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ABSTRACT

Extreme heat poses a major threat to flowering plants and bee pollinators, yet the direct
and indirect consequences of heat stress are not well understood, particularly for spring-blooming
crops and native solitary bees. Pollen germination and tube growth are highly sensitive to extreme
heat, yet few studies have determined the effects of extreme heat on pollen performance of spring-
blooming perennial crop plants. To understand how northern highbush blueberry (Vaccinium
corymbosum L.) pollen responds to different temperatures, pollen germination and tube growth
were measured in vitro using four cultivars (‘Bluecrop’, ‘Elliott’, ‘Jersey’, and ‘Liberty’) at
temperatures between 10-40°C and 30-40°C. Recovery from high heat was also tested in
‘Bluecrop’ pollen to determine whether pollen tubes can still germinate and grow after short bursts
of extreme heat. Across all tested cultivars, the greatest germination success and longest pollen
tubes occurred at 20 and 30°C and the lowest at 10 and 40°C, with nearly complete inhibition at
40°C. Significant reduction in pollen germination and tube growth occurred at temperatures at and
above 35°C across all cultivars and assessment times. Exposure to 37.5°C for only 4 hours resulted
in substantial reductions in pollen germination and tube growth, even after pollen was moved to
optimal conditions of 25°C. These results demonstrate that exposure to extreme heat, even for a
short duration, can significantly inhibit pollen germination and tube growth and may have
cascading effects on fruit set and crop yields. To determine whether extreme heat affects blueberry
fruit set and berry parameters, ‘Bluecrop’ bushes at several floral bud development stages (tight
bud, bud swell, bud break, early pink bud, late pink bud) were exposed to heat stress (37.5°C) or
normal (25°C) conditions for 4 hours and flowers were hand-pollinated at anthesis. Fruit set was
significantly lower when heat treatment was applied at bud swell, but there were no clear patterns
for pre-bloom heat stress affecting fruit quality. Given the negative consequences of extreme heat
on blueberry pollen, I investigated whether extreme heat exposure to host plants also affects the
behavior, fecundity, development, or survival of Osmia lignaria, a native solitary bee pollinator
of blueberry. A no-choice semi-field cage experiment was conducted to provide female O. lignaria
bees with host plants (blueberry, lacy phacelia, white clover) previously exposed to extreme heat
(37.5°C) or normal temperatures (25°C) for 4 hours at 25% bloom. Despite a similar number of
open flowers and floral visitation between the two temperature treatments, female bees provided
heat stressed plants laid significantly fewer eggs. Progeny were provided similar quantities of

pollen provisions between the two temperature treatments, yet larvae consuming pollen from heat



stressed plants had significantly lower survival as larvae and adults. Delayed emergence and
reduced adult longevity were observed when larvae consumed heat stressed pollen. This study is
the first to document how short, field-realistic bursts of extreme heat exposure to flowering host
plants can indirectly affect bee pollinators and their offspring, with important implications for crop
pollination and native, solitary bee populations. Given the consequences of extreme heat on
northern highbush blueberry pollen performance and O. lignaria bee fecundity and survival, poor
pollen nutrition is a potential mechanism driving these responses. To determine whether extreme
heat affects the nutritional content of blueberry pollen, ‘Bluecrop’ pollen was collected from
bushes exposed to extreme heat (37.5°C) or normal temperatures (25°C) for 4 hours at five
development stages. Exposure to extreme heat had variable consequences for pollen nutrients
across floral development stages. Pollen starch content was significantly reduced following heat
stress at the tight bud stage. No significant differences were observed for glucose or sucrose. These
results suggest that exposure to heat had stronger effects on pollen starch content and may have
disrupted sugar metabolism, utilization, or transport, with potential negative consequences for
pollen performance and bee nutrition. Pollen protein was significantly reduced at bud swell
following heat exposure, but no significant effects were observed at other development stages.
Total amino acid content was significantly lower at bud swell following heat stress, driven by
reductions in aspartate, glutamate, methionine, proline, and lysine, potentially explaining the
observed negative consequences for pollen performance, fertilization, bee fecundity, and brood
development. When comparing essential and non-essential amino acids, exposure to extreme heat
had no significant effects on essential amino acids yet it significantly reduced non-essential amino
acids at bud swell. Some essential amino acids were increased in response to heat stress, with
potentially conflicting effects on plant production and bee nutrition. Overall, these findings suggest
the greatest heat sensitivity in blueberries occurs at bud swell, with negative consequences of brief
extreme heat stress on pollen performance, fruit production, and bee health. This research provides
novel insight into the effects of extreme heat in blueberry pollination systems and suggests that
studies evaluating the direct effects of heat stress on bees or plants may have underestimated the

consequences for plants, bees, and their interactions.
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CHAPTER 1. DIRECT AND INDIRECT EFFECTS OF EXTREME HEAT ON
POLLINATION SYSTEMS

1.1 INTRODUCTION

Climate change is increasing the intensity and frequency of extreme heat events with
negative implications for plants, pollinators, and their interactions (Zinn et al., 2010; Hatfield and
Prueger, 2015; Mesihovic et al., 2016; Miiller and Rieu, 2016; Settele et al., 2016; Vanderplanck
et al., 2019; IPCC 2018; Walters et al., 2022; IPCC 2023). Exposure to extreme heat, or
temperatures 5-10°C above an organism’s critical development threshold for a sufficient amount
of time, results in direct heat stress (Wahid et al., 2007) with adverse consequences for bee and
plant physiology (Bordier et al., 2017; Hamblin et al., 2017; Chaturvedi et al., 2021; Zhao et al.,
2021; Zhu et al., 2021), capacity for acclimation (Martinet et al., 2015; Mesihovic et al., 2016;
Oyen and Dillon, 2018; Martinet et al., 2021a; Gonzalez et al., 2022a, b; Hernandez-Fuentes et al.,
2023; Sepulveda and Goulson, 2023), and reproductive potential (Vanderplanck et al., 2019;
Amuji et al., 2020; Lohani et al., 2020; Zhao et al., 2021; Campion et al., 2023). When extreme
heat events occur, both bees and plants can endure heat stress that results in compounding,
interactive ramifications for these organisms. Studies on direct and indirect effects of extreme heat
on bees, plants, and their interactions are currently limited (but see Greenop et al., 2020; Descamps
et al., 2021; Hemberger et al., 2023), resulting in an incomplete understanding of extreme heat
repercussions for pollination systems. There is a need for more research on the direct and indirect
consequences for bees and crop plants that are particularly at risk from high temperatures,
including native, solitary bee species and spring-blooming perennial crops.

1.1.1 Direct effects of extreme heat on plants, flowers, and pollen

In contrast to gradual temperature increases (>1.5-3°C) that are the focus of most climate
change research and policies, extreme heat is increasingly recognized as a major driver of stress
in natural and managed systems experiencing the effects of climate change. These extreme events
leave little time to acclimate and can adversely affect plant functioning and survival across all
development stages. For example, severe and sometimes irreversible reductions in photosynthesis
can occur following exposure to extreme heat, even for just a few hours (Hiive et al., 2011; Feller
and Vaseva, 2014; Moore et al., 2021). Reduced photosynthetic activity due to heat stress has been
attributed to the deactivation of Rubsico, the key enzyme for CO assimilation during

photosynthesis, limiting electron transport activity and ATP synthesis in plants (Salvucci and



Crafts-Brandner, 2004; Perdomo et al., 2017; Waheeda et al., 2023). Rubisco requires Rubisco
activase for its activation, but this is highly sensitive to heat and can be negatively affected by
temperatures above 30°C (Salvucci and Crafts-Brandner, 2004; Sharkey, 2005; Waheeda et al.,
2023). Such reductions in photosynthesis have negative consequences for entire plants, limiting
the metabolism and transport of nutrients required for plant growth, reproduction, and survival
(Moore et al., 2021).

All developmental stages in plants are potentially affected by heat stress, but reproductive
development (floral development, pollination and fertilization) is more sensitive to heat than
vegetative development (Zinn et al., 2010; Snider and Oosterhuis, 2011; Mesihovic et al., 2016;
Raja et al., 2019; Lohani et al., 2020; Soroye et al., 2020; Chaturvedi et al., 2021; Moore et al.,
2021). Furthermore, certain stages of plant sexual reproduction are more sensitive to heat than
others. Reproductive development occurs in three general stages: gametophyte development (from
meiosis to pollination), progamic phase (from pollination to zygote formation), and embryo
development (from zygote to seed) (Snider and Oosterhuis, 2011). During progamic development,
a series of coordinated processes must occur for successful fertilization, where anthers release
mature pollen grains to be transferred to a receptive stigma surface. These adhered pollen grains
germinate and penetrate the stigma surface, and pollen tubes grow up the style of the flower
towards the ovules (Snider and Oosterhuis, 2011). Thus, viable pollen and a receptive stigma are
required for fertilization, yet these processes can be disrupted following brief bouts of heat stress.
While female floral organs (stigma, style, and ovary) are considered less sensitive to heat stress
than male floral organs (Lohani et al., 2020), under natural conditions heat stress will
simultaneously affect both reproductive tissues and can have additive negative repercussions on
fertilization success. When extreme heat occurs during floral development, maturation, and/or
dehiscence, it can have compounding adverse consequences. For example, extreme heat exposure
during flower development can result in fewer or morphologically abnormal flowers with altered
or atypical arrangement of petals (Descamps et al., 2018; Chen et al., 2019b; Amuji et al., 2020;
Lohani et al., 2020; Alsamir et al., 2021; Abdellatif et al., 2022) as well as abnormalities in the
size, length, and number of stamens and pistils (Descamps et al., 2018; Lohani et al., 2020;
Matsuda and Higuchi, 2020; Alsamir et al., 2021).

Among the gametophyte and progamic phases, greater sensitivity to heat extremes have

been observed during pollen development, pollen germination, pollen tube elongation, and



fertilization, where even a few hours of extreme heat exposure can be detrimental (Zinn et al.,
2010; Snider and Oosterhuis, 2011; Mesihovic et al., 2016; Raja et al., 2019; Lohani et al., 2020;
Chaturvedi et al., 2021). Pollen development occurs in two sequential stages, microsporogenesis
and microgametogenesis (Fadon et al., 2019). During microsporogenesis, meiotic division occurs
forming the tetrads of haploid microspores and during microgametogenesis, microspores enlarge
and differentiate as pollen grains following haploid mitotic divisions (Carrizo Garcia et al., 2017;
Fadon et al., 2019). While these processes occur within a few days in annual plants, woody
perennial plants require several months to complete this development as they undergo a dormancy
period in the winter (Koltunow et al., 1990; Smyth et al., 1990; El-Ghazaly and Grafstrom, 1995;
Julian et al., 2011; Mirgorodskaya et al., 2015; Fadon et al., 2019). Heat stress during floral
development can also result in the degradation of the tapetum (i.e., innermost cell layer lining the
anther locule), failure to release microspores, altered metabolism and transport of nutrients in
pollen, reduced pollen viability, poor anther dehiscence and failure to release pollen (Snider and
Oosterhuis, 2011; Santiago and Sharkey, 2019; Lohani et al., 2020; Santiago et al., 2021; Kumar
et al., 2022). When heat inhibits nutrient sequestration in developing pollen grains, concentrations
of carbohydrates, proteins, lipids, and amino acids can be reduced or altered (Borghi and Fernie,
2017; Borghi et al., 2019; Santiago and Sharkey, 2019; Lohani et al., 2020; Santiago et al., 2021).
Many of these nutrients drive reproductive processes including pollen germination and tube
growth, which are necessary for fertilization, so this depletion of nutrients can reduce pollen
quality, performance, and subsequent reproduction (Borghi and Fernie, 2017; Raja et al., 2019;
Lohani et al., 2020; Chaturvedi et al., 2021; Kumar et al., 2022).

Synergistic effects can occur when female floral organs are also exposed to heat stress,
reducing soluble carbohydrates and ATP content in pistils, further inhibiting pollen tube growth
and fertilization (Snider et al., 2009). Initially, pollen grains rely on pre-existing carbohydrate
reserves to fuel pollen tube growth, but eventually utilize carbohydrates provided by the
transmitting tract of the style (Herrero and Arbeloa, 1989; Zinn et al., 2010), emphasizing the
potential for additive effects of heat stress experienced by male and female floral tissues. Rapid
reductions in stigmatic receptivity are also reported following heat stress, inhibiting support for
pollen penetration, germination, and adhesion (Hedhly et al., 2003, 2005). Heat stress during
female gametophyte development can also decrease and malform ovules, desiccate the stigma and

style, and lead to ovule abortion (Snider et al., 2009; Lohani et al., 2020), further perpetuating



fertilization failure in addition to poor pollen performance. Understanding the adverse effects of
extreme heat on pollen performance (i.e., pollen germination and pollen tube growth) and stigmatic
receptivity is important given their sensitivity to high temperatures and essential role in
fertilization and crop yields (Snider and Oosterhuis, 2011; Mesihovic et al., 2016).

A recent focus of research in this field is evaluating the consequences of heat stress at
different floral and male gametophyte (pollen) development stages, including specific stages
during microsporogenesis and microgametogenesis (Lohani et al, 2020). During
microsporogenesis, meiotic division forms the tetrads of haploid microspores, followed by
microgametogenesis when the microspores enlarge and differentiate as pollen grains following
haploid mitotic divisions (Carrizo Garcia et al., 2017; Fadon et al., 2019). The consequences for
mature pollen varies greatly depending on when heat is applied during these developmental
processes (Lohani et al., 2020) but is relatively unknown for many different crop species. In barley
florets, exposure to heat stress during the pre-meiotic stage of development resulted in stunted
anther development, failure to produce pollens grains, and altered progression of microspore
mother cell (MMC) meiosis, while heat stress during meiosis limited starch accumulation in pollen
grains (Sakata et al., 2000; Draeger and Moore, 2017). Other studies have found that barley fertility
is most sensitive to heat stress during the MMC stage (early pollen development) and the pollen
mitosis stage (late pollen development) (Callens et al., 2023). In Arabidopsis flowers exposed to
42°C for 4 h, greater sensitivity was reported during the MMC stage (early pollen development)
and during anther dehiscence (late pollen development), both of which had significant reductions
in fruit set (Kim et al., 2001). These reports, and the preceding studies discussed above, highlight
that the effects of brief extreme heat are variable for different flower development stages, while
also showing that greater research effort has been focused on annual than perennial crops.

