the order Hymenoptera (Kuznetsova et al.,
2019). This motif does not occur in all families in Hymenoptera, 13 families lack this sequence
(Menzes et al. 2017) Whether or not solitary bee telomeres are more similar to Apidae and
Formicidae or other Hymenoteran families where the TTAGG sequence is absent is not yet

determined. While there has been many studies on determining the telomere structure in insects
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(Kuznetsova et al., 2019 and citations within), studies focusing on telomere dynamics in insects
have been under studied.

In this study, telomere length varied with developmental stage, increasing in later life
stages. Although telomere length does not increase in later life stages in social bees, it does
appear to be maintained, and there is not a decrease in telomere length with age (Korandova &
Frydrychova 2016; Koubova et al. 2021). The difference seen in the bees in our study may be
due to the difference in life histories and biology of solitary bees compared to social bees.
Solitary bees undergo developmental diapause, whereas honey bees do not (Kapheim 2017).
While some M. rotundata skip diapause and emerge as a second generation in the summer, those
bees were not used in this study. Solitary bees typically live for about one year, most of this time
is in a quiescent state associated with overwintering.

Periodic developmental arrest such as hibernation, diapause, or quiescence, can slow or
reverse aging. Arrested development duringthe dauer stage (diapause), Caenohabditis elegans
increases longevity and reverse signs of senescence including decrease of metabolic capacity.
These signs of aging occur at lower levels in the dauer C. elegans, and they can reverse or go
away once the organism resumes development (Houthoofd et al., 2002). Hibernating mice have
increased telomere length during the active season after hibernation. Rodents that hibernate have
longer lifespans than ones that do not (Turbill et al., 2011; Wilkinson and South 2002). The
increased telomere length and reduced senescence may be due to somatic maintenance that
occurs during hibernation (Turbill et al., 2013). Insects that go through diapause can also have
reduced signs of senescence. D. melanogaster adults that go through a reproductive quiescence
age slower than those that do not, and they show low mortality rates similar to newly eclosed

adults (Tatar et al., 2001). Our study demonstrates increases in telomere length in both bee
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species after exposure to warm temperatures trigger emergence from the quiescent state. In M.
rotundata, we see that the prepupal stage has significantly shorter telomeres than other stages.
The telomere length in prepupal bees was measured before being placed in warm temperatures,
which initiates emergence from diapause. Telomere length in all other life stages in M. rotundata
were measured after the bees had begun post-quiescent development. The same can be seen in
the case of O. lignaria. Telomere length increases in the diapausing and emerged adult bees, and
this increase occurs during diapause and after the bees were in a post quiescent state. We see a
decline in telomere length in the post diapause quiescence stage. This indicates that telomere
maintenance is upregulated during diapause, and then again later when the bees emerge.
Telomere length appears to be maintained throughout the lifespan of post-emergence adult O.
lignaria. We did not see declines in telomere length in days post emergence, even when exposed
to a stress treatment. This may indicate that telomeres post-quiescence are sufficiently long, or
are actively being maintained.

We did not see differences in telomere length based on weight or sex in either species.
This is a surprising result because in both species females typically live longer than males In
field conditions, Osmia females live for 20 days post emergence (Bosch and Vicens, 2006), and
males typically live less than 20 days. With females being the longer-lived of the sexes, we
would expect telomere length to be longer in those individuals. In the ant species Lasius niger,
females live longer and have longer telomeres than males (Jemielity et al. 2007). The sex
differences seen in that study may be due to caste differences and extreme differences in
longevity between males and females. It was also surprising to see that telomere length did not
differ based on body size in this study. Within other species, smaller individuals age at a slower

rate than larger individuals (Kraus et al. 2013). We might not see differences in telomere length
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based on sex or size because the timing of telomere restoration in these bees occurs right before
emergence. It appears from our results in adult O. lignaria that telomere length does not change
in emerged adults.
In contrast to other studies, telomere length is positively correlated with age in our study.
This study demonstrates that telomere loss that occurs during development can be reversed when
development resumes. Telomere length was maintained in the adult stage in O. lignaria which
may indicate that this reverse in cellular senescence is maintained in adult stages. Our results
show that telomere length is not connected to chronological age and is not predictive of
senescence. While it is clear that telomeres are playing a role in senescence in many organisms,
it may not be representative of aging demonstrating that telomeres may play a different role in
solitary bees.
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CHAPTER 4: DETERMINING THE CUE FOR METAMORPHOSIS IN THE
SOLITARY BEE MEGACHILE ROTUNDATA
Abstract

Body size is important because it correlates to performance and fitness. Adult body size
in insects is determined during the larval stage when majority of feeding and growth occurs.
Larval feeding stops directly prior to the start of metamorphosis, and adult body size becomes
fixed. The physiological regulation of growth and body size has been well studied in the model
organisms Manduca sexta and Drosophila melanogaster, but few studies have determined the
developmental basis of size in other insect species. Our goal was to determine the regulation and
timing of metamorphosis in the solitary bee Megachile rotundata. We measured the critical
weight, which is considered a proxy for the physiological commitment to metamorphosis. To
confirm critical weight initiates the start of metamorphosis, we measured Juvenile Hormone (JH)
titers and genes involved in JH synthesis and response. We also measured genes involved in
ecdysone synthesis and response, and genes involved in the ISS/TOR pathway. We found that M.
rotundata has a critical weight, and that this critical weight initiates the start of metamorphosis.
This metamorphic commitment was demonstrated by declines in JH titers, and the upregulation
of genes involved in ecdysone synthesis, and genes in the ISS/TOR pathway which are involved
in pupal commitment.