Most studies of how extreme heat affects crop pollination have focused on high acreage
annual crops (Hatfield and Prueger, 2015; Mesihovic et al., 2016; Raja et al., 2019). High
temperatures (35-40°C) inhibit pollen function in several crops, including rice (Oryza spp.) (Satake
and Yoshida, 1978; Zhang et al., 2018), cotton (Gossypium hirsutum) (Masoomi-Aladizgeh et al.,
2021), and tobacco (Nicotiana tabacum) (Parrotta et al., 2016). The timing of heat exposure, as
well as the reproductive organs enduring heat stress, can also have substantial influence on
fertilization success and yield. In one study, tomato (Solanum Ilycopersicum) seed and fruit

production were completely inhibited when pollinated using pollen developed under heat stress



conditions despite the plant being grown in optimal conditions (Peet et al., 1998; Snider and
Oosterhuis, 2011). In the same study, when tomato plants were exposed to heat stress conditions
and pollinated with pollen developed under optimal conditions, fruit set and seed production were
similar to control plants (Peet et al., 1998; Snider and Oosterhuis, 2011). Similar findings have
been reported in maize (Zea mays), where exposing pollen to 40°C for 4 h prior to pollination
resulted in complete inhibition of fertilization, even though spikelets were maintained under
optimal conditions for the remainder of the experiment. When heat stressed spikelets were
pollinated with non-stressed pollen, only 43% fertilization was observed (Dupuis and Dumas,
1990; Snider and Oosterhuis, 2011). For these species, and several other annual crops, it is well
established that pollen performance and fertilization are particularly sensitive to high heat applied
in short bursts (Zinn et al., 2010; Mesihovic et al., 2016; Raja et al., 2019). Far less is known about
the tolerance of perennial fruit crops to heat extremes, perhaps because most are grown in climates
where hot weather conditions during bloom were very rare. As extreme heat becomes more
common during the spring season (IPCC 2021), when many perennial crops are blooming, it will
be important to understand the thermal limits of the pollination processes in these crop species.
Studies of plants that flower earlier in the season indicate greater sensitivity to heat stress
than summer flowering species (Hedhly et al., 2009). For spring-blooming crops including
strawberry (Fragaria x ananassa), sweet cherry (Prunus avium), peach (Prunus persica), and
apricot (Prunus armeniaca), optimal temperatures for pollen growth and performance are similar
to temperatures historically experienced during the spring, typically between 20 and 30°C (Cerovl¢
and Ruzi¢, 1992; Austin et al., 1998; Hedhly et al., 2004, 2005; Kozai et al., 2004; Ledesma and
Sugiyama, 2005). At temperatures 5-10°C above this optimum range, pollen viability and
performance can be negatively affected. For example, in several genotypes of Pistacia spp., pollen
germination rates decreased rapidly as temperatures increased from 25°C to 35°C and no pollen
germination was observed when exposed to 40°C for 24 h (Acar and Kakani, 2010). In
strawberries, pollen germination was significantly reduced when exposed to 30°C for just 4 h
compared to a normal temperature of 23°C (Ledesma and Sugiyama, 2005). Ledesma and
Kawabata (2016) exposed strawberry flowers to 42°C for 4 h at various flower ages, from 12 days
before anthesis to anthesis (at 3-day increments), and found that the degree of damage to fruit set
and fruit quality varied by flower age, flower location, and cultivar (Ledesma and Kawabata,

2016). In the ‘Nyoho’ strawberry cultivar, total fruit set was significantly reduced when heat was



applied 9, 3, and 0 days before anthesis and at 12, 9, 3, and 0 days before anthesis for the
‘Toyonoka’ cultivar, indicating greater sensitivity to heat stress at earlier and later floral
development stages (Ledesma and Kawabata, 2016). At earlier development stages, strawberry
flowers were at the MMC development stage and at later development stages, flower anthers were
undergoing dehiscence (Ledesma and Kawabata, 2016). They also evaluated fruit weight and size
following heat exposure and found that ‘Toyonoka’ flowers were most sensitive at earlier and later
floral development stages with reduced fruit weight and size (Ledesma and Kawabata, 2016).
Interestingly, while the ‘Nyoho’ cultivar showed heat sensitivity in fruit set at early floral
development stages, it had no significant effect on the size and weight of berries (Ledesma and
Kawabata, 2016). The results from this study highlight the importance of evaluating various floral
development stages to heat stress to capture the full effects on flowering crop plants, particularly
those most at risk, including spring-blooming perennial crops. The temperatures that negatively
affect plant reproduction vary among crop type (e.g., annual vs. perennial), by species, and even
genotype within species (Hedhly et al., 2005; Hamidou et al., 2013; Lohani et al., 2020) so there
is a need to understand how high heat affects development of many modern crops and their
cultivars, particularly those most at risk, including spring-blooming perennial -crops.

1.1.2 Northern highbush blueberry (Vaccinium corymbosum L.)

Northern highbush blueberry, Vaccinium corymbosum L. (Ericales: Ericaceae), is a spring-
blooming, woody perennial crop native to eastern North America, historically grown in regions
with cold winters and mild summers (Retamales and Hancock, 2012; Lobos and Hancock, 2015).
As with most Vaccinium species, blueberries are highly dependent on wild pollinators for
fertilization, seed set, and maximizing yields (Tuell et al., 2009; Gibbs et al., 2016; Pinilla-Gallego
and Isaacs, 2018; DeVetter et al., 2022). While native to eastern North America, northern highbush
blueberries are now cultivated globally in regions that experience mild, moist summers and cold
winters, including Australia, Africa, China, Europe, South America, and across North America
(Retamales and Hancock, 2012; Retamales and Hancock, 2018). In the US, northern highbush
blueberry production primarily occurs in the Pacific Northwest, the Southeast, Midwest, and in
New Jersey (Retamales and Hancock, 2018). In Michigan, common and commercially important
cultivars include ‘Aurora’, ‘Bluecrop’, ‘Draper’, ‘Jersey’, ‘Liberty’, ‘Elliott’, ‘Legacy’, and
‘Nelson’ (Retamales and Hancock, 2012; Retamales and Hancock, 2015; Vander Weide et al.,

2024). The ever-growing international production of highbush blueberry yields over 650 million



tons annually (Retamales and Hancock, 2018). Northern highbush blueberry cultivars are well-
adapted for cold conditions, requiring 800 to 1000 hours of winter chilling (temperatures below
2°C) for proper floral bud development, and they can withstand mid-winter temperatures below -
20°C (Retamales and Hancock, 2018). Blueberries also require well-drained, acidic soil with ample
moisture for optimal growth and production (Retamales and Hancock, 2018). Northern highbush
blueberry plants are composed of several canes emerging from the crown of the plant, which
become woody during the second season of growth, and can be as tall as 1.8-4.0 m (Retamales and
Hancock, 2018). Shoots emerge from these canes and, after at least one year of growth, floral and
vegetative buds begin to develop on these shoots (Retamales and Hancock, 2018). Cane
productivity (i.e., number of flower buds per cane) increases with cane diameter and cane age
(Palma et al., 2023).

The inflorescence of blueberry is a raceme, where the corolla of fused petals is inverted
and urn-shaped, typically white to pinkish-white when fully open (Retamales and Hancock, 2018).
The pistil, containing the stigma and style of the flower (i.e., female floral organs) can be longer
or shorter than the corolla, and varies depending on the cultivar (Courcelles et al., 2013; Retamales
and Hancock, 2018). The ovary of the blueberry flower is inferior with four to five locules and
many ovules per locule (Retamales and Hancock, 2018). At the base of the corolla, surrounding
the style, are eight to ten stamens, each of which contain an anther and filament (i.e., male floral
organs). Blueberry anthers are poricidal, releasing pollen when disturbed via sonication or
vibration, typically induced by a bee pollinator. Blueberry pollen tetrads are developed and stored
in these poricidal anthers until flower opening (i.e., anthesis), after which pollen is mature and
dehydrated, ready for pollination. Depending on temperature, individual blueberry flowers remain
open for about a week. However, high spring temperatures can accelerate blueberry bloom timing
and hasten petal drop, limiting the window for pollination under elevated temperature conditions
(Chabert and Mallinger, in prep.). Blueberry floral morphology can significantly affect pollinator
attraction and activity and, in turn, affect fruit set and berry weight (Sampson et al., 2013; DeVetter
et al., 2022). Depending on temperature conditions, blueberry pollen is most viable 24 hours after
flower opening, or within the first five days of flower opening, and stigmas are receptive to pollen
for up to 5-8 days following anthesis (Retamales and Hancock, 2018). However, fruit set is
considerably reduced if pollination is delayed by 3 to 4 days (Retamales and Hancock, 2018).

When viable blueberry pollen is deposited on a receptive stigma by bee pollinators, pollen tubes



will germinate and grow toward the ovary for fertilization, typically reaching floral ovules 24-72
h following pollen deposition (Dogterom et al., 2000).

Fewer outcrossed pollen tetrads are needed for stigmatic saturation than selfed ones in
blueberry, but once germinated, both grow in the style at the same rate (Retamales and Hancock,
2018). Fertilized ovaries develop seeds which affect blueberry fruit set and size, and thus, affect
yields (Dogterom and Winston, 1999; Dogterom et al., 2000; Gan et al., 2020). Blueberry fruit
grow in three stages: Stage I berries undergo rapid cell division and dry weight gain (Birkhold et
al., 1992; Cano-Medrano and Darnell, 1997a; Cano-Medrano and Darnell, 1997b) lasting from 25-
35 days, Stage II berries go through and active period of seed development, but little fruit growth
occurs, typically between 30-40 days (Edwards et al., 1972), Stage III berries go through rapid
fruit growth for about 30-60 days, where sugars accumulate and the berry turns from green to blue
as anthocyanins accumulate (Eck and Stretch, 1986; Birkhold et al., 1992; Cano-Medrano and
Darnell, 1997b). In ‘Jersey’, the percentage of total soluble sugars (TSS) increased for 6 days
following color change then leveled off while titratable acidity (TA) decreased continually during
berry ripening, resulting in a steady increase in the ratio of sugar:acid during berry ripening
(Retamales and Hancock, 2018). In northern highbush blueberry, fruit development ranges from
42-90 days (Darnell, 2000). Several berry quality metrics are assessed when determining the
success of pollination, marketability of fruit, and other berry traits that affect yield, and vary by
cultivar, region, pollen donor (i.e., selfed or crossed) and other abiotic conditions experienced
during bloom (i.e., temperature, humidity). Common parameters determining fruit quality include
fruit set, berry weight, berry diameter, % TSS, % TA, the number of fertilized seeds, and the %
fertilized seeds. In common northern highbush blueberry cultivars, including Aurora’, ‘Bluecrop’,
‘Elliott’, ‘Draper’, ‘Legacy’, ‘Nelson’, percent fruit set can vary from 64 to 94% (Krebs and
Hancock, 1988; Ehlenfeldt and Prior, 2001; Kim et al., 2013; Giindiiz et al., 2015; Strik et al.,
2017; Retamales and Hancock, 2018; Strik and Vance, 2019), berry weight (g) can vary from 0.92
to 2.75 g (Krebs and Hancock, 1988; Ehlenfeldt and Prior, 2001; Strik et al., 2017; Retamales and
Hancock, 2018), berry diameter (mm) can vary from 14.97 to 17.75 mm (Jorquera-Fontena et al.,
2017; Lin et al., 2020), % TSS can vary from 9.8 to 15.6 (Yang et al., 2009; Kim et al., 2013;
Glindiiz et al., 2015; Strik et al., 2017; Retamales and Hancock, 2018), % TA can vary from 0.46
to 2.7 (Kim et al., 2013; Giindiiz et al., 2015; Retamales and Hancock, 2018), and the number of
fertilized seeds per fruit can vary from 4.7 to 65 (Krebs and Hancock, 1988; Ehlenfeldt and Prior,



2001; Retamales and Hancock, 2018; Strik and Vance, 2019). Fertilized seeds are typically plump
and dark brown while those that were not fertilized are small, lighter brown or white, and collapsed
(Desjardins and Oliveira, 2006). Blueberry fruit are true berries with many seeds and typically
ripen 2-3 months after pollination (Darrow, 1958; Retamales and Hancock, 2018). Under optimal
conditions, including good weather and ample pollination services by bees, highbush blueberry
has the potential to set nearly 100% of its flowers into fruits (Ehlenfeldt and Prior, 2001;
Kumarihami et al., 2021; DeVetter et al., 2022).

Blueberry floral bud initiation begins in late summer and development continues into the
fall. Gough et al. (1978) described floral organ development in the ‘Bluecrop’ cultivar and
provides a limited description of gametophyte development over time. In the fall (early
November), microspore mother cell formation begins with some separation of sporogenous tissue
but pollen development ceases in the first part of December (Gough et al., 1978). At this stage,
development is arrested over the duration of winter. By mid-March, blueberry bud development
continues where microsporogenous tissue in the anthers is further separated and tapetal
disintegration had begun and continues through bud swell (Gough et al., 1978). By mid-April,
pollen grains appear to be fully formed and loosely packed in the antherine locules and remnants
of tapetal tissue are apparent (Gough et al., 1978). In recent years, northern highbush blueberry
floral bud development has been characterized using these terms to indicate the progression of
growth: tight bud, bud swell, bud break, tight cluster, early pink bud, late pink bud, and anthesis
(blueberries.msu.edu), developing over the span of several weeks as photoperiods get longer, and
temperatures rise. However, Gough et al. (1978) did not describe floral bud development stages
occurring at the same time as pollen development (with the exception of bud swell at
microsporogenesis), so the relative timing of pollen and floral bud development is still largely
unclear for northern highbush blueberry. Research on willow (Salix spp.), provides a framework
for blueberry floral development as this woody perennial grows in similar regions as blueberry
and some species flower during the same part of the spring. Willow floral bud initiation and floral
organ development occur in summer, and by the fall, anthers are at the MMC stage and undergo
winter dormancy (Zhang and Fernando, 2005). At this stage, meiosis has not yet occurred and thus
pollen is still immature. In the spring, after MMC meiosis and subsequent mitosis occurs within
the developing floral bud, mature pollen is produced causing floral buds to expand and elongate.

The shedding of bud scales in willow indicates fully developed anthers, and once the filaments



elongate, the flower opens (Zhang and Fernando, 2005). In the spring when blueberry floral buds
continue meiosis (microsporogenesis) and mitosis (microgametogenesis) in developing pollen
grains, exposure to extreme heat could result in negative, compounding effects on the quality of
pollen produced as observed in other flowering plants as discussed above. However, given the
limited research done to identify when male gametophyte development (i.e., microsporogenesis-
microgametogenesis) occurs during blueberry floral bud development (tight bud, bud swell, bud
break, tight cluster, early pink bud, late pink bud, and anthesis), our understanding of when their
flowers are most sensitive to extreme heat is extremely lacking. As discussed in the preceding
sections, the consequences of heat stress for developing pollen includes (but is not limited to)
premature degradation of tapetal cells, degraded tapetum, failure to release microspores, altered
sugar-starch utilization, metabolism and transport, male sterility, altered pollen exine formation,
loss of cell membrane integrity, cell death, reduced pollen viability, poor anther dehiscence and
failure to release pollen grains (Lohani et al., 2020), all of which could affect blueberry flower and
pollen development with potential negative consequences for fruit set, fruit production, and fruit
quality.

Despite the importance for crop yield, the sensitivity of pollen to heat stress is not well
characterized in northern highbush blueberry (Gan et al., 2020; Yang Q et al., 2019) particularly
for commercially important cultivars (Gan et al., 2020). Eaton (1966) found that in vitro tetrad
germination in highbush blueberry differed among cultivars, ranging from 5.5% to 70.6%. Brewer
and Dobson (1969) reported greater rates of germination in ‘Rubel’ (45%) compared to ‘Jersey’
(23%). Lang and Parrie (1992) observed significant differences in pollen tube growth and
germination rates across blueberry cultivars, with lengths ranging from 26 to 40 pm-h'! and
germination ranging from 79.5% to 96.3%. The above studies were conducted at 25°C, so the
effect of temperature on pollen performance was not determined. Gan et al. (2020) explored pollen
performance of four blueberry cultivars exposed to 2, 7, 13, 18, or 24°C and found increases in
germination and tube growth as temperatures increased. Yang Q et al. (2019) assessed pollen
germination and tube growth of the rabbiteye blueberry (Vaccinium virgatum) -cultivar
‘Gardenblue’ in ‘Brightwell’ pistils in situ and found that after 24 h the percentage of styles with
germinated pollen was over 90% at 20 and 25°C, while at 30 and 35°C, the percentage of styles
with germinating pollen was reduced to 63 and 57%, respectively. Yang Q et al. (2019) also
reported that at 35°C, no pollen tubes reached the ovules. Such reductions in blueberry pollen
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performance under field realistic high temperature regimes raise concerns for agricultural
productivity, the supply of fresh blueberries, and food security for consumers.

Indeed, in 2018, Michigan blueberry growing regions endured temperatures exceeding
35°C for several hours during bloom where these daily maximum temperatures were >20°C hotter
than historical daily maximums for that region and time of year (Global Historical Climatology
Network). This was the hottest May on record for the region in the past 92 years. As with many
other spring-blooming plants, the optimal temperature for northern highbush blueberry is similar
to the temperatures historically endured in the spring, or between 20-25°C (Lobos and Hancock
2015). According to bloom predictive models (www.enviroweather.msu.edu), blueberry bushes
experienced this heat event at approximately 25% bloom, where floral bud development stages
ranged from bud swell, bud break, early and late pink bud, and anthesis. Following this extreme
heat event in May, Michigan blueberry producers reported a 30-50% reduction in yield for the
berries harvested in July and August, with 30 million pounds less than 2017. Studies have reported
optimal temperatures for photosynthesis at 14-22°C in ‘Bluecrop’ cultivars, and 30°C has been
shown to reduce photosynthesis by 22-51% in northern highbush cultivars (Hancock et al., 1992;
Lobos and Hancock, 2015), emphasizing the potential damage during this 2018 heatwave. Another
study found that ‘Aurora’, ‘Brigitta’, and ‘Duke’ blueberry cultivars grown under high tunnels
sometimes experienced temperatures between 40-50°C, and these plants produced significantly
less fruit, yet the fruit grown under the high tunnel had higher total and individual sugar content
compared to plants grown under hail nets (Smrke et al., 2021). Other blueberry growing regions
are also experiencing the negative effects of extreme heat on berry production (Yang Q et al.,
2019), but little research has been done to understand how heat affects blueberry blooms and the
subsequent implications for berry production, as most studies have focused on the impact of heat
on CO; assimilation (i.e., photosynthesis) and on berry ripening (Chen et al., 2012; Lobos and
Hancock, 2015). However, as discussed in previous sections, photosynthesis and embryo
development are considered less sensitive to heat stress than pollen development and performance
(Snider and Oosterhuis, 2011).

Because most blueberry cultivars are not completely self-fertile, they benefit from cross-
pollination provided by bees to maximize fruit production and fruit quality (Retamales and
Hancock, 2018). In northern highbush blueberry, selfing reduced fruit set by up to 133%, inhibited
the number of seeds per fruit between 36 and 1469%, and reduced fruit weight by up to 35%
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(Retamales and Hancock, 2018), clearly demonstrating the importance of bees and other insects
moving pollen for blueberry quantity and quality. One study found that 112 different bee species
were present and active in blueberry fields during bloom, most of which were solitary bees (Tuell
et al., 2009). The native, solitary bee Osmia lignaria and other native Osmia species have been
identified as potential targets for management in blueberry fields as they emerge around the time
of blueberry bloom and they forage on blueberry flowers and nest in habitat adjacent to fields
(Tuell et al., 2009; Pinilla-Gallego and Isaacs, 2018; Fortuin et al., 2021; DeVetter et al., 2022).
Compared to honey bees, some Osmia species and other native bees are more efficient pollinators
of blueberry given their capacity to tolerate cooler temperatures (Bosch and Kemp, 2000, 2002;
Tuell and Isaacs, 2010) and different physiological and behavioral traits that allow them to readily
collect and move blueberry pollen between bushes (Bosch and Kemp, 2002; Graham et al., 2023),
and their greater fidelity to blueberry flowers (Graham et al., 2021, 2023). Despite honey bees
collecting little blueberry pollen and mainly visiting flowers for nectar (Graham et al., 2023), they
are still the primary bees used for blueberry pollination services given the ease of renting and
placing mass quantities of bees in farms. In Michigan, blueberry producers also receive pollination
from a diversity of wild bee species with various physiologies and behaviors to aid in cross-
pollination in order to maximize the yield and quality of their crop. However, if blueberry pollen
quality is disrupted due to stressors like heat, it may have indirect effects on bee foraging or bee
health, yet no studies have explored this.

Most northern highbush blueberry breeding has focused on improving flavor, longer
storing fruit, expanded harvest dates, disease and pest resistance, machine harvestability,
increasing the size of berries, and ensuring a sweet, crunchy fruit with a trace of acidity (Lobos
and Hancock, 2015; Gallardo et al., 2018; Retamales and Hancock, 2018; Edger et al., 2022;
Krishna et al., 2023). Some breeding interest and efforts have also been done to promote late
blooming blueberry varieties, as these cultivars suffer less frost damage than those flowering
earlier in the season (Retamales and Hancock, 2018; Edger et al., 2022). However, blueberry
growing regions are experiencing more early season extreme heat events rather than late season
frosts, yet little research or breeding efforts have been focused on high heat stress concerns.
Furthermore, blueberry breeding programs have also not focused on pollination attractiveness,
even though blueberries are highly dependent on bee pollinators for fertilization and maximizing

yield potential (Egan et al., 2018). Compared to wild blueberry pollen, domesticated blueberry
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pollen and nectar are less attractive and potentially less nutritious for some bee pollinators (Egan
et al., 2018). While mostly unexplored, extreme heat has potential to further exacerbate lower
blueberry pollen attractiveness and the quality of pollen provided to pollinators.

1.1.3 Direct effects of extreme heat on social and solitary bees

Temperature is one of the most important factors affecting development, emergence, and
survival of insects within a range of optimal temperatures (Gonzéalez-Tokman et al., 2020;
Buckley, 2022; Johnson et al., 2023). Temperatures above and below the optimal range can disrupt
normal development, affecting the distribution of insects at continental and local scales (Bosch et
al., 2010; Sgolastra et al., 2016; Gonzalez-Tokman et al., 2020; Buckley, 2022; Walters et al.,
2022; Johnson et al., 2023). Extreme high heat can negatively affect bee physiology, phenology,
and behavior (Bosch et al., 2010; Sgolastra et al., 2016; Zhao et al., 2021; Walters et al., 2022;
Johnson et al., 2023), but our understanding of this is informed primarily by studies on social bees,
particularly honey bees (Apis mellifera L.) and bumble bees (Bombus spp.). These studies provide
insights into how extreme heat directly affects bee physiology (Zhao et al., 2021; Bordier et al.,
2017), foraging behavior (Descamps et al., 2018; Hemberger et al., 2023; Naumchik and
Youngsteadt, 2023), capacity for acclimation (Gonzalez et al., 2022a,b; Septulveda and Goulson,
2023), and fecundity (Zhao et al., 2021; Campion et al., 2023). Heat stress in honey bee larvae can
result in altered or malformed proboscis, wing, and leg structures in adult bees (Medina et al.,
2018) and can also hinder neural development and memory (Groh et al., 2004), inhibiting foraging.
Extreme heat can also alter gene expression in bees, changing task-related behaviors like
redirecting honey bee foragers to perform thermoregulation in order to maintain optimal hive
temperatures (Bordier et al., 2017). Traits related to honey bee and bumble bee reproduction can
also be affected, including male fertility, sperm count, and sperm DNA integrity (McAfee et al.,
2020; Martinet et al., 2021a,b) which can inhibit brood production. However, there is evidence for
greater sensitivity to extreme heat in solitary bees than social bees (Hamblin et al., 2017), so results
derived from social bees may not reflect the full consequences for the majority of bee species that
are solitary (Danforth et al., 2019). For example, wing fanning and water collection allows social
bees and their brood greater resilience to heat stress compared to solitary bees, who do not perform
such behaviors (Gardner et al., 2007; Hamblin et al., 2017; Maebe et al., 2021; Johnson et al.,

2023). Indeed, female solitary bees do not perform brood-care behaviors following egg-laying, so
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progeny confined within the nest during development must endure bouts of extreme heat without
any mitigation.

For some solitary bee species, direct exposure to high temperature during development can
cause significant delays in emergence and reductions in survival, body mass, and fat content
(CaraDonna et al., 2018; Song et al., 2023). High heat conditions can also affect solitary bee mating
and nesting behaviors, limiting their reproductive potential (Pitts-Singer and James, 2009; Conrad
et al., 2017; Kierat et al., 2017; Wilson et al., 2020; Ostap-Chec et al., 2021). Some studies report
that male bees may be more sensitive to heat than female bees, with just one hour of heat shock
delaying Megachile rotundata male bee emergence, but not female emergence (Hayes and Lopez-
Martinez, 2021). Different bee development stages can vary in their sensitivity to extreme heat,
where pupae and adults are considered more resilient to extreme heat than larvae (Bordier et al.,
2017; Hayes and Lopez-Martinez, 2021; Song et al., 2023). For example, Osmia lignaria larvae
exposed to 37°C increased mortality by 130% and slowed the timing of larval development
(Melone et al., 2024). 1t is clear that exposure to direct heat stress has negative consequences for
bee survival and functioning, but greater attention is needed for bees most at risk of decline,
including the spring-emerging, native, solitary bees that provide crop pollination services.

1.1.4 The Blue Orchard Mason bee (Osmia lignaria Say)

Osmia lignaria Say (Hymenoptera: Megachilidae) is a solitary, stem nesting bee native to
North America. Male O. lignaria bees emerge first from their cocoons in the spring (typically
April-June) and patrol nearby nesting sites waiting for females to emerge, typically 1-3 days after
male emergence (Bosch and Kemp, 2002). Mating occurs soon after female emergence, and
females will typically wait 1-2 days before nest initiation to complete ovary maturation. During
this time females consume pollen and nectar and investigate potential nest sites (Bosch and Kemp,
2002). Once an adequate nest site has been selected, female bees will start gathering mud using
their mandibles and carry a small clump back to the nest, where it is deposited to form the initial
mud partition at the deepest end of the nest cavity (Bosch and Kemp, 2002). Once the initial mud
partition is completed, females forage for pollen and nectar to provision brood cells, with each
brood cell provisioned with a mass of pollen and nectar. Once a sufficient size of provision is
collected, female Osmia bees lay a single egg on top of this provision and seal this brood cell with
another layer of mud (Bosch and Kemp, 2002). The average pollen provision requires

approximately 2,000 flower visits for this species (Bosch and Kemp, 2002). Osmia lignaria nests
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consist of a linear series of adjacent cells within a cavity, each containing a single provision and
egg, separated from one another via mud partitions. Once a female bee has filled a cavity, she
builds a thicker mud partition to act as a plug, sealing off the cavity entrance. Given ample floral
resources, O. lignaria bees can complete 1-2 provisioned brood cells per day or approximately 20-
60 brood cells throughout their lifetime, which is typically 20-30 days (Bosch and Kemp, 2002;
Spendal and Cane, 2022). Because mated female O. lignaria bees store sperm in their spermatheca,
they can selectively fertilize eggs before oviposition, where fertilized eggs produce female brood
and unfertilized eggs produce male brood (Bosch and Kemp, 2002). Fertilized eggs (i.e., female
brood) are typically laid in the back, innermost cells of the nest and are provided larger pollen
provisions than unfertilized (male) eggs, accounting for the larger body size and energy demands
of female offspring.

Osmia lignaria bees are strictly univoltine, meaning they only produce one generation per
year (Bosch and Kemp, 2000, 2002). Unlike honey bees and bumble bees, O. lignaria offspring
take several months to complete development from egg to adulthood, so mother bees and her brood
have no overlap in activity as adults. Once an egg is laid, it takes about a week for it to hatch into
the first larval instar (Bosch and Kemp, 2002). The first instar larva remains inside the egg’s
chorion, feeding on egg fluids, before actively hatching and molting into the second larval instar a
few days later. At the second and third larval instars, O. lignaria brood is small, translucent-white,
slow-moving, and grub-like and begins feeding on the pollen provision provided by the mother
bee. At the third and fourth larval instars, these brood have grown considerably, consuming pollen
faster and in larger quantities and appear white-cream colored with pollen and frass visible in their
digestive tract. By the fifth and final larval instar, the brood are large, consuming pollen rapidly,
and appear white-cream colored. The fifth larval instar is characterized by the presence of frass as
these brood have now consumed a large portion of their provision. Extrinsic cues regulated via
starvation and hormone signaling (Helm et al., 2017) promote fifth instar larvae to begin spinning
silk using their salivary glands, forming a dark brown cocoon around themselves, designated as
the cocoon spinning stage. By late spring these larvae have fully enclosed themselves in their
cocoon, reaching the prepupal stage, and undergo a summer dormant period (Bosch and Kemp,
2004). By late summer, the O. lignaria prepupa molts into a pupa and begins to darken and develop
into an adult bee. These brood remain dormant in their cocoons over the fall and winter and require

exposure to cold temperatures (3-5°C), emerging the following spring as adults. During the
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prepupal, pupal, and adult overwintering stages, these O. lignaria brood have no access to food
and thus rely on the metabolic reserves accumulated from larval provisions to sustain them until
their spring emergence (Bosch et al., 2010).

Osmia lignaria bees are polylectic, meaning they visit a variety of different plant species
(Bosch and Kemp, 2002). Both wild and managed O. lignaria populations are important
pollinators of spring-blooming plants, including those in the Rosaceae, Ericaceae, and Salicaceae
families, among others (Bosch and Kemp, 2002). This bee species has been increasingly
considered and managed for blueberry production (DeVetter et al., 2022). The foraging behavior
of O. lignaria bees, moving from plant to plant across a crop field or natural area, helps facilitate
cross-pollination, providing crucial pollination services that other bees may be lacking (Bosch and
Kemp, 2002). Additionally, these spring bees are well adapted to fly in cool conditions, as low as
12°C, and are active early in the morning and later in the evening providing important pollination
services when other bees, like honey bees, are inactive (Bosch and Kemp, 2002). However, recent
studies suggest O. lignaria populations are in decline in the US, driven by increased competition
for resources, disease prevalence, and pesticide exposure (Artz and Pitts-Singer, 2015; Eeraerts et
al., 2020; LeCroy et al., 2020; Russo et al., 2021; Kopit et al., 2022; Gutierrez et al., 2023). Direct
nutritional and heat stress can also negatively affect Osmia bees (Conrad et al., 2017; Kierat et al.,
2017; CaraDonna et al., 2018; Lee et al., 2018; Filipiak and Filipiak, 2020; Stuligross and
Williams, 2020; Knauer et al., 2022; Song et al., 2023; Melone et al., 2024), and recent climate
change predictive models have shown that this trend in Osmia populations is projected to continue
in the coming decades (Kazenel et al., 2024). Given the evidence for declining populations and the
importance of their pollination services, it is imperative to identify and mitigate stressors affecting
wild bees, including extreme heat.

1.1.5 The indirect effects of extreme heat on bees and plants

The majority of studies investigating the effects of climate change or extreme heat on bees
have focused on the direct consequences of heat stress, but few studies have explored the indirect
effects of extreme heat on bee pollinators. In plant-pollinator networks, synchrony is critical for
their success and survival, and extreme heat can disrupt the timing of these interactions (Scaven
and Rafferty, 2013; CaraDonna et al., 2018; Slominski and Burkle, 2021; de Manincor et al., 2023).
While phenological synchrony is important to understand in the context of climate change, few

studies have explored whether heat stress also affects the synergy between bee pollinators and their
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host plants. For example, there is little information on whether heat stressed plants adequately
support the dietary needs of their bee pollinators. As discussed above, when plants endure extreme
heat during floral development, maturation, and dehiscence, it can inhibit nutrient sequestration in
developing pollen grains, limiting or altering concentrations of carbohydrates, proteins, lipids, and
amino acids in pollen and furthermore, and it can hinder the production and release of pollen grains
(Borghi and Fernie, 2017; Borghi et al., 2019; Santiago and Sharkey, 2019; Lohani et al., 2020;
Santiago et al., 2021). Many of these nutrients that support reproductive processes in plants are
also fundamental nutrients in bee diets (Roulston and Cane, 2000; Vaudo et al., 2020). This has
led some researchers to hypothesize that such heat-induced nutrient reductions in pollen could also
negatively affect bees (Borghi and Fernie, 2017; Borghi et al., 2019; Descamps et al., 2021).
However, no studies have confirmed the connection between heat stressed pollen and bee nutrition,
requiring further research.

Pollen provides carbohydrates, proteins, lipids, amino acids, and other micronutrients to
bees (Roulston and Cane, 2000; Vaudo et al., 2020). When bees are fed a high-quality diet during
larval development, they tend to have greater survival, longevity, and resilience to stress as adults
(Vaudo et al., 2015, 2020; Vanderplanck et al., 2019; Woodard et al., 2019; Knauer et al., 2022).
In contrast, bees fed low-quality diets can experience various adversities regarding their
development, sex ratios, body size, survival, and longevity (Bosch, 2008; Bukovinszky et al.,
2017; Filipiak and Filipiak, 2020; Stuligross and Williams, 2020). For example, in O. lignaria
larvae fed honey bee collected pollen, only the highest protein diets supported development to
adulthood (Levin and Haydak, 1957; Roulston and Cane, 2000). Other studies have found that
carbohydrates and lipids, rather than protein, mediate Osmia larval growth and survival to pupation
(Austin and Gilbert, 2021; Westreich and Tobin, 2024). Osmia bicornis and O. cornuta larvae
failed to develop on Tanacetum pollen, which authors suggest is due to insufficient quantity or
quality of nutrients (Sedivy et al., 2011). Osmia cornifrons larvae failed to develop when fed
multifloral and single-source pollen diets, even when these diets had similar protein:lipid ratios as
surveyed provisions, suggesting certain micronutrients were lacking and must be present for proper
development (Crone et al., 2023). Osmia cocoons are an important sink for nutrients assimilated
and used during larval development, and underdeveloped cocoons may indicate the scarcity of
specific elements present in pollen (Filipiak et al., 2021). Osmia bicornis larvae fed a single-source

pollen diet failed to enclose their cocoon and had high larval mortality, suggesting chronic nutrient
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deficiency (Bukovinszky et al., 2017). When fed high quantities of rapeseed pollen, the same
species exhibited hindered cocoon development and high male mortality, but when supplemented
with additional nutrients, these negative effects were absent (Filipiak et al., 2022). These studies
indicate the importance of meeting nutritional needs of Osmia bees for proper development and
survival.