Introduction

In holometabolous insects, adult body size is determined by growth during the larval
period and directly influenced by the size at metamorphosis. Body size in adults is fixed due to
sclerotization of the cuticle (Sehnal, 1985, Nijhout et al., 2006). Larval growth rate and duration

are both important for determining final adult size. Achieving adult size involves determining the
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rate of change in larval growth over time (growth rate), as well as when larval growth stops, and
the insect enters metamorphosis (growth duration) (Nijhout, 1975; Nijhout and Williams, 1974).
The rate and duration of larval growth are regulated by different pathways. Larval growth rate is
regulated by the nutrient sensing pathways including the insulin/insulin-like growth factor
sensing pathway (ISS) and target of rapamycin (TOR) pathway. (Layalle et al. 2008; Mirth and
Shingleton, 2012; Ohhara et al., 2017). Larval growth duration is influenced by titers of juvenile
hormone (JH) and ecdysone (or 20-Hydroxyecdysone) which influence the end of the larval
growth period and beginning of metamorphosis.

There are different ways in which an insect senses its size and determines when to begin
a metamorphic molt. One way a molt is induced is via stretch receptors, which has been
demonstrated in Rhodnius prolixus. If the volume of a blood meal is beyond a critical volume,
the abdomen of the insect will become enlarged and the stretch receptors will trigger a molt
(Anwyl 1972). In other insects, size is assessed through oxygen limitation, the size of the
Prothoracic Gland, and imaginal disc size (Mirth et al. 2005; Callier and Nijhout 2011). The
mechanism for sensing size has not been determined for all insects, and there is likely variability
in how insects determine size.

There are three factors which influence adult body size and are proxies for the
physiological commitment to metamorphosis including: the critical weight, the terminal growth
period, and the growth rate during the terminal growth period. The critical weight refers to the
size at which the larva is physiologically committed to metamorphosis (Davidowitz et al. 2003).
The critical weight has been well-studied in the model species Manduca, and Drosophila,
although regulation of the critical weight and the response to starvation differs between the two.

The terminal growth period occurs between reaching the critical weight and growth cessation
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(Shingleton et al., 2007; Davidowitz et al. 2003; Nijhout et al., 2014). In some insects, the
minimum viable weight is used as a proxy for the critical weight. The minimum viable weight is
the minimum size at which a larva can successfully molt to the pupal stage (Mirth et al., 2005;
De Moed et al., 1999; Ohhara et al., 2017). Not all insects use a critical weight to regulate
metamorphosis. The solitary bee Osmia lignaria, for example, does not rely on a critical weight,
but rather the cue for metamorphosis is the absence of food (Helm et al., 2017).

The critical weight is associated with hormonal changes that prepare the insect for
metamorphosis. In Manduca, when the critical weight is reached, JH titers will begin to decline
(Browder et al. 2001). JH titers during the last larval instar are relatively low in Drosophila, and
JH does not affect timing of metamorphosis (Riddiford et al., 2010). The critical weight in
Drosophila is regulated by the insulin/TOR signaling the in the Prothoracic Gland, which
regulates ecdysone synthesis (Caldwell et al., 2005; Colombani et al., 2005; Mirth et al., 2005;
Layalle et al., 2008). The release of Prothoracicotropic Hormone (PTTH) begins the molting
process. PTTH will then stimulate the release of ecdysone from the prothoracic glands. Small
increases in ecdysone during the last larval instar will begin to prepare the insect for
metamorphosis (Warren et al., 2006), and a high pulse of ecdysone at the end of the instar, post-
critical weight, will trigger the molt from larva to pupa (the metamorphic molt) (Riddiford,1993).

Megachile rotundata (F.) is a holometabolous solitary bee. In M. rotundata, the prepupal
stage occurs once the larva has consumed all of its provision, defecated, and spun its cocoon
(Kemp & Bosch, 2000). The cocoon is made of silk-like strands from the mandibles. At this
point, a prepupa will enter a diapause period which will continue throughout the winter, or they
will continue their development emerge as adults the same summer (Kemp & Bosch, 2000). This

commitment to diapause in M. rotundata may influence the metamorphic pathway because some
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bees are not going directly into the pupal phase. Although the physiological commitment of the
pupal molt will occur before differentiation takes place (Klowden, 2003).

The goal of this study was to determine if a starvation period initiates metamorphosis in
the solitary bee M. rotundata based on previous findings from Helm et al., 2017. We
manipulated nutritional quantity to compare rate of entry into metamorphosis. We measured
entry into metamorphosis in three ways, first determining if there is a critical weight by
measuring time to growth cessation. Second, we measured JH titers over time after either a
starvation or ad libitum feeding treatment. Finally, we measured gene expression under those
same condidtions. We measured genes involved in JH synthesis and response, ecdysone
synthesis and response, and genes involved in the ISS/TOR pathway. We predicted the cue for
entry into metamorphosis would be starvation, and there will be no critical weight. Second, we
predicted JH titers would decrease with time, and would have a steeper slope in the starved
treatment, indicating food removal initiates metamorphosis. Finally, we predicted the genes
involved in metamorphosis would be upregulated sooner in the starved treatment.

Methods

Bee Rearing. M. rotundata nests containing larval bees were collected from a
polystyrene nesting board (Megablock, Beaver Plastics, Canada) during the summers of 2019
and 2020 in Fargo, ND. Adult bees used for nesting were sourced from JWM Leafcutters, Inc. of
Nampa, ID, US. Each nesting straw was removed from the nesting board, brought back to the
laboratory, and the brood cells were removed and placed into 96-well plate. The cap of the brood
cell was removed to monitor larval development.

Feeding Treatments. At the final (fifth) instar larval stage, as described by Trostle and

Torchio (1994), larval food quantity was manipulated to determine if the removal of food is the
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cue for metamorphosis. Bees were placed into three feeding treatments which included the fed
treatment in which bees were fed an ad libitum amount of food which was approximately triple
amount of pollen (2019 average = 0.1079 g + 0.0096) (2020 average = 0.0960 g + 0.003), control
in which the amount of provision was not manipulated (2019 average = 0.0301 £ 0.0016) (2020
average = 0.0339 g +0.002), and the starved, in which the entire provision was removed. Larval
bees along with the pollen provided, were placed into 24-well plates with specialized 3D printed
inserts to provide sufficient room for growth, as well as have the proper diameter for web
spinning. Bees were weighed immediately prior to being placed into treatment. Bees were
incubated at 25°C with 75% humidity maintained in darkness in an environmental chamber to
complete larval development then stored as prepupae in a 6°C chamber to overwinter beginning
in 11/2/20. Development resumed after being placed in warm temperatures on 2/22/21.

Growth Cessation and Critical Weight. Bees were placed into feeding treatment as
mentioned above (fed n=156, control n=156, starved n=156). After bees were placed into
treatment, their development was monitored under a microscope after 2, 4, 8, 12, 24, 36, 48, 72,
and 96 hours. The time of cession of growth was determined by when the individual showed the
first signs of web spinning, as indicated by silk strands being produced from the mandible of the
bee. We considered web spinning to be when the bee begins to construct their cocoon. This is an
indicator of entry into the prepupal stage (Kemp & Bosch, 2000). In 2019 bees were placed into
treatment the same day they were in the fifth instar, in 2020 bees were placed into treatment
during the fifth instar, but not the first day. Time to growth cessation was determined by the time
after treatment that the bee began web spinning.

Juvenile Hormone Titers. Bees were placed into feeding treatments as mentioned

above. We collected hemolymph from the larva 0, 2, 4, 8, 12, 18, 24, 36, 48, 72, and 96 hours
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post treatment. Hemolymph was collected using Drummond PCR (glass) Micropipettes
(Drummond Scientific Company, Broomdal, PA). HPLC-grade methanol was added, and
samples were dried under nitrogen. Samples were stored in -20°C freezer for later analysis. Upon
analysis, HPLC-grade methanol was added back to the samples and samples were then spiked
with Methoprene (company name), a JH analogue. Methoprene was added in consistent
concentrations to each sample to be used as a control. Samples were then run through a high-
performance liquid chromatography (HPLC) which detected JHIII homologue. Instrument:
Waters ACQUITY TQD — Tandem Quadrupole Detector, Waters ACQUITY UPLC — Classic.
Columns used: Phenomenex Synergi Hydro RP 30x4.6mm 4p (Pt. #: 00A-4375-E0) &
Phenomenex Security Guard C18 Guard Column (Pt. #: AJO-4286). JH III homologue was used
because it is found in most insect orders and is considered to be the simplest form of JH. JH titers
were measured to determine how they changed over time in response to feeding treatments.
Gene Expression. Bees were placed into feeding treatments as mentioned above. Final
instar larva were collected 0, 2, 4, 8, 12, 18, 24, 36, 48, 72, and 96 hours post treatment (fed or
starved) and were flash frozen on liquid nitrogen. Bees were stored in -80C. RNA extraction was
performed using Machery-Nagel NucleoSpin® Set for NuceloZOL kit, and purity of RNA on a
spectrophotometer. RNA was diluted and loaded into a 96 well plate. Samples were then sent to
Minnesota Genomics Center (Minneapolis, MN) for processing. Gene expression was quantified
using an nCounter Analysis System (NanoString Technologies Inc.) with a custom code set for
the 34 M. rotundata target genes. Gene expression was normalized using the geometric mean of
eight control genes, which were chosen because they were not differentially expressed across
multiple RNAseq datasets in M. rotundata (Yocum et al. 2018, Torson et al. 2015, Torson et al.

2017, Melicher et al. 2019).
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Statistical Analysis. All statistical analyses were performed using R statistical software
(version 3.6.1, Base R package) and graphed using the package ggplot2 (Wickham, 2016). To
determine the effect of feeding treatments (starved, control, fed) on time to growth cessation, we
used an ANOVA. A pairwise comparison (Tukey post-hoc test) was used to determine which
treatments were different from each other. To determine the critical weight, a break-point
analysis was preformed using the Davies test (Davies, 1987; Davies, 2002). This analysis
determines a significant change in the slope. Next, we used the segmented package (Muggeo,
2003) to confirm the estimated breakpoint from the Davies test. To measure JH titers over time,
we used linear regression. In order to determine differences in gene expression between
treatments over time from nCounter results, a linear regression was performed, a quadratic
regression was run if it was an appropriate fit for the model.

Results

Growth Cessation. Growth cessation was defined as when the bees began to spin their
cocoons (Kemp & Bosch, 2000). We found that feeding treatment impacts time to growth
cessation (Fig. 14, ANOVA, F2461=78.12, p <0.001). Bees in the starved treatment began
growth cessation earlier than the control treatment (p < 0.001). The fed treatment began growth
cessation later than both the starved and control treatments (fed v starved, p < 0.001) (fed v

control, p < 0.001).
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Fig. 14. Time to growth cessation
Time to growth cessation was measured as time to the start of web spinning. The horizontal grey
line represents 24 hours. Results from ANOVA.