Extreme heat may also reduce the production and release of pollen (Raja et al., 2019; Amuji
et al., 2020; Hedhly et al., 2020; Lohani et al., 2020), further limiting access to floral rewards for
adult bees and their offspring. In low-resource conditions, Osmia bees produced 26% fewer
offspring and 48% fewer daughters (Stuligross and Williams, 2020). Other studies have shown
that when Osmia females are denied access to pollen they fail to mature oocytes or lay eggs (Cane,
2016). Osmia cornuta females can produce 40-50 oocytes but rarely lay more than 10-20 eggs,
suggesting limitations on fecundity may be attributed to constraints on brood cell provisioning
(like reduced resource availability) rather than egg production potential (Bosch and Vicens, 2006).
When brood provisioning is impeded, adjustments in parental investment allocation can occur,
where females may limit the number of brood produced but maintain the provision size provided
to offspring (Bosch and Vicens, 2006). Over time, this could affect bee populations on a local
scale. While egg production and oviposition are energetically costly for all bees, it is particularly
costly for solitary bees like Osmia who lay large eggs relative to their body size and require pollen
for oocyte maturation (Cane, 2016), emphasizing the importance of abundant, nutritionally
rewarding diets for solitary bees. Additionally, foraging choices are influenced by the quality and
quantity of floral resources available where bees preferentially visit patches of flowers where floral
resources are both abundant and nutritionally rewarding, potentially limiting bee pollinator
abundances in crop fields experiencing extreme heat (Ruedenauer et al., 2015, 2019, 2021; Somme
et al., 2015; Ogilvie and Forrest, 2017; Greenop et al., 2020; Russell and McFrederick, 2021;
Hemberger et al., 2023). Consequently, extreme heat may indirectly limit crop reproduction due
to reduced visitation and efficiency of pollination services in response to diminished quantities and
quality of floral resources. There is a clear need for more research on the direct and indirect
consequences of extreme heat for bees and crops that are particularly at risk, including solitary bee

species and spring-blooming perennial crops, and their interactions with one another.
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1.2 RESEARCH OBJECTIVES

As extreme heat events become more common and intense, and bee populations continue
to decline, there is an increasing need to understand how native solitary bees such as Osmia
lignaria, and spring-blooming crop plants such as northern highbush blueberry are affected by
extreme heat. To address this, my first objective (Chapter 2) aimed to understand how temperature
affects northern highbush pollen germination and pollen tube growth, and to determine an upper
temperature threshold for pollen. I also explored whether or not blueberry pollen could recover
after short bursts (4 h) of extreme heat. I hypothesized that blueberry pollen would perform best
at temperatures historically experienced during it spring-bloom period, and that pollen
performance would decline as temperatures increased. I also hypothesized that pollen would be
unable to recover from brief bouts of extreme heat.

Using the upper threshold temperature determined from the previous study, my second
objective (Chapter 3) explored the effects of extreme heat exposure on blueberry fruit set and some
berry quality parameters. Specifically, I evaluated how different blueberry floral development
stages, including tight bud, bud swell, bud break, early pink bud, and late pink bud, varied in their
sensitivity to extreme heat by exposing bushes at these development stages to heat stress, or normal
conditions, for 4 h and hand-pollinating flowers once they opened. Once berries developed, I
assessed fruit set, fruit ripening duration, and several fruit quality measurements including berry
weight, size, the number and percent fertilized seeds, % total soluble sugar content, and % titratable
acidity content. For this chapter, I hypothesized that plants exposed to heat stress would have lower
fruit set, reduced berry quality, and altered berry ripening duration. I also hypothesized that the
severity of damage following heat stress on fruit set and berry quality would vary by development
stage.

In my third objective (Chapter 4), I aimed to understand whether heat stressed host plants
would have indirect effects on a native, solitary bee pollinator, Osmia lignaria. 1 provided mated,
female O. lignaria bees access to blueberry, phacelia, and clover plants previously exposed to
extreme heat conditions (or normal conditions) for 4 h and monitored their foraging and egg laying
behaviors in a no-choice semi-field cage study. I collected the eggs laid by these female bees and
assessed their development and survival as they consumed pollen provisions from either heat-
stressed or non-stressed plants as larvae. For offspring that successfully pupated, I monitored their

emergence success and timing, survival and longevity as adults. I hypothesized that female O.
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lignaria bees provided heat stressed plants would have similar foraging rates but reduced fecundity
compared to female bees provided non-stressed host plants. I also hypothesized that Osmia
offspring consuming pollen from heat stressed plants would have altered development and lower
survival. For the adult offspring who consumed heat stressed diets as larvae, I hypothesized they
would exhibit reduced emergence success and survival, smaller body size, altered timing of
emergence and longevity, and male-dominated sex ratios.

Finally, in my last objective (Chapter 5) I investigated whether the nutrient content of
blueberry pollen is altered following heat stress exposure at various floral development stages.
This objective was aimed to explore the mechanisms that link the negative effects of extreme heat
exposure for blueberry plants (Chapters 2 and 3) to negative effects observed in bees (Chapter 4).
Specifically, I measured the pollen protein, carbohydrate (sucrose, glucose, and starch), and amino
acid profiles in blueberry pollen exposed to extreme heat or normal conditions for 4 h at tight bud,
bud swell, bud break, early/late pink bud, and anthesis development stages. I hypothesized that the
nutrient content of blueberry pollen would be reduced or altered when exposed to extreme heat,
but the severity of these changes would vary depending on the development stage exposed to heat

stress.
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CHAPTER 2. POLLEN GERMINATION AND TUBE GROWTH IN NORTHERN
HIGHBUSH BLUEBERRY ARE INHIBITED BY EXTREME HEAT

This chapter was published as Walters, J. and Isaacs, R. (2023). Pollen germination and tube
growth in northern highbush blueberry are inhibited by extreme heat. HortScience 58(6): 635-
642. https://doi.org/10.21273/HORTSCI17075-23

2.1 INTRODUCTION

The intensity and frequency of extreme heat events are increasing in every region of the
globe (IPCC, 2021), with negative consequences for agricultural production (Mesihovic et al.,
2016; Hatfield et al., 2020; Lohani et al., 2020; van Es, 2020; IPCC, 2021). Global yields are
expected to decline by 2.5-10% across various crops in the twenty-first century due to extreme
heat stress and other effects of climate change, threatening food security for a growing human
population (Hatfield et al. 2011; IPCC, 2018). Much of the research on the effects of climate
change on crop production has focused on long-term gradual temperature increases (e.g., 1.5-3°C),
yet short-lived extreme heat events are also expected to increase and, depending on their timing
and intensity, may be more detrimental to crop production (Zinn et al., 2010; Hatfield and Prueger,
2015; Mesihovic et al., 2016; Walters et al., 2022). While plants have evolved strategies to endure
a wide range of temperatures, adequate acclimation time is needed for plants to adjust to new
conditions (Larkindale and Vierling, 2008; Miiller and Rieu, 2016), highlighting the potential for
injury following short bursts of extreme heat compared to gradual temperature increases. As
extreme heat events intensify, it will be critical to determine the effects of these conditions on crop
performance and productivity (Hatfield et al., 2020; Lohani et al., 2020), and to develop mitigation
measures.

Extreme heat triggers stress in flowering crops, and the resulting physiological and
ecological responses can have profound repercussions on reproduction, development, and
productivity (Zinn et al., 2010; Miiller and Rieu, 2016; Hatfield et al., 2020; Lohani et al., 2020).
During the gametophyte and progamic phases of reproductive development, greater sensitivity to
heat extremes has been observed during pollen development, pollen germination, and pollen tube
elongation (Zinn et al., 2010; Snider and Oosterhuis, 2011; Mesihovic et al., 2016; Lohani et al.,

2020). Several adverse effects may occur when heat is endured during these developmental stages,
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including reduced rates of pollen germination and pollen tube growth and reduced seed set and
yield (Hedhly, 2011; Snider and Oosterhuis, 2011; Mesihovic et al., 2016; Lohani et al., 2020).
Understanding the adverse effects of extreme heat on pollen performance (i.e., pollen germination
and pollen tube growth) is important given its sensitivity to high temperatures and essential role in
fertilization (Snider and Oosterhuis, 2011; Mesihovic et al., 2016).

Most studies of how extreme heat affects crop pollination have been limited to high acreage
annual crops (Hatfield and Prueger, 2015; Mesihovic et al., 2016; Raja et al., 2019). High
temperatures (36-40°C) have been shown to inhibit pollen function in several crops, including rice
(Oryza spp.) (Satake and Yoshida, 1978; Zhang et al., 2018), cotton (Gossypium hirsutum)
(Masoomi-Aladizgeh et al., 2021), and tobacco (Nicotiana tabacum) (Parrotta et al., 2016). For
these species, and several other annual crops not discussed here, it is well established that pollen
performance and fertilization are particularly sensitive to high heat applied in short bursts (Zinn et
al., 2010; Mesihovic et al., 2016; Raja et al., 2019). Far less is known about the tolerance of
perennial fruit crops to heat extremes, perhaps because most are grown in climates where hot
weather conditions during bloom were very rare. As extreme heat becomes more common during
the spring season (IPCC 2021), when many perennial crops are blooming, it will be important to
understand the thermal limits of the pollination processes in these crop species.

Studies of plants that flower earlier in the season, including various perennial crops,
indicate potential for greater sensitivity to heat stress than summer flowering species (Hedhly et
al., 2009). In several genotypes of Pistacia sp. plants, pollen germination rates decreased rapidly
as temperatures increased from 25°C to 35°C and no pollen germination was observed when
exposed to 40°C for 24 h (Acar and Kakani, 2010). In strawberries (Fragaria X ananassa), pollen
germination was significantly reduced when exposed to 30°C for just 4 h compared to a normal
temperature of 23°C (Ledesma and Sugiyama, 2005). The temperatures that negatively affect plant
reproduction vary among crop type (e.g., annual vs. perennial), by species, and even genotype
within species (Hedhly et al., 2005; Hamidou et al., 2013; Lohani et al., 2020) so there is a need
to understand how high heat affects development of many modern crops and their cultivars.

Northern highbush blueberry (Vaccinium corymbosum) is a woody perennial crop native
to eastern North America, historically grown in regions with cold winters and mild summers
(Retamales and Hancock 2012). When viable blueberry pollen is deposited on a receptive stigma,

pollen tubes will germinate and grow toward the ovary for fertilization (Dogterom et al., 2000).
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Fertilized ovaries develop seeds which affect blueberry fruit size, and thus, affect yields (Dogterom
and Winston, 1999; Dogterom et al., 2000; Gan et al., 2020). However, pollen performance in
northern highbush blueberry is not well characterized (Gan et al. 2020; Yang Q et al. 2019) and
few studies have evaluated northern highbush blueberry pollen performance in current
commercially important cultivars (Gan et al., 2020). Eaton (1966) found that in vitro tetrad
germination in highbush blueberry differed across cultivars, ranging from 5.5% to 70.6%. Brewer
and Dobson (1969) reported greater rates of germination in ‘Rubel’ (45%) compared to ‘Jersey’
(23%). Lang and Parrie (1992) observed significant differences in pollen tube growth and
germination rates across blueberry cultivars, with lengths ranging from 26 to 40 pm-h'! and
germination ranging from 79.5% to 96.3%. The above studies were conducted at 25°C, so the
effect of temperature on pollen performance for those described blueberry cultivars was not
determined. Gan et al. (2020) explored pollen performance of four blueberry cultivars exposed to
2,7, 13, 18, or 24°C and found increases in germination and tube growth as temperatures increased.
Yang Q et al. (2019) assessed pollen germination and tube growth of the rabbiteye blueberry
(Vaccinium virgatum) cultivar ‘Gardenblue’ in ‘Brightwell’ pistils in situ and found that after 24
h the percentage of styles with germinated pollen was over 90% at 20 and 25°C, while at 30 and
35°C, the percentage of styles with germinating pollen was reduced to 63 and 57%, respectively.
Yang Q et al. (2019) also reported that at 35°C, no pollen tubes reached the ovules. No studies, to
our knowledge, have assessed the impact of extreme heat on northern highbush blueberry cultivars.

Future agricultural production will be increasingly threatened as climate change intensifies
(Motha and Baier, 2005; Malikov et al., 2020), but the negative impacts of extreme heat on crop
production are already evident. In May 2018, the main blueberry production region in Michigan
experienced mid-day conditions of >32°C for over 4 hours during bloom. These temperature
conditions are uncommonly hot for the region and time of year. Despite high bloom density and
strong crop potential for Michigan in 2018, blueberry yields were 30-50% lower than normal.
Reductions in blueberry production due to extreme heat have also been observed globally, with
Yang Q et al. (2019) listing high temperature stress as the biggest hindrance to rabbiteye blueberry
flowering and fruit set in the Guizhou province, China. Despite the losses in global blueberry
production under extreme heat conditions, our understanding of critical threshold temperatures in
blueberry pollen performance is not well characterized. This study was conducted to explore the

effects of extreme heat on northern highbush blueberry pollen performance by asking the following
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questions: (1) how does blueberry pollen germination and tube growth respond to a broad range
of temperatures? (2) which high temperatures inhibit blueberry pollen germination and tube
growth? and (3) can blueberry pollen germination and tube growth recover after a brief exposure
to extreme heat? Determining blueberry pollen performance under various heat conditions, both
in severity and duration, will be critical for our understanding of this crop and for developing
mitigation measures as climate change intensifies.

2.2 MATERIALS AND METHODS

2.2.1 Plant material and maintenance

Dormant 2-year-old northern highbush blueberry bushes were purchased in late winter
(Hartmann Nursery, Grand Junction, Michigan and DeGrandchamp Farms, South Haven,
Michigan). Four commercially relevant cultivars were selected for these studies, including
‘Bluecrop’, ‘Elliott’, ‘Jersey’, and ‘Liberty’. Dormant bushes were immediately placed in dark
cold storage (MSU Horticultural Teaching and Research Center, Holt, Michigan) at 2°C until at
least 1200 chilling hours had been accumulated. Thereafter, bushes were moved from cold storage
as needed for experiments. In 2019 and 2021, all bushes were moved from cold storage to a
greenhouse (22 + 5°C 16:8 L:D) for the duration of the experiments. In 2020, bushes had to be
moved to lab conditions (20 + 3°C, constant light) due to the COVID-19 pandemic. Bushes were
treated with 1% v:v Superior Oil (petroleum distillates, Loveland Products, Greeley, Colorado)
after removal from cold storage to reduce pest infestation. Plants were watered regularly to
maintain moist soil and soil pH was monitored every 3-4 weeks to ensure it was <6.0. When
necessary, bushes were treated with Jobe’s Organics soil acidifier (calcium sulfate (80%), Sulphur
(18%), and bentonite clay (2%), Easy Gardener Products, Inc., Waco, Texas) according to the
manufacturer’s label. Osmocote Smart-Release Plant Food Flower and Vegetable (nitrogen (14%),
available phosphate (14%), soluble potash (14%), The Scotts Company, Marysville, Ohio)
granules were also added to potted blueberry bushes following the manufacturer’s label.

2.2.2 Pollen collection setup for experiments

Pollen was collected from the most productive and healthy bushes (those with a higher
density of flowers and minimal damage from pests or pathogens), from flowers located in the mid-
to upper-canopy. To ensure that the pollen for experiments was fresh (within 24 h of anthesis), we
marked every open flower on each bush by lightly dotting the corolla with a permanent marker

(Kearns and Inouye, 1993). Thus, the following day, any open flower without a mark had been
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open for less than 24 h. Pollen from a single flower was released from the anthers by touching a
vibrating sonication tool (AeroGarden, Boulder, Colorado) onto the outside of the corolla. The
pollen was collected on the surface of a 16 x 60 mm Petri dish (Fisher Scientific, Hampton, New
Hampshire) containing a blueberry specific nutrient medium (Lang and Parrie, 1992) held directly
under the flower. Petri dishes were immediately covered with their lids, then placed in an
environmental growth chamber set at 16L:8D and 60 + 5% relative humidity. These in vitro
experiments were performed in climate chambers to allow precise temperature control, which is
ideal for experiments where extreme temperature is applied for a short time (Mesihovic et al.,
2016). Indeed, much of the research on this topic has used climate chambers to identify the
temperature sensitivity of fully mature male gametophytes for several crop plants (Snider and
Oosterhuis, 2011). Details of the specific treatments, temperatures, and experimental designs are
discussed below for each experiment. To record temperatures in growth chambers, HOBO data
loggers (Onset Computer Corporation, HOBO Pendant Temperature/Light Data Logger, Bourne,
Massachusetts) were placed in each chamber and these recorded temperature every 30 min.