Critical Weight. Both the starved and control treatments had a significant critical weight
breakpoint (Fig. 15, starved, Davies Test, p= 0.034) (Fig. 15, control, Davies Test, p= 0.031).
The critical weight in the starved treatment was predicted to be 0.0125g+.002. Segment analysis
was preformed to confirm the estimated breakpoint from the Davies test (starved, segment
predicted breakpoint=.0110g). Fifty percent of bees in the starved treatment began web spinning
at 24 hours. The critical weight in the control treatment was 0.0165g+.003. Segment analysis was
performed to confirm the estimated breakpoint from the Davies test (control, segment predicted
breakpoint=0.0162g). Bees that were in the fed treatment did not have a significant break point
(Fig. 15, fed, Davies test, p = 0.124). We were not able to calculate the minimum viable weight,
which is the size at which 50% of larvae develop into adults (Davidowitz et al., 2003). Survival
in the starved treatment was below 50%. Survival in the starved treatment was only 12.5%,

survival in the fed treatment was 58.3%, survival in the control treatment was 61.1%.
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Fig. 15. Critical weight

Critical weight in the different feeding treatments. Results from Davies and segment breakpoint
analysis. Horizontal grey line represents 24 hours. Dotted lines indicate the two separate slopes
calculated by the segmented package. Vertical lines represent the critical weight.

Hormone Analysis. We found significant relationship between concentration of JH and
time in the control treatment (Fig. 16, p<.001) and fed treatment (Fig 16, p=.018). We did not
find a significant relationship between concentration of JH and time in the starved treatment (Fig

16, p=0.36).
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Fig. 16. Juvenile hormone titers in larvae across time
Juvenile hormone titers from HPLC analysis. Results from linear model

Juvenile Hormone Gene Expression. Expression of genes involved in JH synthesis and
response changed significantly with time (Table 6, Fig. 17), with the exception of methyl
farnesoate epoxidase / farnesoate epoxidase (Mfe). Mfe, a gene involved in JH synthesis, was
not affected by time or treatment (time: p= 0.291, treatment: p= 0.549). Kriippel-homolog 1, an
early JH response gene was not affected by treatment (Kr-h1, p=0.535). Genes involved in JH
synthesis including aldehyde dehydrogenase (Adh, p=0.0215), farnesyl dehydrogenase (fd,
p=0.001), and juvenile hormone methyl transferase (jhamt, p<0.001) were all upregulated in the
fed treatment. The JH receptor Methoprene-tolerant was upregulated in the starved treatment
(Met, p<0.001) Juvenile hormone epoxide hydrolase (jhe), a gene involved in the breakdown of
JH was upregulated in the fed treatment (p=0.001). Farnesyl diphosphate phosphatase (fppp,
p=0.090) did not differ by treatment.

Ecdysone Gene Expression. Many genes associated with ecdysone synthesis and

response changed significantly with time (Table 6, Fig. 18). Genes involved in ecdysone
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synthesis and activation such as disembodied (Dib, p<0.001), and shade (shd, p<0.001) were
upregulated in the starved treatment. Although shadow (sad, p=0.105), and 26-hydroxylase (heh,
p=0.385) were not significantly affected by feeding treatment. The ecdysone receptor (Ecr) and
Ultraspiracle (Usp) increased with time but were not affected by feeding treatment (Ecr
p=0.195), (Usp=0.246). PTTH was not significantly affected by feeding treatment (p=0.223).
Broad-complex (BR-C), brick-a-brack-tamtrack-broad (BTB), E93, and E74 which are involved
in early ecdysone response and associated with pupal commitment, increased with time. BR-C
(p<0.001) was upregulated in the starved treatment. £74 was upregulated in the fed treatment
(p<0.001), BTB (p=0.0324) and E93 (p=0.089) was not differentially expressed by treatment but
increased with time.

Insulin Pathway Gene Expression. Expression of genes involved in the insulin
signaling pathway changed significantly with time (Table 6, Fig. 19), with the exception of
insulin-like growth factor 1 (igfl). Igf1 was not affected by time (p= 0.120) but was significantly
upregulated in the fed treatment (p <0.001). Serine-threonine protein kinase (Akt, p <0.001) and
phosphoinositide-3-kinase (Pi3k, p <0.001) were also upregulated in the fed treatment. The
insulin-like receptor (Inr, p<0.001), Forkhead box protein O (FOXO, p<0.001) and 3-
phosphoinositide-dependent protein kinase 1 (pdk, p<0.001) were upregulated in the starved
treatment. Phosphatase and tensin homolog (PTEN), a negative regulator of the insulin pathway,
was not differentially expressed by treatment (p=0.224).

Target of Rapamycin (TOR) Pathway. Expression of all genes involved in the Target
of Rapamycin (TOR) pathway changed significantly with time (Table 6, Fig. 19). Target of

Rapamycin (TOR, p<0.001), and the regulator-associated protein of TOR (Raptor p=0.010)
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were upregulated in the starved treatment. and ribosomal protein kinase 6 (s6k p=0.101)

expression did not differ by treatment.
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Table 6. Gene expression data from NanoString analysis

Pathway Gene Name Model term P value Upregulation
Ecdysone BRC Hours <0.001 Increase
Treatment <0.001 Starved
Interaction <0.001 wek%
BTB Hours+ <0.001 Increase
Treatment 0.324 NS
Interaction 0.014 w¥
Dib Hours+ <0.001 Increase
Treatment <0.001 Starved
Interaction 0.0255 ¥
E74 Hours+ <0.001 Increase
Treatment <0.001 Fed
Interaction 0.099
E93 Hours+ <0.001 Increase
Treatment 0.089 NS
Interaction 0.069
Ecr Hours <0.001 Increase
Treatment 0.195 NS
Interaction 0.023 ¥
Heh Hours+ <0.001 Increase
Treatment 0.385 NS
Interaction 0.691
PTTH Hours 0.138 NS
Treatment 0.223 NS
Interaction 0.699
Sad Hours+ 0.016 Decrease
Treatment 0.105 NS
Interaction 0.104
Shd Hours+ 0.052 NS
Treatment <0.001 Starved
Interaction <0.001 wek%
Usp Hours+ <0.001 Increase
Treatment 0.246 NS
Interaction <0.001 wx%
JH adh Hours+ 0.036 Decrease
Treatment 0.0215 Fed
Interaction 0.815
Fd Hours <0.001 Decrease
Treatment 0.001 Fed
Interaction 0.020 w¥
Fppp Hours <0.001 Decrease
Treatment 0.090 NS
Interaction <0.001 wek%
Jhamt Hours+ 0.020 Increase
Treatment <0.001 Fed
Interaction 0.003 wk%
Jhe Hours <0.001 Decrease
Treatment 0.001 Fed
Interaction <0.001 wex%
Krhl Hours+ <0.001 Decrease
Treatment 0.535 NS
Interaction 0.225
Met Hours <0.001 Increase
Treatment <0.001 Starved
Interaction 0.076
Mfe Hours 0.291 NS
Treatment 0.549 NS
Interaction 0.948
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Table 6. Gene expression data from NanoString analysis (continued)

Pathway Gene Name Model term P value Upregulation
Insulin/TOR Akt Hours+ <0.001 Decrease
Treatment <0.001 Fed
Interaction 0.132
FOXO Hours <0.001 Increase
Treatment <0.001 Starved
Interaction 0.256
Igfl Hours 0.120 NS
Treatment <0.001 Fed
Interaction 0.440
Inr Hours <0.001 Increase
Treatment <0.001 Starved
Interaction 0.0295 wk%
Pdk Hours <0.001 Increase
Treatment <0.001 Starved
Interaction <0.001 wk%
pi3k Hours+ <0.001 Decrease
Treatment <0.001 Fed
Interaction 0.011 wek%
Pten Hours+ 0.005 Decrease
Treatment 0.224 NS
Interaction <0.001 wek%
Raptor Hours <0.001 Increase
Treatment 0.010 Starved
Interaction <0.001 wek%
Sék Hours <0.001 Increase
Treatment 0.101 NS
Interaction 0.144
TOR Hours+ 0.015 Increase
Treatment <0.001 Starved
Interaction 0.176

Genes are listed according to broad functional groups. Results from linear regression. Upregulation is referring to which
treatment the corresponding gene showed higher expression. Increase, and decrease refers to the change in expression over time.
NS indicates no significance

+significant quadratic model reported

*** indicates significance in the interaction term (hours*treatment)

Discussion
The critical weight and entry into metamorphosis shows different patterns among insects.
The critical weight differs in the two model insects Manduca and Drosophila in three major
ways. First, the timing of the critical weight during the last larval instar differs between the two
organisms. Manduca reaches their critical weight at a later point in their final larval instar than
Drosophila (Nijhout and Williams, 1974; Mirth et al., 2009) Second, the influence of starvation
on the critical weight also differs between the two organisms. Starvation speeds up timing to

metamorphosis after the critical weight has been reached in Drosophila and not Manduca (Mirth
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et al., 2009). Third, the physiological response to hormones also differs between Manduca and
Drosophila during the critical weight period: a decline in JH titers are the cue for metamorphosis
in Manduca, while JH is not as important in influencing Drosophila metamorphic timing (Fain
and Riddiford 1974, Baker et al., 1987; Colombani et al., 2005; Nijhout and Williams, 1974;
Caldwel et al., 2005; Mirth et al., 2005, Mirth et al. 2004). In Drosophila, the cue for
metamorphosis is influenced by insulin/TOR signaling the in the Prothoracic Gland, which
regulates ecdysone synthesis (Caldwell et al., 2005; Colombani et al., 2005; Mirth et al., 2005;
Layalle et al., 2008).

Like Drosophila, we found that starvation in M. rotundata speeds up time to growth
cessation such that starved larvae initiate cocoon spinning sooner than fed larva. In Drosophila, a
starvation period after the critical weight will speed up the time to metamorphosis (Mirth et al.,
2005; Stieper et al., 2008), but in a post-critical weight Manduca larvae, starvation will not
impact timing to metamorphosis (Nijhout and Williams 1974). Our results show that bees in the
starved treatment began web spinning at 24 hours before bees in the fed treatment. We found that
M. rotundata has a critical weight, which is indicated by a significant breakpoint in the slope in
which larvae below the critical weight delay timing to metamorphosis. The slope before the
critical weight in the starved treatment is -5831.9 and the slope after the breakpoint was -418.3.
We see a similar pattern in the control treatment, which also had a critical weight, the slope
before the critical weight was -2281.80 and the slope after the critical weight was, -504.02. It
was suprising to find a critical weight in the control treatment, because food was not manipulated
in that treatment. There are multiple definitons for critical weight, when it was first discovered in
Manduca, it was defined as the weight at which starvation does not delay timing to

metamorphosis. This trend does not hold true in Drosophila because when larvae are starved
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after the critical weight, the timing to metamorphosis speeds up (Mrith et al., 2005). This shows
that starvation can change timing to growth cessation, so a more general definition has been
applied to the critical weight, which is the size at which an insect is physiologically committed to
metamorphosis (Davidowitz 2003). We found that M. rotundata larvae have a critical weight
around 0.0125g. The timing of the critical weight is similar to what is seen in Drosophila
because the critical weight appears to occur fairly early in the final larval instar. In Drosophila,
the critical weight occurs during the first 25% of the final instar (Mirth and Riddiford, 2009),
while in Manduca, it occurs later in their final instar (Nijhout and Williams, 1974). Our results
show that the critical weight occurs very early in the starved treatment we see the critical weight
occurs in the first 3.2%, and the critical weight in the control treatment occurs in the first 2%. In
both Manduca and Drosophila, starvation delays time to critical weight, which is not what we
see in our data (Koyama et. al, 2014).