2.2.3 Pollen germination and pollen tube growth evaluations

To quantify pollen germination and tube growth, Petri dishes were removed from the
growth chambers at the appropriate timing and assessed immediately under a 100x light
microscope. For each sample, a randomized sample of 10 pollen tetrads was observed per Petri
dish using an eyepiece graticule (10mm/100 Division Reticle eyepiece with crossline, Accu-scope,
Commack, New York). For each tetrad, the number of pollen tubes produced and the length of
each germinated pollen tube on the same tetrad was recorded. Pollen tetrads were considered
successfully germinated when the pollen tube length was equal to or greater than the pollen tetrad
diameter (Lang and Parrie, 1992; Jumrani et al., 2018). When no germinated pollen tubes were
observed, no lengths were recorded and thus they could not be analyzed. Pollen tube length was
measured by aligning the graticule eye piece along the length of the pollen tube, which was first
recorded in graticule units and later converted to millimeters (mm).

In Experiment 1, I investigated how pollen germination and growth responded to a range
of temperatures between 10 and 40°C. For each cultivar described above, pollen was collected
from six bushes. Once a week, one bush per cultivar was randomly selected and moved from cold
storage to the greenhouse. Placement of bushes within the greenhouse benches was also

randomized. Pollen from open flowers was collected onto a Petri dish as described above, and the
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dishes were exposed to 10, 20, 30, or 40°C in environmental growth chambers. These temperatures
broadly encompass the conditions that northern highbush blueberries may be exposed to during
bloom. After 4 and 24 h of temperature exposure, 10 pollen tetrads were randomly assessed. There
was a total of six Petri dishes per cultivar for each temperature, resulting in 60 pollen tetrad
observations for each cultivar, temperature, and assessment time.

Based on the results of Experiment 1, I conducted Experiment 2 to determine the
temperature threshold inhibiting pollen germination and tube growth. I exposed pollen from
cultivars described above to 30, 32.5, 35, 37.5, or 40°C. This experiment followed similar methods
described in Experiment 1, but due to the COVID-19 pandemic, some bushes for this experiment
were moved from cold storage to our greenhouse (prior to March 2020 shutdown) and some bushes
were moved into our laboratory space (in late April 2020) and grown under grow lights (California
Lightworks, SolarFlare 220 LED Grow Light, Canoga Park, California). No significant differences
were found among pollen samples taken in the two conditions, and thus were analyzed together.
In this experiment, we used the same experimental design and replication as described above.

I conducted Experiment 3 to determine the potential for blueberry pollen germination and
tube growth to recover after brief exposure to extreme heat. The ‘Bluecrop’ cultivar pollen was
exposed to either a control temperature (CT) treatment (25°C for 24 h), a high temperature (HT)
treatment (37.5°C for 24 h), or a relieving temperature (RT) treatment which combined brief HT
followed by CT conditions (37.5°C for 4 h then 25°C for 20 h). For each treatment, I assessed the
proportion of successfully germinated pollen grains and the length of pollen tubes as described
above. After 4, 10, and 24 h of exposure, Petri dishes were removed from growth chambers and
evaluated as described above.

2.2.4 Data analysis

All data were analyzed in RStudio (Version 4.2.2). The proportion of germinated pollen
tetrads and the pollen tube length data were analyzed separately for each cultivar and assessment
time. The proportion of germinated pollen tetrads was calculated for each observation within a
replicate group (N=6) for each cultivar, temperature, and assessment time, based on the number of
tetrads observed with at least one successfully germinated pollen tube. A generalized linear model
(GLM) with a Gaussian distribution was used to compare pollen germination across temperatures
(glm(mean germination success ~ temperature, family= gaussian)). Mean pollen tube lengths were

determined for each observation within a replicate group (N=6) for each cultivar, temperature, and
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assessment time. A GLM with a gamma distribution and log link function was used to transform
these right-skewed data and to determine the effects of temperature on mean pollen tube length
(glm(mean length ~ temperature, family = gamma(link = “log”)). Models were tested for normality
by comparing deviance residual values and using the Shapiro-Wilk test. For normally distributed
data, a one-way analysis of variance (ANOVA) was used to determine if temperature had a
significant effect on pollen germination or pollen tube length for each cultivar and assessment
time. For data that were not normally distributed, a Kruskal Wallis test of significance was used.
If the ANOVA or Kruskal Wallis test was significant (P < 0.05), a Sidak post-hoc test was used
for pairwise comparisons among means. Statistically different means are represented by different
letters in tables and figures (P < 0.05).

2.3 RESULTS

2.3.1 Experiment 1: Pollen response to 10-40°C

2.3.1.1 Pollen germination

Across all cultivars and sampling times, temperature significantly affected pollen
germination (Table 2.1). The highest proportion of germinated pollen tetrads was observed at 20
and 30°C while significantly lower germination was found at 40°C for all cultivars and sampling
times. After 4 h of incubation, germination rates were similar between 10 and 40°C. However,
after 24 h, pollen germination was significantly lower in 40°C conditions compared to 10°C.
Between 4 and 24 h assessments at 10°C, the proportion of germinated pollen tetrads increased by
0.63, 0.53, 0.48, and 0.38 for ‘Bluecrop’, ‘Elliott’, ‘Jersey’, and ‘Liberty’, respectively. For all
cultivars (except ‘Elliott’), no significant differences were found among germination proportions
after 4 h of exposure to 20 and 30°C. After 24 h of exposure, a high proportion of pollen tetrads
germinated at 20 and 30°C, ranging between 0.63 and 0.98 across all cultivars. Within a cultivar,
no significant differences were found among germination proportions at 20 and 30°C at 24 h.
Germination observed at 40°C was very limited and significantly lower than at 20 or 30°C across
all cultivars and sampling times (Table 2.1). Across all cultivars and sampling times, no pollen
tetrads exposed to 40°C produced more than one pollen tube (Supplemental Table 2.4).
2.3.1.2 Pollen tube length

Pollen tube length was significantly affected by temperature for most cultivars and
sampling times (Figure 2.1). After 4 and 24 h incubation, pollen tube length increased as

temperatures increased from 10 to 30°C, but at 40°C it was severely or completely inhibited. For
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‘Bluecrop’ and “Elliott’ at 10°C, tube lengths increased approximately 7-8 fold (respectively) from
4 to 24 h (Supplemental Table 2.1). For ‘Jersey’ and ‘Liberty’ at 10°C, pollen tube lengths were
observed at 24 h, but not at 4 h. Pollen tube lengths were not significantly different at 10-30°C
(except for ‘Bluecrop’) at 24 h. Comparing 20 and 30°C at 4 h, significantly longer pollen tubes
were recorded at 30°C for ‘Jersey’ and ‘Liberty’. After 24 h, pollen tube lengths for 20 and 30°C
were not significantly different for any cultivar. After 4 h exposure to 40°C, only ‘Jersey’ and
‘Liberty’ had measurable pollen tube growth, yet was significantly shorter than lengths observed
at 20 or 30°C. After 24 h exposure to 40°C, only ‘Bluecrop’ pollen tubes germinated, and these

were significantly shorter than those observed at all other temperatures.
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Figure 2.1 Mean pollen tube length of four northern highbush blueberry cultivars after 4 h and 24
h of exposure to 10, 20, 30 or 40°C. Each bar represents the mean value of six independent
replicates shown with standard error bars. Bars with a common letter, based on a Sidak post-hoc
test, are not statistically different at P < 0.05 within each graph.

2.3.2 Experiment 2: Pollen response to 30-40 °C

2.3.2.1 Pollen germination

Across all cultivars and sampling times, temperature conditions between 30 and 40°C had
a significant effect on blueberry pollen germination (Table 2.1). For each of the tested cultivars
and assessment times, the highest germination proportions were observed at 30-35°C, and these
values did not significantly differ from one another. For all cultivars, germination rates were

significantly lower at 37.5°C compared to 30-35°C at both 4 and 24 h. For example, across all
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cultivars and incubation times, proportion successfully germinated pollen tetrads ranged from 0.42
to 0.95 for 30-35°C, while at 37.5°C, germination ranged from 0.20 to 0.73 (Table 2.1). At 40°C,
pollen germination was completely inhibited for all cultivars and sampling times, except for
‘Elliott’ at 24 h where a single germination observation was recorded. For this sample, exposure
to 40°C reduced pollen germination by 98% compared to rates observed at 30°C. The proportion
of pollen tetrads with two or more pollen tubes was also substantially reduced at 37.5°C, and no
tetrads produced more than one pollen tube at 40°C (Supplemental Table 2.5).

2.3.2.2 Pollen tube length

Temperature had a significant effect on pollen tube length for all cultivars and sampling
times except for ‘Liberty’ at 24 h (Figure 2.2). For all cultivars at 4 and 24 h, pollen tube length
decreased as temperature increased from 30 to 37.5°C. For all cultivars and sampling times (except
‘Jersey’ at 24 h), the longest pollen tubes were observed at 30°C. For ‘Jersey’ at 24 h, the longest
pollen tubes were observed at 32.5°C, although it did not significantly differ from lengths observed
at 30°C. Compared 30°C at 4 h, significant reductions in tube length were observed at 35°C for
‘Bluecrop’ and ‘Jersey’ and at 37.5°C for ‘Elliott” and ‘Liberty’. At 24 h, lengths were significantly
reduced at 37.5°C for ‘Bluecrop’, ‘Elliott’, and ‘Jersey’ compared lengths observed at 30°C (no
significant differences among temperatures for ‘Liberty’ at 24 h). Although not statistically
different, pollen tube lengths were shorter by 40%, 18%, 39%, and 14% at 35°C compared to 30°C
at 24 h for ‘Bluecrop’, ‘Elliott’, ‘Jersey’, and ‘Liberty’, respectively (Supplemental Table 2.2). For
‘Liberty’, after 24 h, pollen tube length did not significantly differ among temperatures, although
there was a trend of shorter pollen tubes as temperature increased. Exposure to 40°C completely
inhibited pollen tube growth for all cultivars at 4 h and for ‘Bluecrop’, ‘Jersey’, and ‘Liberty’ at
24 h. After 24 h of exposure to 40°C conditions, ‘Elliott’ pollen tubes were significantly inhibited

compared to all other temperatures sampled (Supplemental Table 2.2).
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Figure 2.2 Mean pollen tube length of four northern highbush blueberry cultivars after 4 h and 24
h of exposure to 30, 32.5, 35, 37.5, or 40°C. Each bar represents the mean value of six independent
replicates shown with standard error bars. Bars with a common letter, based on a Sidak post-hoc
test, are not statistically different at P < 0.05 within each graph.

2.3.3 Experiment 3: Recovery from extreme heat

2.3.3.1 Pollen germination

Germination rates of ‘Bluecrop’ pollen were significantly affected by CT, HT, or RT
temperature regimes at 4 and 24 h, but not at 10 h (Table 2.3). The greatest germination levels
were observed in the CT regime, where 89%, 91%, and 91% of observed pollen tetrads germinated
at least one pollen tube at 4, 10, and 24 h, respectively. In comparison, pollen germination for the
HT group was reduced by 26%, 14%, and 27% at 4, 10, and 24 h, respectively, but only
significantly reduced at 24 h. Germination rates between HT and RT groups did not differ
significantly from one another across all sampling times. Compared to CT conditions, the
proportion of pollen tetrads with more than one pollen tube was also reduced for HT and RT groups
by approximately 30-40% across all sampling times (Supplemental Table 2.6).
2.3.3.2 Pollen tube length

Temperature regime had a significant effect on pollen tube length at all assessment times
(Figure 2.3). Pollen tube lengths were significantly shorter in HT and RT groups compared to the
CT group across all sampling times. Pollen tube lengths increased from 4 to 10 h across all
temperature regimes but changed variably between 10 and 24 h (Supplemental Table 2.3). At4 h,
pollen tube lengths for HT and RT groups were 74% and 77% shorter (respectively) compared to
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the CT group. This trend continued at 10 and 24 h, where pollen tube lengths were shorter in the
HT and RT groups compared to the CT group. At 4 and 10 h, pollen tube lengths did not
statistically differ between the HT and RT groups. However, after 24 h, pollen exposed to the RT
regime had significantly longer pollen tubes than those exposed to the HT regime.
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Figure 2.3 Mean pollen tube length of the ‘Bluecrop’ blueberry cultivar after 4, 10, and 24 h of
exposure to three different temperature regimes (CT = 25°C, HT = 37.5°C, RT = 37.5°C for 4 h
and 25°C for 20 h). Each bar represents the mean value of six independent replicates + SE. Bars
with a common letter, based on a Sidak post-hoc test, are not statistically different at P < 0.05
within each graph.

2.4 DISCUSSION

Temperature is the most important factor controlling plant growth and development,
particularly for reproductive stages of development including pollen germination and pollen tube
growth (Zinn et al. 2010; Snider and Oosterhuis 2011; Yang Q et al. 2019). In this first study to
document upper thermal limits of northern highbush blueberry, we found that pollen germination
and tube growth in northern highbush blueberry had high performance at 20 and 30°C but became
inhibited between 30 and 40°C. I determined the upper threshold for pollen performance to be
35°C, as higher temperatures cause significant and irreversible damage to northern highbush
blueberry pollen performance. Furthermore, I found that short bursts of extreme heat, only 4 hours

of exposure to 37.5°C, is enough to cause significant and irreversible damage in blueberry pollen
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performance. These new findings highlight the sensitivity of blueberry reproduction, specifically
pollen germination and tube growth, to extreme temperatures experienced recently in major
production regions of this crop.

Our first experiment revealed that the greatest pollen germination rates and tube growth of
northern highbush blueberry cultivars occurred at 20 and 30°C, whereas exposure to 40°C either
significantly or completely inhibited pollen germination and tube growth. Given that northern
highbush blueberry is commonly cultivated in temperate regions and blooms in the spring, this
indicates that pollen tube growth is optimized for temperatures typically encountered during spring
bloom, similar to strawberry, sweet cherry (Prunus avium), peach, and apricot (Prunus armeniaca)
(Cerovl¢ and Ruzi¢, 1992; Austin et al., 1998; Hedhly et al., 2004, 2005; Kozai et al., 2004;
Ledesma and Sugiyama, 2005).

The optimal temperature range for pollen performance found in this study deviated slightly
from reports in rabbiteye blueberry, where Yang Q et al. (2019) determined 21.4 and 18.4°C as
the ideal temperatures for pollen germination and tube growth, respectively. They also reported
that at 30°C, pollen tubes grew quickly but mostly stopped growing in the middle of the style
(Yang Q et al. 2019). It is possible that the in situ methods used by Yang Q et al. (2019) using
‘Gardenblue’ pollen measured in ‘Brightwell’ pistils contributed to a greater sensitivity to heat
than in our study. As Yang Q et al. (2019) suggest, higher temperatures inhibit stigmatic mucus
secretion, which may contribute to poor stigmatic receptivity or a decrease in pistil nutrient supply
which can reduce pollen germination and inhibit tube growth (Herrero and Hormaza, 1996; Hedhly
et al., 2003, 2005; Mesihovic et al., 2016), and thus these pollen-stigma interactions could explain
some of the differences in our findings.

Differences in pollen response to cooler and hotter temperatures across time were also
observed in our study. For example, pollen germination and tube lengths were similar at 10 and
40°C across cultivars after 4 h of exposure. However, after 24 h, germination and tube length for
pollen exposed to 10°C increased amongst all cultivars. Similarly, Yang Q et al. (2019) reported
that the percentage of rabbiteye styles with germinated pollen at 10°C was around 12% at 4 h but
increased to 43% at 24 h. At 40°C, we found little to no increases in pollen germination and tube
growth after 24 h, and for some cultivars, we observed decreases in pollen germination and tube
growth after 24 h. These findings were further confirmed by assessing the proportion of tetrads

that produced two or more pollen tubes, a measure of pollen viability in blueberry (Lang and Parrie,
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1992). At 24 h across all cultivars (excluding ‘Liberty’), several pollen tetrads were observed with
two or more tubes at 10°C, but no tetrads exposed to 40°C produced more than one tube. These
findings suggest that exposure to cold temperatures may temporarily delay development in pollen
germination in tube growth, but exposure to high temperatures results in rapid and potentially
irreversible inhibition of pollen performance.