The critical weight seen in M. rotundata is different than what is seen in other solitary
bees. O. lignaria does not have a critical weight. Metamorphosis is induced by food removal.
Starved bees initiated metamorphosis ~24 hours (Helm et al. 2017), even when starved at or
below the minimum viable weight. In O. lignaria, excess feeding can prolong the time to growth
cessation up to 20 days. In this study, the difference in growth cessation between the fed and
starved treatment was 24 hours on average. The control treatment differed from the starved
treatmetn by two hours. Fifty percent of the bees in the starved treatment began webspinning at
24 hours, fifty percent of bees in the control treatment began webspinning at 16 hours, and in the
fifty percent of bees in the fed treatment began webspinning around 48 hours. This indicates that

the terminal growth period in M. rotundata is much shorter than O. lignaria. Our results indicate
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a critical weight: larvae smaller than 0.0125g delayed webspinning, indicating that the removal
of food was not the cue for metamorphosis.

We saw that JH titers decreased over time. JH only decreased in the fed and control
treatments. The lack of correlation between JH titers and time in the starved treatment could
indicate that JH titers are low in that treatment. A decline in JH titers appears to be important for
morphometric commitment, and initiates metamorphosis in O. lignaria (Helm et al. 2017). This
is similar to what is seen in response to the critical weight in Manduca, which show declines in
JH titers appear to be the key response to the changes based on metamorphic commitment at the
critical weight period in Manduca (Nijhout and Williams 1974; Fain and Riddiford, 1975; Baker
et al., 1987), while JH does not appear to be as influential in the critical weight of Drosophila
(Mirth et al., 2014). In Manduca, JH titers are high before the critical weight and plateau before
JH declines after the critical weight. Our results in M. rotundta show that there is no plateau in
JH before the critical weight, and we see a negative correlation between JH and time. This may
be because JH sampling in M. rotundata was biased toward larger individuals in order to obtain
enough hemolymph to measure hormone titers. Future work should attempt to include larvae
below the critical weight, or earlier instar larvae in order to determine when the decline in JH
titers occurs. This study shows that a decline in JH is important for entry into metamorphosis,
although the lack of correlation of JH and time in the starved treatment complicates these results
and requires more investigation.

The transition into the pupal phase relies on JH titers being low (Gilbert et al., 2000).
From our results, JH titers decrease with time in M. rotundata, and influence the timing of
metamorphosis. Our results also indicate that bees in the starved treatment are committing to

metamorphosis earlier than bees in the fed treatment. The downregulation of genes involved in
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JH synthesis indicate that the clearance of JH occurs earlier in the starved treatment. The genes
involved in JH synthesis including aldehyde dehydrogenase (adh), farnesyl dehydrogenase (fd),
and juvenile hormone methyl transferase(jhamt) are all upregulated in the fed treatment and
decrease overtime, although methyl farnesoate epoxidase / farnesoate epoxidase (mfe) and
farnesyl diphosphate phosphatase (fppp) were not. This indicates that JH production is
decreasing with time in both treatments, and at a slower rate in the fed treatment. Juvenile
hormone esterase (jhe) which regulates JH catabolism, appears to decrease over time and is
upregulated in the fed treatment. This may indicate that fed bees are still in the process of
clearing JH. Methoprene-tolerant (Met) is thought to be the JH receptor, and responds to levels
of JH. Met also regulates Kriippel-homolog 1 (Kr-hl) and Broad-complex (BR-C genes). Kr-hl
and Met function to repress metamorphosis in the presence of JH. Our results show Met increases
over time, and was upregulated in the starved treatment, which is not what we expect, but the
expression of Met tends to fluctuate during the final larval instar, and prepupal phase (Minakuchi
et al., 2008). Our results show that Kr-A1 is not differentially expressed by treatment but declines
with time after a peak around 24 hours in the starved treatment. The spike in Kr-A1 in the starved
treatment is not what we expect as it is typically associated with maintaining the larval stage, but
the upregulation of K41 has been seen in the prepupal stage in Tribolium castaneum
(Minakuchi et al., 2008) this may be what we are seeing in M. rotundata. This upregulation of
Kr-h1 in the prepupal stage is associated with an upregulation in BR-C (Minakuchi et al., 2008).
BR-C is upregulated in larval-pupal molts (Konopova et al., 2011), our data show BR-C and
brick-a-brack-tamtrack-broad (BTB) (a component of BR-C) increasing with time in the, and
BR-C is upregulated in the starved treatment. These data confirm that bees in our study are

entering metamorphosis through the decline in JH, and transitioning to the prepupal phase, and it
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appears that this is occurring faster and earlier in the starved treatment compared to the fed
treatment.

Genes that are upregulated in ecdysone synthesis and response are associated with the
release of ecdysone in preparation for a metamorphic molt (Riddiford,1993). Genes involved in
the synthesis of ecdysone from cholesterol including disembodied (dib), shadow (sad), and shade
(shd) showed different patterns of expression in relation to time and treatment. Dib expression
increased with time, sad expression decreased with time, and shd expression did not change with
relation to time. Both dib, and shd were upregulated in the starved treatment, but sad was not.
Sad 1s a biproduct of dib, so it is unclear why it is not similarly expressed. The activation of shd
occurs after sad, and it is shd which is the final step in the conversion to ecdysone (20E).
Ecdysone binds to the EcR-UsP complex, which is the ecdysone receptor. We saw the ecdysone
receptor (EcR) and Ultraspiracle (UsP) increasing with time there no difference in expression by
treatment. Genes involved in ecdysone response (E93 and E74) increased with time. £93 does
not show differential expression by treatment, and £74 was upregulated in the fed treatment.
E93 and E74 are expressed throughout the lifespan in Drosophila, but are also involved in
metamorphosis, prepupal and pupal development (Mou et al., 2012 Thummel et al., 1990 Urness
and Thummel, 1990, Fletcher et al., 1995). We see genes involved in ecdysone synthesis
increasing with time. This indicates that bees are beginning a metamorphic molt.