Our second experiment revealed that pollen germination and tube growth decreased as
temperature increased, with almost complete inhibition at the highest temperature across all
sampling times and cultivars. While germination was greatest between 30-35°C, the longest pollen
tubes were observed primarily at 30°C (‘Bluecrop’, ‘Elliott’, ‘Liberty’) or 32.5°C (‘Jersey’).
Interestingly for ‘Bluecrop’ and ‘Jersey’ cultivars, pollen germination rates were similar between
30-35°C yet pollen tube lengths were reduced at 35°C, potentially indicating different temperature
optima for pollen germination and pollen tube growth processes. For all sampling times and
cultivars, pollen germination and pollen tube lengths were substantially reduced at 37.5°C
compared to cooler temperatures. While pollen germination is a necessary pre-requisite for
fertilization, it is critical that pollen tubes from germinating grains grow long enough to reach the
ovules for successful fertilization to occur. Thus, we consider the upper temperature threshold for
northern highbush blueberry pollen to be 35°C, as temperatures above 35°C result in significant
and often irreversible consequences in pollen performance. These results align with observations
from Yang Q et al. (2019) who reported significantly reduced pollen germination and no pollen
tubes fully traversing the style at 35°C in rabbiteye blueberries.

Exploration of how ‘Bluecrop’ pollen responds to a brief exposure of extreme heat
followed up by a cooler, relieving temperature indicated very little recovery. In this third
experiment, pollen tube lengths did not differ between high temperature (HT) and relieving
temperature (RT) groups for the first two sampling times and increased very little (albeit
significantly) for the RT group at the last sampling period. Given this meager increase in length,
and that pollen tetrads and their associated pollen tubes were randomly assessed at each sampling
time (i.e., not the same tetrads and tubes were tracked across sampling times), it is possible that
this growth for the RT group after 24 h is not biologically significant. Further evidence for this can
be seen in the germination data, as pollen germination rates did not significantly differ between
HT and RT groups across all sampling times. Compared to pollen tube lengths observed at the CT

group, lengths for the RT group are consistently much shorter at all sampling times, suggesting
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that any recovery observed is still insufficient for a full recovery in pollen performance. Our
findings suggest that that even a short duration of extreme heat can have long-term effects on
pollen performance that we expect to limit blueberry pollination and yield. Similar results have
been observed by Dupuis and Dumas (1990) who reported that exposing maize (Zea mays) pollen
to 40°C for 4 h prior to pollination completely inhibited in vitro fertilization, despite the fact that
pollination occurred on spikelets maintained at 28°C throughout the experiment. Furthermore,
Iwahori (1966) found that exposing tomato (Solanum Ilycopersicum) pollen to 40°C for 3 h
following pollination completely prevented fertilization and resulted in ovule abortion. Our results,
in tandem with findings in other well-studied crops, emphasize the permanent impacts of short-
term extreme heat exposure on plant reproductive processes.

Our findings suggest that extreme heat contributed to blueberry yield deficits when fields
in bloom are exposed to temperatures greater than 35°C for several hours and highlights the need
to develop production systems that can maintain yields during extreme weather. Coupled sensor
and cooling systems, for example, could be employed to mitigate risk of heat-associated injury in
blueberry fields. For example, recent research in Oregon has highlighted that intermittent misting
in blueberry farms using microsprinklers can reduce air temperatures at the blueberry canopy level
by approximately 10°C (Yang F-H et al., 2019; Yang et al., 2020). While this strategy was
originally used for preventing heat damage in ripening blueberries, it could be adapted for use
during blueberry bloom to help mitigate heat stress during pollination. Our findings emphasize the
negative consequences of brief extreme heat on blueberry pollen, and the impact a few degrees
can make on pollen performance. Thus, strategies that reduce blueberry field temperatures during
this developmentally sensitive period could help prevent losses in yields. However, field trials are
needed to investigate the effectiveness and potential pitfalls of using irrigation systems to cool
during blueberry bloom. In addition to mitigation strategies for currently established blueberry
fields, our observations of cultivar-specific responses to heat also highlights the potential to
explore breeding for heat tolerant blueberry cultivars. Marker-assisted breeding can integrate traits
for climatic adaptation into new blueberry cultivars faster than conventional breeding strategies
(Rowland et al., 2012; Lobos and Hancock, 2015; Wang et al., 2019). However, using marker-
assisted breeding to develop heat-tolerant blueberry cultivars will require further evaluation of
genotypes with a range of tolerance (Lobos and Hancock, 2015; Driedonks et al., 2016). Using in

vitro techniques, our research provides novel information on the thermotolerance of four northern
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highbush blueberry cultivars which should be considered when identifying heat-tolerant
germplasm for future breeding efforts (Zinn et al., 2010).

This first report of pollen performance for northern highbush blueberry cultivars under
extreme heat conditions provides novel insight into the thermal thresholds of commercial cultivars.
Our results describe the negative consequences of brief periods of extreme heat, mirroring
conditions experienced in the field, on northern highbush blueberry pollen performance. New
regions of blueberry expansion and existing regions growing blueberry such as south China (Yang
Q et al., 2019) and Michigan (Lobos and Hancock, 2015) have already experienced the negative
effects of extreme heat exposure on berry yields, so understanding the tolerance and sensitivity of
this crop to high heat is critical as incidences of extreme heat increase in intensity, frequency, and
duration (Lobos and Hancock, 2015; Yang Q et al., 2019; van Es, 2020; IPCC, 2021; Walters et
al., 2022). Our results from these experiments should inform future in vivo research in northern
highbush blueberry and advise prospective breeding and mitigation strategies to reduce heat stress

in blueberry fields and maintain yields as the climate continues to change.
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TABLES

Table 2.1 Mean proportion germinated pollen tetrads (= SE) of four northern highbush blueberry
cultivars after two durations of exposure to 10, 20, 30, or 40°C.

Mean + SE proportion germination

Temperature

Cultivar (°C) 4h 24 h
‘Bluecrop’ 10 0.05+0.09b 0.68+0.08 a
20 0.52+0.09 a 0.93+0.08a
30 0.75+0.09 a 098 +£0.08 a
40 0.00+0.00b 0.03+0.08b
> =52.08,df=3,P<0.001 y*=16.74,df=3, P <0.001
‘Elliott’ 10 0.02+0.04 ¢ 0.55+0.07b
20 0.23+£0.04b 0.78 £ 0.07 ab
30 0.57+0.04 a 0.95+0.07 a
40 0.00+0.00 ¢ 0.00£0.00 ¢
v =161.88,df=3, P <0.001 »*=103.33,df=3,P <0.001
‘Jersey’ 10 0.00+0.00 b 048 +£0.05b
20 0.63+£0.04 a 0.82+0.05a
30 0.63+£0.04 a 0.88+0.05a
40 0.02+0.04b 0.00+0.00 ¢
¥*=19.33,df=3, P <0.001 »*>=180.59,df=3, P <0.001
‘Liberty’ 10 0.00+£0.00b 0.38+0.08a
20 0.37+£0.06 a 0.70 £0.08 a
30 0.42+£0.06 a 0.63+£0.08 a
40 0.02+0.06b 0.00+0.00b

> =16.52,df=3,P <0.001 y*=16.62,df=3,P <0.001
Values within each cultivar and sampling time with a common letter are not statistically different
at P <0.05, based on a Sidak post-hoc test. Statistical comparisons of the proportions were derived
from an ANOVA test for normally distributed data or a Kruskal Wallis test for non-normally
distributed data.
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Table 2.2 Mean proportion germinated pollen tetrads (= SE) of four northern highbush blueberry
cultivars after two durations of exposure to 30, 32.5, 35, 37.5, or 40°C.

Mean + SE proportion germination

Cultivar Tem(l?,eéj‘ture 4h 24h
‘Bluecrop’ 30 0.95+0.05a 0.95+0.04 a
32.5 095+0.05a 0.92+0.04a
35 0.92+0.05a 0.95+0.04a
37.5 0.58+0.05b 0.73+0.04 b
40 0.00+0.00 ¢ 0.00+0.00 ¢
> =20.38,df =4, P <0.001 v =19.03,df =4, P <0.001
‘Elliott’ 30 0.77+0.03 a 0.88+0.04 a
32.5 0.75+0.03 a 0.83+0.04a
35 0.82+0.03 a 0.87+0.04a
37.5 0.37+0.03b 0.45+0.04b
40 0.00+0.00 ¢ 0.02+0.04 ¢
> =435.59,df=4, P <0.001 *=357.55,df=4, P <0.001
‘Jersey’ 30 0.48 £ 0.07 ab 0.60 +0.06 a
32.5 0.55+0.07 a 0.68+0.06 a
35 0.42+£0.07 ab 0.58+0.06 a
37.5 0.20 +0.07 be 0.30+0.06b
40 0.00+0.00 ¢ 0.00+0.00 ¢
> =42.07,df =4, P <0.001 v =21.36,df =4, P <0.001
‘Liberty’ 30 0.73+0.04 a 0.93+0.03a
32.5 0.82+0.04 a 0.87+0.03a
35 0.87+0.04 a 0.85+0.03a
37.5 0.38+0.04 b 0.50+0.03b
40 0.00+0.00 ¢ 0.00+0.00 ¢

x> =359.18,df =4, P <0.001 x*=503.85,df=4, P <0.001
Values within each cultivar and sampling time with a common letter are not statistically different
at P <0.05, based on a Sidak post-hoc test. Statistical comparisons of the proportions were derived
from an ANOVA test for normally distributed data or a Kruskal Wallis test for non-normally
distributed data.
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Table 2.3 Mean proportion germinated pollen tetrads (= SE) of the northern highbush blueberry
cultivar ‘Bluecrop’ under three temperature regimes!.

Sampling time (h) Temperature regime Mean + SE proportion germination
4 CT 0.89+0.08a
HT 0.66 + 0.08 ab
RT 0.59+0.08b
¥ =7.63,df=2,P<0.05
10 CT 0.91+£0.06 a
HT 0.78 £0.06 a
RT 0.77+0.06 a
> =3.28,df =2, NS
24 CT 0.91+£0.06 a
HT 0.66+0.06b
RT 0.75 + 0.06 ab

¥*=9.59,df=2, P <0.01

ICT =25°C, HT =37.5°C, RT = 37.5°C for 4 h and 25°C for 20 h. Mean values with a common
letter are not statistically different at P < 0.05 within sampling time, based on a Sidak post-hoc
test. Non-significant comparisons (P > 0.05) are indicated by NS.
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CHAPTER 3. EFFECTS OF PRE-BLOOM EXTREME HEAT EXPOSURE ON FRUIT
SET AND QUALITY IN NORTHERN HIGHBUSH BLUEBERRY
3.1 INTRODUCTION

Extreme heat poses an increasing risk for agricultural production (Hatfield et al., 2020;
Lohani et al., 2020; Parker et al., 2020; Bras et al., 2021; Kopecka et al., 2023), with potential to
cause significant changes in crop yield. For example, abnormally warm temperatures in the winter
and spring in California in 2015 resulted in more than $240 million in combined crop indemnity
payments for several woody perennial crops, including almond, cherry, grape, pistachio, peach,
and walnut (Parker et al., 2020). Such reductions in crop yields threaten food security, food quality,
and the cost of fresh food for a growing human population (Hatfield et al., 2011; IPCC, 2023).
While most research has focused on understanding the effects of gradual long-term temperature
increases (e.g., 1.5-3°C), short-lived extreme heat events are also expected to increase and,
depending on their timing and intensity, may be more detrimental to crop production (Zinn et al.,
2010; Hatfield and Prueger, 2015; Mesihovic et al., 2016; Walters et al., 2022). Plants have
evolved strategies to function within a wide range of temperatures and abiotic conditions, but
adequate time is needed for plants to acclimate (Larkindale and Vierling, 2008; Miiller and Rieu,
2016), resulting in greater potential for injury following short bursts of extreme heat compared to
gradual temperature increases. As extreme heat events intensify, it will be critical to determine the
effects of brief heat stress on crop performance and productivity (Hatfield et al., 2020; Lohani et
al., 2020), and to develop mitigation measures.

Extreme heat can have negative repercussions for flowering plants at all development
stages, but particular sensitivity has been recorded for reproductive development in angiosperms
(Zinn et al., 2010; Miiller and Rieu, 2016; Hatfield et al., 2020; Lohani et al., 2020). During
reproductive development, a series of coordinated processes must occur for successful fertilization.
First, pollen microspores must undergo meiosis and mitosis to form mature pollen grains, stored
in floral anthers until anthesis (Lohani et al., 2020). Once a flower opens, anthers release mature
pollen to be transferred to a receptive stigma surface, where adhered pollen grains must germinate
and penetrate the stigma surface, growing pollen tubes that traverse the style towards the ovules,
finally resulting in fertilization (Snider and Oosterhuis, 2011). Thus, viable pollen and a receptive
stigma are required for fertilization, yet these processes can be disrupted following short bouts of

heat stress, particularly during pollen development, germination, and tube elongation (Zinn et al.,
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2010; Snider and Oosterhuis, 2011; Mesihovic et al., 2016; Raja et al., 2019; Lohani et al., 2020;
Chaturvedi et al., 2021). While female floral organs (stigma, style, ovary) are considered less
sensitive to heat stress than male floral organs (Lohani et al., 2020), under natural conditions heat
stress will simultaneously affect both reproductive tissues and can have additive negative effects
on fertilization. Evaluating how male and female floral organs differ, or align, in their sensitivity
to extreme heat will be important for assessing field-realistic consequences for crop production.

During male gametophyte development, heat stress can result in the degradation of the
tapetum (the specialized layer of nutritive cells supporting pollen development), failure to release
microspores (i.e., immature pollen grains), altered metabolism and transport of nutrients in
developing pollen, reduced pollen viability, poor anther dehiscence, and failure to release mature
pollen (Snider and Oosterhuis, 2011; Santiago and Sharkey, 2019; Lohani et al., 2020; Santiago et
al., 2021; Kumar et al., 2022). Together, heat stress can disrupt the physiological, morphological,
and biochemical processes necessary for pollen development and functioning, potentially limiting
fertilization. Synergistic effects can occur when female floral organs are also exposed to heat
stress, reducing soluble carbohydrates and ATP content in pistils, further inhibiting pollen tube
growth and fertilization (Snider et al., 2009). Initially, pollen grains rely on pre-existing
carbohydrate reserves to fuel pollen tube growth, but eventually utilize carbohydrates provided by
the transmitting tract of the style (Herrero and Arbeloa, 1989; Zinn et al., 2010), resulting in
potential for additive effects of heat stress experienced by male and female floral tissues. Rapid
reductions in stigmatic receptivity are also reported following heat stress, inhibiting support for
pollen penetration, germination, and adhesion (Hedhly et al., 2003, 2005). Heat stress during
female gametophyte development can also cause malformed ovules, desiccated stigmas, and can
lead to ovule abortion (Snider et al., 2009; Lohani et al., 2020), further perpetuating fertilization
failure in addition to poor pollen performance.

The timing of heat exposure, as well as the reproductive organs enduring heat stress, can
also have substantial influence on fertilization and yield. In one study, tomato fruit and seed
production were completely inhibited when pollinated using pollen developed under heat stress
conditions despite the plant being grown in optimal conditions (Peet et al., 1998; Snider and
Oosterhuis, 2011). In the same study, when tomato plants were exposed to heat stress conditions
and pollinated with pollen developed under optimal conditions, fruit set and seed production were

similar to control plants (Peet et al., 1998; Snider and Oosterhuis, 2011). Similar results have been
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reported in maize (Dupuis and Dumas, 1990). The available literature suggests that male
gametophyte development and performance are more sensitive to heat stress than other
developmental stages. A recent focus of research in this field has evaluated the consequences of
heat stress at different floral and male gametophyte (pollen) development stages, including specific
stages during microsporogenesis and microgametogenesis (Lohani et al., 2020). The consequences
for mature pollen vary greatly depending on when heat is applied during these developmental
processes (Lohani et al., 2020) but is relatively unknown for many different crop species. In barley
florets, exposure to heat stress during the pre-meiotic stage of development resulted in stunted
anther development, failure to produce pollens grains, and altered progression of the pollen
Microspore Mother Cell (MMC) meiosis, while heat stress during meiosis limited starch
accumulation in pollen grains with negative consequences for pollen viability (Sakata et al., 2000;
Draeger and Moore, 2017; Callens et al., 2023). Studies in barley and Arabidopsis indicate that
brief extreme heat effects are variable across different flower development stages (Kim et al., 2001;
Callens et al., 2023). There is also a strong bias to studies on annual crop responses to extreme
heat, with much less known about perennial crops.