Metamorphosis begins when JH titers are low which allows the release of
Prothoracicotropic hormone (PTTH) and stimulates the release of ecdysone. In our study, PTTH
was not differentially expressed by treatment and expression did not change over time. PTTH
expression was relatively low during our experimental timepoints, indicating that the release of

PTTH has not occurred. M. rotundata diapause as prepupae so the absence of a pulse of PTTH
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could be due to a diapause commitment in these individuals. The overall pattern demonstrated
that ecdysone synthesis is increasing over time and is upregulated in the starved treatment, which
corresponds to the process of molting to the pupal stage. These prepupae are preparing for a molt
to pupae, but the actual molt may be paused until after the overwintering diapause.

The ISS/TOR pathway is important for insect growth and development, and it also plays
a key role in influencing timing to metamorphosis by interacting with ecdysone production.
(Koyama et al., 2014; Mirth et al., 2005; Ohhara et al., 2017). IIS controls ecdysone titers during
the larval stage (Layalle et al., 2008), but it has also been demonstrated that genes involved in the
ISS pathway are also important for metamorphic molts. When insects are feeding, the insulin
signaling pathway responds to carbohydrate levels. Consumption of carbohydrates will initiate
the release of insulin-like peptides. In this study we measured gene expression in larvae which
were starved, and therefore not feeding, and larvae that were provided an ad /ibitum amount of
food. Upregulation of genes in the ISS/TOR pathway in starved larva are likely involved in
metamorphic commitment, instead larval growth. Genes upregulated in the fed treatment might
be responding to nutrition. In both cases, it is likely that upregulation of genes after 48 hours
show response to metamorphic commitment because majority of the larvae in both treatments
had reached growth cessation at that time. The insulin signaling pathway regulates growth rates
in insects. Insulin-like growth factor (IGF1) did not change with time and was upregulated in the
fed treatment indicating a response to feeding. The activation of the insulin-like receptor (InR)
will initiate a cascade of events that activates phosphoinositide-3-kinase (Pi3k), 3-
phosphoinositide-dependent protein kinase 1 (PDK) and Serine-threonine protein kinase (Akt).
Our results show /nR and PDK increase over time and are upregulated in the starved treatment.

Because of their upregulation in the starved treatment, it is likely that these genes are involved in
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the metamorphic molt. In Drosophila, Mutations to the /nR cause a delay in metamorphosis,
demonstrating ISS is partially responsible for the regulation of timing of metamorphosis
(Shingleton et al. 2005), which may be the case in our study. In Bombyx mori, InR, PiK3, and
PDK, Phosphatase and tensin homolog (PTEN) are upregulated in response to starvation during
molting and pupation when ecdysone levels were high (Liu et al., 2010). Although our results
show that PTEN and Pi3k are not upregulated in the starved treatment. PTEN, a negative
regulator of the insulin pathway, showed no difference between the treatments, and Pi3k was
upregulated in the fed treatment. In Drosophila, Pi3k plays a role in increasing ecdysone levels
during the larval stage and influences growth (Colombani et al. 2005 Caldwell et al., 2005; Mirth
et al. 2005). Our study shows levels Pi3K expression decreasing over time and upregulated in the
fed treatment, the role of Pi3k regulating ecdysone production in larval molts may be on the
decline in the fed treatment in M. rotundata.

During development Serine-threonine protein kinase (Akt) phosphorylates Forkhead box
protein O (FOXO). FOXO is a negative regulator of ISS plays an important role in the
metamorphic molt from larva to pupae (Cai et al., 2016; Hossain et al., 2013). The silencing of
FOXO delays or stops pupation (Cai et al., 2016; Lin et al. 2018). We found FOXO is
upregulated in the starved treatment and is increasing with time. It has a peak in the starved
treatment between 24 and 48 hours. This up-regulation of FOXO is consistent with the initiation
of a metamorphic molt at those timepoints.

The Target of Rapamycin (TOR) pathway responds to amino acids nutrient signaling and
activates protein synthesis. In Drosophila, Target of Rapamycin (TOR) also influences ecdysone
production in the PG and is important for the ecdysone pulse during metamorphosis as

demonstrated by the inactivation of TOR delaying metamorphosis (Layalle et al., 2008). In our
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study, genes associated with the TOR pathway, including, the regulator-associated protein of
TOR (raptor), ribosomal protein kinase 6 (s6k), and TOR increased with time and were
upregulated in the starved treatment with the exception of s6k which did not show a difference
between the fed and starved treatments. TOR is upregulated in the starved treatment and
increases over time; this trend aligns with the genes involved in ecdysone synthesis. This may
indicate that TOR is influencing timing of metamorphosis, as predicted. Upregulation of genes
involved in the ISS/TOR pathway do not show clear patterns based on treatment. This may
indicate that the ISS/TOR pathway playing different roles based on the feeding status of the bee.
While the ISS/TOR is important for controlling larval growth, we see many genes in the
ISS/TOR pathway are upregulated in the starved treatment. These genes have been shown to be
important regulators of metamorphic molts in other insects. Based on these data it appears that
bees in the starved treatment are experiencing the start of metamorphosis earlier than the bees in
the fed treatment.

The goal of this study was to determine the regulation and timing of metamorphosis in
the solitary bee Megachile rotundata. We found the cue for metamorphosis in M. rotundata was
a critical weight. The physiological commitment to metamorphosis appears to be influenced by
both declines in JH titers, and genes in the ISS/TOR pathway. The timing of the critical weight,
and effect of starvation on growth cessation in M. rotundata is more similar to the critical weight
in Drosophila (Mirth and Riddiford, 2009; Mirth et al., 2005; Stieper et al., 2008), while the
influence of JH for commitment to metamorphosis is more similar to Manduca (Browder et al.
2001, Hatem et al., 2015). We see clear patterns in our study that declines in JH are important for
initiating the start of metamorphosis, while genes involved in the ISS/TOR pathway have do not

show distinct patterns of upregulation indicating that these genes are involved in timing to
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metamorphosis but not directly influencing this transition. Determining the critical weight in M.
rotundata shows that there are species specific differences in the physiological control of
metamorphic commitment.
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CHAPTER 5: CONCLUSION

Body size is not only important for performance and fitness on an individual scale, it is
important to understand body size on a larger scale. Bee body size is in decline (Oliveira et al.
2016). A study that spanned a century and a half showed large body-sized bees are becoming
smaller (Oliveira et al. 2016). Bigger bee populations are declining at a faster rate than small bee
populations (Bartomeus et al. 2013). This pattern is due to anthropogenic changes in the
landscape, especially the intensification of agriculture, leading to a reduction in resource
availability (Renauld et al. 2016). Diminished resource availability leads to a reduced amount of
food a female bee can provide to her offspring (Bosch, 2008). Maternal investment adapts to
resource conditions, and when resources are scarce females provide smaller provision amounts to
the developing offspring, leading to the production of “tiny” female offspring (Kim and Thorp
2001; Bosch, 2008). This is an indicator that a decrease in resource availability may lead to
smaller body-sized bee populations. With concern for pollinator habitat loss, there is a need for
more research to focus on the potential performance outcomes of smaller bees, as well as how
these bees will respond to stress. I have found that smaller bees are not always at a disadvantage.

Body size variability is related to many aspects of performance and fitness, including
flight performance (Bushwald & Dudley 2010), fecundity (Blanckenhorn 2000; O’Neill et al.
2014), foraging distance (Greenleaf et al. 2007) and overwintering survival (Bosch & Kemp,
2004). While many of these trends can be seen across species, this dissertation looked at
intraspecific effects of body size. I determined how metabolic rate, and flight-related
morphology scales with body size, telomere loss and aging, and the cue for metamorphosis. I
found that when looked at within a species, patterns are different than what occurs across

species, or in model organisms. My results show in solitary bees, there are instances in which it
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is advantageous to being small. The advantages to small body size in insects often been
overlooked. This dissertation demonstrates that smaller bees are not at a disadvantage and
contradicts the assumption that performance will increase with body size, or bigger is better.

Chapter 2 demonstrated how body size allometry impacted metabolic and flight related
morphology in M. rotundata. 1 measured resting and flight metabolic rates on a large range of
body sizes in a single species. Metabolic rate was measured in bees which had a four-fold change
in body size. This is a larger range in body size than has previously been measured (Bennett et
al., 2013, Abdelrahman et al., 2014; Owings et al., 2014). I found a mass-specific difference in
resting metabolic rate, but there was no difference in metabolic rate during flight. I found that
larger bees had a higher absolute metabolic rate during flight and at rest. This difference in flight
metabolic rate may be due to the allocation of resources to the thorax, as demonstrated by
hyperallometric scaling. We also saw hypoallometric scaling of wings. This difference in body
size allometry influenced flight performance. Larger bees had wings that grew hypoallometric to
body size contributing to larger bees having less power available during flight. Smaller bees
demonstrated a reduced power requirement for flight with no metabolic cost.

Chapter 3 determined the telomere dynamics in two solitary bee species, M. rotundata,
and O. lignaria. Telomere dynamics may be a potential mechanism of understanding cellular
aging, and telomere attrition is often associated with aging (Blackburn 2015; Haussman and
Vleck 2002). This was the first study to date to measure telomere length in solitary bees. Our
results show that the telomere dynamics of solitary bees differ from social bees (Korandova &
Frydrychova 2016 Koubova et. al 2019 Koubova et. al 2021). I found that telomeres get longer
in later developmental life stages and telomere length appears to be maintained in the adult stage

in both M. rotundata and O. lignaria. These data show that telomeres remain short at early stages
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in development. Telomeres appear to get longer in response to emergence from the quiescent
stage. I found no effect of body size on telomere length. In solitary bees, amount of food
consumed in the larval stage influences final adult body size (Klostermeyer et al. 1973). Low
amounts of larval nutrition, and small body size does not appear to be stressful in solitary bees.
Nutritional stress may be reflected in shorter telomeres in response to increased oxidative
damage. This study demonstrates that there is not a cost to smaller body size as reflected in
telomere length.

In chapter 4, I determined the cue for metamorphosis in M. rotundata was a critical
weight which was influenced by titers of JH. Larval growth and development is important for
determining final adult size. Amount of food provided to larval bees directly influences adult
body size. Larval growth rate, and timing to metamorphosis also influences final adult body size
(Sehnal, 1985, Nijhout et al., 2006). This chapter shows that M. rotundata has a critical weight
which initiates the physiological commitment to metamorphosis. This was confirmed by declines
in JH titers, and upregulation of genes involved in metamorphic and prepupal commitment. The
critical weight in M. rotundata occurs at a low weight and occurs early in the final larval instar.
A low critical weight may be a “bail-out mechanism” in response to low or ephemeral food
availability (Hatem et. al, 2015). Solitary bee larvae rely on nutritional provisions from the
mother and cannot continuously feed on their own. When resources are low the mother may not
be able to adequately provide resources for the developing offspring (Bosch, 2008). Early
commitment to metamorphosis ensures that the larvae can still enter metamorphosis under food
stress. With increasing concern over a reduction in resource availably, it is advantageous to reach
the critical weight earlier to increase chance of survival. This may indicate that small adult body

size is sustainable in M. rotundata, and body size can adapt to resource availability.
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