Far less is known about the tolerance of perennial fruit crops to heat extremes, perhaps
because many are grown in climates where hot weather conditions during bloom were very rare.
However, some studies suggest greater sensitivity in spring-blooming perennial crops than
summer flowering species (Hedhly et al., 2009). Of the studies done in perennial crops, greater
efforts have been made in evaluating pollen performance in vitro, primarily at anthesis, including
strawberry, sweet cherry, peach, apricot, and blueberry (Austin et al., 1998; Cerovl¢ and Ruzi¢,
1992; Hedhly et al., 2004; Hedhly et al., 2005; Kozai et al., 2004; Ledesma and Sugiyama, 2005;
Yang et al., 2019; Walters and Isaacs, 2023). While in vitro studies provide valuable and easily
reproducible information on pollen thermotolerance, these studies do not report the effects of heat
stress on fertilization success, fruit set, or fruit quality. Thus, in vivo approaches, such as hand-
pollination studies, provide insight into how heat can affect plant reproductive success under
natural conditions by exposing both male and female floral organs. These studies can take into
account the potential additive effects of heat stress on stigmatic receptivity, pistil support for pollen
tube growth, and ovule development. For example, Ledesma and Kawabata (2016) exposed
strawberry flowers to 42°C for 4 h and found that the degree of damage to fruit set and fruit quality

varied by flower age and cultivar. In the ‘Nyoho’ cultivar, total fruit set was significantly reduced

41



when heat was applied 0-9 days before anthesis and at 0-12 days before anthesis for the ‘Toyonoka’
cultivar, indicating greater sensitivity to heat stress at earlier and later floral development stages.
At earlier development stages, strawberry flowers were at the MMC development stage and at later
development stages, flower anthers were undergoing dehiscence (Ledesma and Kawabata, 2016).
Authors also found that ‘Nyoho’ had no significant change in the size or weight of berries
following heat stress, despite a reduction in fruit set (Ledesma and Kawabata, 2016). The results
from this study highlight the importance of evaluating the sensitivity of various floral development
stages to heat stress to capture the full potential effects on flowering crop plants, particularly those
most at risk, including spring-blooming perennial crops.

Northern highbush blueberry, Vaccinium corymbosum, is a spring-blooming woody
perennial native to eastern North America, and historically grown in regions with cold winters and
mild summers (Retamales and Hancock, 2012; Lobos and Hancock, 2015). In Michigan, the most
widely grown fresh blueberry cultivar is ‘Bluecrop’, comprising 25% of the state’s blueberry
acreage for its cold-hardiness, vigor, yield, flavor, and low need for cross-pollination (Vander
Weide et al., 2024). As with most Vaccinium species, blueberries are highly dependent on wild
pollinators for fertilization, seed set, and maximizing yields (Tuell et al., 2009; Gibbs et al., 2016;
Pinilla-Gallego and Isaacs, 2018; DeVetter et al., 2022). Under optimal conditions, including good
weather and ample pollination services by bees, highbush blueberry has the potential to set nearly
100% of'its flowers into fruits (Kumarihami et al., 2021; DeVetter et al., 2022). Gough et al. (1978)
described floral organ development in ‘Bluecrop’ and provided a limited description of blueberry
gametophyte development over time. In early November, MMC formation begins but development
ceases in the first part of December as conditions become cooler and photoperiods are shorter
(Gough et al., 1978). By mid-March, development is again initiated when microsporogenous tissue
in the anthers is separated and tapetal disintegration begins, continuing through bud swell (Gough
et al. 1978). By mid-April, pollen grains are fully formed and loosely packed in the antherine
locules and remnants of tapetal tissue are apparent (Gough et al. 1978). Northern highbush
blueberry floral bud development is typically characterized using the following terms, indicating
the progression of growth as photoperiods get longer and temperatures rise: tight bud, bud swell,
bud break, tight cluster, early pink bud, late pink bud, and anthesis (blueberries.msu.edu).
However, Gough et al. (1978) did not describe floral bud development stages occurring at the same

time as pollen development (with the exception of bud swell at microsporogenesis), so the relative
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timings of pollen and floral bud development are still largely unclear for northern highbush
blueberry. In the spring when blueberry floral buds continue meiosis (microsporogenesis) and
mitosis (microgametogenesis) in developing pollen grains, exposure to extreme heat could result
in negative, compounding effects on the quality of pollen produced as observed in other flowering
plants as discussed in other flowering crops above. However, given the limited research identifying
when male gametophyte development (i.e., microsporogenesis-microgametogenesis) occurs
during blueberry floral bud development, our understanding of when blueberry flowers are most
sensitive to extreme heat is lacking.

Recent pollen performance studies in northern highbush blueberry have shown that
exposure to brief periods (4 h) of extreme heat (37.5°C) can significantly, and irreversibly, reduce
in vitro pollen germination and tube growth, which may have negative implications for blueberry
fruit set and fruit quality (Walters and Isaacs, 2023). Indeed, In May 2018, the main blueberry
production region in Michigan experienced mid-day conditions of 35°C for over 4 hours during
bloom, where these daily maximum temperatures were >20°C hotter than historical daily
maximums for that region and time of year (Global Historical Climatology Network). This was
the hottest May on record for the region in the past 121 years. Despite high bloom density and
strong crop potential 2018, Michigan blueberry yields were 30-50% lower than normal. Pollen
performance studies can provide insights into pollen thermotolerance (see Chapter 2), but
additional research is required to determine the effects of heat on blueberry fruit set and fruit
quality. To my knowledge, no studies have assessed the consequences of pre-bloom heat stress on
blueberry fruit production or berry quality. To address this, I evaluated the consequences of brief,
extreme heat exposure on ‘Bluecrop’ northern highbush blueberry fruit set and fruit quality at
various floral development stages, including tight bud, bud swell, bud break, early pink bud, and
late pink bud. By exposing ‘Bluecrop’ bushes to normal (25°C) or extreme heat conditions
(37.5°C) for 4 h at the development stages described above, and self-pollinating open flowers with
pollen exposed to the same conditions, the effects pre-bloom heat stress on blueberry pollination
could be quantified. Bushes exposed to heat stress or non-stress conditions were compared for fruit
set, fruit ripening, and fruit quality to test the hypothesis that heat sensitivity varies by development
stage, and thus, fruit set and berry quality vary depending on when extreme heat exposure occurs

relative to floral development stage.
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3.2 MATERIALS AND METHODS

3.2.1 Plant material and maintenance

Dormant 2-year-old northern highbush blueberry ‘Bluecrop’ bushes were purchased in late
winter in 2021 (Hartmann Nursery, Grand Junction, Michigan and DeGrandchamp Farms, South
Haven, Michigan). The bushes were immediately placed in dark cold storage (MSU Horticultural
Teaching and Research Center, Holt, Michigan) at 2°C until at least 1200 chilling hours had
accumulated. Thereafter, bushes were moved from cold storage into the MSU greenhouses (East
Lansing, MI) as needed for experiments, and maintained at 22 + 5°C and 16:8 L:D photoperiod
for the duration of the experiments. Plants were watered regularly to maintain moist soil, and soil
pH was monitored every 3-4 weeks to ensure it was < 6.0 using a soil pH meter (Bluelab Soil pH
pen, Bluelab Corporation, New Zealand). When necessary, bushes were treated with Jobe’s
Organics soil acidifier (calcium sulfate (80%), sulphur (18%), and bentonite clay (2%), Easy
Gardener Products, Inc., Waco, Texas) according to the manufacturer’s recommendations.
Osmocote Smart-Release Plant Food Flower and Vegetable granules (nitrogen (14%), available
phosphate (14%), soluble potash (14%), The Scotts Company, Marysville, Ohio) were also added
to potted blueberry bushes following the manufacturer’s directions.

3.2.2 Blueberry temperature treatments

Heat treatments were randomly assigned to either a control temperature (CT) treatment
(25°C for 4 h) or high temperature (HT) treatment (37.5°C for 4 h). The temperature for the HT
regime was selected to mimic recently experienced extreme heat events where daily maximum
temperatures exceeded 35°C for 4 h during blueberry bloom (Global Historical Climatology
Network) which can negatively affect pollen performance in blueberry (Walters and Isaacs, 2023,
Chapter 2). Bushes were exposed to temperature treatments using environmental growth chambers
(Darwin Chambers, St. Louis, MO) set to CT and HT conditions (60 + 5% relative humidity), and
temperatures were monitored every 30 min using HOBO temperature loggers (Onset Computer
Corporation, Bourne, MA). Plants were assigned in pairs such that multiple plants received the HT
and CT treatment conditions at the same time in each respective chamber. Following temperature
exposure, bushes were immediately brought back to the greenhouse and maintained under the

conditions described above for the remainder of the experiment.
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3.2.3 Experimental design

‘Bluecrop’ bushes were exposed at several floral bud development stages, including tight
bud, bud swell, bud break, early pink bud, or late pink bud growth stages to CT or HT conditions
for 4 h. Following placement in the greenhouse, bushes were randomly assigned to a development
stage and temperature treatment. Blueberry bushes were monitored daily to assess floral bud
development, ensuring plants were exposed at the correct time. For each development stage, we
used 12 bushes, with six bushes exposed to CT conditions and six exposed to HT conditions. Using
colored twist ties, floral bud development stages were identified and marked on shoots prior to
exposure, where twist ties were loosely (but securely) wrapped around the shoot just below floral
buds assessed in the experiment. From the floral buds selected for treatment, colored twist ties
were again used to randomly assign floral buds to be hand pollinated or to be a pollen donor. At
least six floral bud locations were selected per bush, where three floral buds were randomly
assigned to be pollinated or to be a pollen donor. Across all bushes and development stages, we
selected apical buds for treatments as the number of flowers found in inflorescence buds is
negatively correlated with distance from shoot tip (Retamales and Hancock, 2018). From each
selected floral bud, several flowers developed, but only 2-3 flowers were kept per location for
pollination treatments, typically resulting in six flowers to be pollinated and six flowers used to
collect pollen for donor pollen (i.e., typically 12 total flowers per plant). However, depending on
flower health and availability, as few as four and as many as 13 flowers were used per plant for
each pollination treatment. Flowers considered unhealthy or showing signs of disease were
excluded from the experiment. In some cases, entire bushes were excluded from analysis if they
showed significant signs of disease.

3.2.4 Pollen collection and hand-pollination

Flowers assigned to be pollen donors were used to collect pollen from flowers on the same
plant as those to be pollinated. Thus, the donor and recipient flowers experienced the same
temperature treatment at the same development stage, and all flowers in this study were self-
pollinated. Pollen was collected from at least the same number of flowers being hand-pollinated,
ensuring sufficient pollen available to saturate floral stigmas for optimal fertilization. To ensure
that the pollen and flowers used for experiments were fresh (within 24 h of anthesis), every open
flower was marked on each bush by lightly dotting the corolla with a permanent marker (Kearns

and Inouye, 1993). Thus, the following day, any open flower without a mark had been open for
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less than 24 h. Donor pollen was released from the blueberry flower anthers by touching a vibrating
sonication tool (AeroGarden, Boulder, Colorado) onto the outside of the corolla and collecting into
a 1.5 mL microcentrifuge tube, allowing pollen to accumulate at the conical end of the centrifuge
tube. Flowers were self-pollinated by dipping the end of a fine, clean paint brush in the
microcentrifuge tube containing the recently collected donor pollen and lightly touching it to the
surface of the flower stigma until there was an even layer of pollen saturating the stigma. A small,
white paper tag on a thin thread was loosely wrapped around the pedicel of hand-pollinated flowers
to record relevant information on berry ripening timing, described in more detail in the subsequent
section. Hand-pollination flowers were bagged using small, white mesh jewelry bags which
remained until fruit collection. Bagging flowers helped ensure that no cross contamination or
additional pollination could occur while flowers and berries developed in the greenhouse. Once all
flowers were treated, identified, and bagged, all other flowers and flower buds were removed from
the whole bush. Flowers not used for treatments were removed to provide maximum resource
allocation for the experimental flowers and subsequent berries.

3.2.5 Fruit set assessments and berry collection

Blueberry bushes were maintained in the greenhouse throughout berry development and
ripening under optimal conditions (22 + 5°C, 16:8 L:D). Treated flowers were checked daily to
monitor ovary swelling (indicating fruit growth or flower abortion), green fruit growth, and timing
of berry color change (from pink to blue). Paper tags attached to flowers and developing fruit
included relevant information such as the date a berry starts to change color (changing from green
to pink), the date it turned completely blue, and the date it was collected. Berries were collected
five days after turning completely blue to ensure enough time to ripen and accumulate sugar and
were immediately placed in a -20°C freezer until ready for analysis. Green berries, aborted flowers,
and small, dried blue berries with no juice or flesh were excluded from fruit set and fruit quality
analyses, as these are not considered marketable fruit. Flowers were considered to have
successfully set fruit if the berries turned 100% blue and had enough juice for fruit quality assays.

3.2.6 Fruit quality assays

Berries were removed from the -20°C freezer and kept in room temperature conditions for
4 h until they thawed completely (Yang et al., 2009). Each individual berry was assessed for berry
weight (g), berry diameter (mm), the number of fertilized seeds, the percent (%) fertilized seeds,
total soluble solids (TSS), titratable acidity (TA). The weight of each berry was determined using
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a precision balance (Mettler Toledo, Columbus, OH), accurate to 1 mg. Berry diameter was
measured using a digital caliper, where the caliper was placed at the cross section of the berry (i.e.,
calyx facing up) at the widest part of the berry. The number of fertilized seeds and percent fertilized
seeds was determined by squishing each berry separately in a small, clear, clean plastic bag and
counting the number of fertilized or unfertilized seeds (together representing the total number of
seeds) using a dissection microscope. Seeds were considered fertilized if they were large, brown,
and round/full while unfertilized seeds were small, white or light tan, and deflated or malformed.
Following seed assessments, the juice from the squished berry was set aside to assess the % TSS
and % TA using the Pocket Brix-Acidity Meter (CPAL-BXIACID7, Cat. No 7107, Atago USA
Inc, Bellevue, WA) following manufacturer instructions. Briefly, to measure % TSS, at least 0.3
mL of undiluted berry juice was added to the Pocket Brix-Acidity Meter sensor, where each berry
was assessed separately. Berry juice was extracted by squeezing a single berry onto the sensor.
After each assessment, the sensor was cleaned with purified water and dried with a Kimwipe
(Kimberly-Clark Professional, Rosewell, GA). To measure % TA, juice (from a single berry) was
diluted at a 1:50 ratio using purified water, mixing juice and water in a small beaker for about 30
sec, then placing at least 0.6 mL of diluted juice onto the Pocket Brix-Acidity Meter sensor. Again,
the sensor was cleaned with purified water and dried with a Kimwipe after each assessment.

3.2.7 Data analysis

All statistical analyses were conducted in R (R version 4.2.3) (R Core Team, 2023), using
generalized linear mixed-models (GLMM) and linear mixed-models (LMM) (‘lme4’ package)
(Bates et al., 2015) for all analyses. Final models were selected based on the type of data (i.e.,
count vs continuous), meeting the assumptions of the model distribution, assessing the lowest AIC
model scores (‘bbmle’ and ‘stats’ packages) (Bolker et al., 2023; R Core Team, 2023), the model
deviance residuals (‘base’ package) (R Core Team, 2023), and other model performance metrics
(‘performance’ package) (Liidecke et al., 2024). Model assumptions were checked by assessing
scaled residuals using the ‘performance’ and ‘car’ packages (Fox et al., 2023; Liidecke et al.,
2024). All models described below adequately met model distribution assumptions. Test statistics
were calculated using Likelihood Ratio Tests (LRT) (‘stats’ package) (R Core Team, 2023). The
‘stats’, ‘emmeans’ and ‘multcomp’ packages (Hothorn et al., 2023; R Core Team, 2023; Lenth et
al., 2024) were used for pairwise comparisons between temperature treatments for each

development stage and to derive means and standard errors of response variables from models.
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Figures were made using the ‘ggplot2’ and ‘ggsignif® packages (Ahlmann-Eltze and Patil, 2021;
Wickham et al., 2024).

A generalized linear mixed model (GLMM) with a binomial distribution and logit link
function was used to test the effects of temperature exposure on blueberry fruit set, where the
response variable was a binary indicator for fruit set success or failure. Floral development stage
(tight bud, bud swell, bud break, early pink bud, late pink bud) and temperature treatment (CT or
HT) were included as fixed effects, and replicate and bush code were included as random effects.
A GLMM with a negative binomial distribution was used to test the effects of temperature
exposure on berry ripening time, where the response variable was the number of days until berries
turned fully blue after they started to change color. Berry ripening time was only assessed for
berries that were considered to have successfully set fruit. Development stage and temperature
treatment were included as fixed effects, and bush code and replicate were included as random
effects.

To test whether temperature exposure affected blueberry fruit quality, GLMM and LMM
models were used depending on the fruit quality measurement, representing the response variable
(i.e., berry weight, berry diameter, number of fertilized seeds, % fertilized seeds, % TSS, % TA).
Floral development stage and temperature treatment were included as fixed effects, and replicate
and bush code were included as random effects in all models. For berry weight (g) a GLMM model
with gamma distribution was used with an inverse link function. For berry diameter (mm), the
number of fertilized seeds, % fertilized seeds, % TSS, and % TA, a LMM model with a Gaussian
distribution was used. Berry quality measurements were only assessed for berries that were
considered to have successfully set fruit.

3.3 RESULTS

3.3.1 Fruit set and berry ripening

Temperature treatment had a significant effect on fruit set for only one development stage,
but otherwise there was no significant difference between treatments (Figure 3.1: ?>=12.02, df=2,
p=0.21). In the bud swell stage, exposure to HT conditions significantly reduced fruit set (z=2.32,
p=0.02), where the proportion fruit set for CT plants was 0.95 & 0.05 while the proportion fruit set
for the HT plants was 0.58 + 13, a 39% reduction compared to non-stressed conditions. No
significant effect of temperature treatment on berry ripening time was found across all

development stages (Figure 3.2: y*>=4.91, df=2, p=0.30).

48



[] 25°c @ 37.5°C

1.0{ NS NS NS
0.9 _| = NS
®08 T ]

507
= 0.6
505
50.4
20.3
& 0.2

0.1

0.0

Floral development stage

Figure 3.1 The mean (+ SE) proportion fruit set for ‘Bluecrop’ bushes exposed to control (CT:
25°C) or high (HT: 37.5°C) temperature treatments for 4 h at different floral bud development
stages. Significant difference between means is indicated by the asterisk above error bars (‘“*’ =p
= 0.05).
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Figure 3.2 The mean (= SE) berry ripening duration (days) for ‘Bluecrop’ bushes exposed to
control (CT: 25°C) or high (HT: 37.5°C) temperature treatments for 4 h at different bud
development stages. No significant differences were found between means for any of the
development stages (p > 0.05).
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3.3.2 Berry quality

Across all development stages (Table 3.1), temperature treatment had no significant effect on berry
weight (¥>=3.17, df=2, p=0.53), berry diameter (F=0.83, df=2, p=0.51), the number of fertilized
seeds (F=0.35, df=2, p=0.84), or % TSS (F=0.75, df=2, p=0.57). Temperature treatment had a
significant effect on the percent fertilized seeds in one development stage (early pink bud) but was
not statistically significant between treatments overall (Table 3.1: F=1.23, df=2, p=0.31). Berries
collected from bushes exposed to HT conditions at the early pink bud stage had approximately
78% fertilized seeds while berries collected from bushes exposed to CT conditions had
approximately 65% fertilized seeds (t=-2.46, p=0.02). Temperature treatment had a significant
effect on the % TA in one development stage but no other stages (Table 3.1: F=2.05, df=2 p=0.10).
At the bud break stage (t=-2.45, p=0.02), % TA was significantly higher (69%) in HT-treated
plants (0.66 + 0.08) than CT-treated plants (0.39 + 0.08).
3.4 DISCUSSION

Heat stress during flower and pollen development threatens reproduction in flowering
crops by reducing pollen viability and performance and inhibiting pollen-pistil interactions
necessary for fruit set and development. Previous studies have shown the negative effects of
extreme heat stress in northern highbush blueberry pollen performance in vitro (Walters and
Isaacs, 2023, Chapter 2), however, no studies to my knowledge have assessed which blueberry
floral development stages are most sensitive to heat stress, or the cascading effects brief heat stress
exposure may have on fruit set, fruit ripening, and berry quality. This study provides evidence for
development-dependent responses in floral buds exposed brief extreme heat exposure (37.5°C, 4
h) on fruit set in northern highbush blueberry. At the bud swell floral development stage, a
significant negative response to heat stress was observed with a 39% reduction in fruit set, while
other development stages (bud break, early and late pink bud) were not significantly affected.
Results in this chapter suggest a stronger effect of heat stress on fruit set than fruit ripening and
berry quality, particularly during the bud swell development stage. The results also highlight
resilience to heat stress during the tight bud development stage, immediately following dormancy,
compared with later development stages. Identifying which floral development stages are most at
risk of heat stress is important for targeting mitigation efforts and timing in blueberry fields to help

promote an abundant, high-quality crop despite seasonal heat waves.
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At tight bud, the earliest floral development stage in blueberry, fruit set and fruit quality
were nearly the same between heat stressed and control temperature treatments. Based on Gough
et al. (1978) and other studies on woody perennial spring-blooming plants (Zhang and Fernando,
2005; Fadon et al., 2019), it is likely that northern highbush blueberry pollen is at the microspore
mother cell stage (MMC) during tight bud and has not yet undergone meiosis. During dormancy
in temperate-zone woody perennial plants, floral buds are typically more resistant to unfavorable
conditions (Campoy et al., 2011). While abiotic resilience in dormant perennial plants has mostly
been studied through the lens of cold tolerance (Anderson et al., 2010), dormancy may also enable
resiliency to short bouts of extreme heat, but additional studies are needed to confirm this in
blueberry. Future studies should consider testing the effects of repeated heat stress events at the
tight bud blueberry floral stage on fruit set and quality to more realistically depict the consequences
of heatwaves. However, this development stage is fleeting and develops into bud swell rather
quickly in the spring, so the likelihood of this floral stage experiencing spring-time heat stress is
quite low. Conversely, late summer and fall time heat waves could affect floral bud initiation and
early stages of pollen microspore development and deserves greater exploration.

As plants become active after winter dormancy, blueberry floral buds transition into the
bud swell stage where previously dormant MMC are likely now undergoing meiosis (Gough et al.,
1978). This is a critical stage for developing pollen grains to accumulate nutrients needed to fuel
pollen germination and tube growth (Lohani et al., 2020). During microsporogenesis, but
particularly during MMC meiosis, exposure to heat stress can degrade the tapetum, inhibit auxin
biosynthesis, and alter amino acid and carbohydrate metabolism, limiting the nutrient supply and
hormone production necessary for pollen development, germination, and tube growth. This often
results in pollen sterility (Zinn et al., 2010; Giorno et al., 2013; Lohani et al., 2020). The lower
fruit set of self-pollinated ‘Bluecrop’ flowers following extreme heat exposure at bud swell
indicates substantial disruption to pollen development and subsequent pollen performance,
including pollen germination and tube growth. These findings agree with previous reports that just
four hours of extreme heat (37.5°C) can significantly and irreversibly inhibit blueberry pollen
germination and tube growth in vitro (Walters and Isaacs, 2023). Sensitivity to extreme heat during
MMC meiosis and microsporogenesis have also been reported in several other crops, including
barley (Callens et al., 2023), sorghum (Jain et al., 2010), wheat (Sakata et al., 2000; Draeger and
Moore, 2017), tomato (Iwahori, 1966; Peet et al., 1998; Pressman et al., 2002; Firon et al., 2006;
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Sato et al., 2006), Arabidopsis (Kim et al., 2001), apricot (Rodrigo and Herrero, 2002), groundnut
(Vara Prasad et al., 2000) and strawberry (Ledesma and Kawabata, 2016), with notable reductions
in fruit set following heat stress in these crops.

These results suggest a mechanism by which blueberry yields were reduced by 30-50%
across Michigan in 2018, as this heat wave likely reduced pollen performance and limited
blueberry fertilization. According to bloom prediction models (www.enviroweather.msu.edu),
blueberry bushes experienced this 2018 heatwave at approximately 25% bloom, where floral bud
development stages ranged from bud swell, bud break, early pink bud, late pink bud, and anthesis.
However, fruit set was only significantly reduced at the bud swell stage following heat stress in
the present study. It is possible that anthesis is also highly sensitive to heat stress in blueberry, as
indicated by previous in vitro studies (Walters and Isaacs, 2023), but this floral stage was not
evaluated due to limitations in healthy available bushes. Thus, future studies should assess the
consequences of heat stress at anthesis for blueberry fruit set to better understand how extreme
heat affects pollination. Additionally, heat stress was only applied in a single 4-hour event in this
study, but additive heat stress events over several days (as experienced in May 2018) would likely
amplify these negative consequences for fruit set. However, additional studies are required to
confirm this. Overall, fruit set reported in the present study is similar to previous reports for self-
pollinated ‘Bluecrop’ bushes, between 56-94% (MacKenzie, 1997, Strik et al., 2017).

Berry ripening time, or the number of days it took fruit to turn fully blue once they started
changing color (from green to pink), was similar between temperature treatments. Similar to fruit
set results discussed above, berry ripening was nearly the same at the tight bud development stage
regardless of temperature treatment, further suggesting resilience to heat stress at this stage.
Overall, berry ripening timing recorded in the current study is similar to other reports in blueberry,
between 2-6 days (Forney et al., 2012; Lin et al., 2020; Watanabe et al., 2021). It is possible that
such marginal differences in berry ripening time across temperature treatments could be attributed
to blueberry bushes experiencing the same, optimal conditions immediately before and after heat
stress exposure. Given that vegetative development is more resilient to heat stress than
reproductive development (Zinn et al., 2010; Chaturvedi et al., 2021), the negative effects of a
single 4-hour heat stress event during floral development may have been insufficient to disrupt

photosynthesis functioning and subsequent berry development in these blueberry plants. Future
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studies should be conducted that expose blueberry floral buds to repeated, brief (4 h) extreme heat
events to evaluate the consequences of multi-day heat waves on subsequent berry ripening time.

Hao et al (2019) assessed optimal vegetative growth conditions in northern highbush
blueberry, exposing ‘Bluecrop’ bushes to varying temperature conditions and found that net
photosynthetic activity was highest at 35/30°C (day/night) and lowest at 40/35°C. In contrast,
‘Bluecrop’ pollen exposed to temperatures at or above 35°C in vitro for just 4 h showed significant
declines in performance, with complete inhibition of pollen germination and tube growth at 40°C
after 4 and 24 h of exposure (Chapter 2). This highlights resilience to heat during vegetative growth
and the sensitivity to heat during floral development and pollen performance in northern highbush
blueberry. The present study echoes these reports, as pre-bloom extreme heat exposure had a
stronger effect on fruit set, implying greater limitation on fertilization, than on berry ripening.
Thus, once blueberry flowers set fruit, berries may have been supplied with similar resources
during development and ripening, regardless of temperature exposure during floral development.
To confirm this, comparative studies should be performed to document blueberry photosynthetic
activity, fertilization success, berry production, and berry quality when brief extreme heat is
applied at various vegetative and reproductive development stages.

Among the blueberry flowers that set fruit, berry weight and berry diameter were similar
between temperature treatments across all floral development stages and were comparable to other
reports in blueberry (MacKenzie, 1997; Kim et al., 2013; Jorquera-Fontena et al., 2017; Strik et
al., 2017; Retamales and Hancock, 2018; Strik and Vance, 2019; Lin et al., 2020). Similar findings
have been reported in strawberry, where ‘Nyoho’ was exposed to a single-day heat stress event
during early floral and pollen development, inhibiting fruit set but no measurable changes in fruit
weight or size of those fruits that did set (Ledesma and Kawabata, 2016). In apricot, fruit set was
reduced following a 6-7°C increase in maximum temperature during floral bud development, yet
the fruit produced under the warming treatment was slightly heavier (as could be expected from a
lower crop load) (Rodrigo and Herrero, 2002). Nonetheless, the overall crop yield was still reduced
under the warming treatment in apricot, despite the slight increase in individual fruit weight
(Rodrigo and Herrero, 2002). Observations in the present study and related studies indicate that
heat stress during floral development has a stronger effect on fertilization and fruit set than on the

quality of fruit that develops after fertilization.
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The number of fertilized seeds per berry was comparable between temperature treatments
within development stages, and overall was similar to previous studies in ‘Bluecrop’ (Strik and
Vance, 2019). The percent fertilized seeds were also mostly unaffected by temperature treatment,
although heat significantly increased the percent fertilized seeds (~19%) in the early pink bud stage
compared to the control. It is unclear why heat exposure increased the percent fertilized seeds at
this stage, but nonetheless no other berry quality measurements were significantly affected at early
pink bud, so overall berry quality was not improved following heat exposure. Across all tested
development stages, % TSS and TA values were mostly similar between temperature treatments.
However, at the bud break stage, exposure to heat stress significantly increased berry acidity by
69%. While such an increase in TA would result in a more acidic taste (Guiné et al., 2016), the
cause of such an increase in acidity is unclear given that fruit set, ripening time, and other berry
quality measurements were not significantly affected at bud break. Overall, these results indicate
no consistent pattern of pre-bloom heat stress exposure on the tested berry quality parameters.

In this study, I found that brief heat stress exposure to developing blueberry floral buds had
greater limitations on fruit set than fruit quality, comparable to other studies in strawberry
(Ledesma and Kawabata, 2016) and apricot (Rodrigo and Herrero, 2002). Among sufficiently
fertilized blueberry blooms, heat stress may not have substantial consequences for the quality of
berries produced. This suggests that the yield declines reported in Michigan in 2018 were from
poor fruit set, but berry quality metrics influencing yield (weight, size) may have been mostly
retained. Given that fruit quality measurements were conducted on berries that successfully set
fruit, it is likely that short bursts of heat stress had a greater effect on pollen performance and
fertilization, in agreement with previous in vitro studies in blueberry (Chapter 2). Significant
reductions in fruit set following heat stress occurred at the bud swell stage, but the other floral
development stages showed some resilience to temperature stress. This aligns with my prediction
that bud swell is occurring during MMC meiosis, as this pollen development stage has shown high
sensitivity to heat for many different crop plants and is an important time for pollen and flowers
to accumulate resources required for proper development and performance. However, studies
should be done following the methods of Gough et al. (1978) to validate pollen and floral organ
development timing with floral bud morphology in northern highbush blueberry. While additional
research is required, these findings indicate greater attention is needed to protect the pollination

phase of blueberry production (from pollen development to fertilization), particularly during bud
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swell, to ensure high fruit set rates, as fruit quality is less affected when heat waves occur during
floral bud development.

My results also show the importance of blueberry growers and field managers to have
strategies to maintain fields at optimal maximum temperatures (20-30°C) during floral
development and pollination, just as they do for maintaining optimal minimum temperatures to
prevent frost damage. Strategies to cool fields during bouts of extreme heat include intermittent
misting using overhead irrigation systems, which have been shown to reduce air temperatures in
Oregon blueberry fields by approximately 10°C during berry ripening (Yang et al., 2019a, 2020a)
and by 5-10°C in Michigan blueberry farms during bloom (Walters, Van Timmeren, and Isaacs,

unpublished).

55



TABLE
Table 3.1 Mean + SE values of berry quality measurements for blueberry fruit from ‘Bluecrop’ bushes exposed to control (CT: 25°C)
or high (HT: 37.5°C) temperature treatments for 4 h at five different floral development stages. Comparisons between treatments that
were significantly different are presented in bold text. Test statistics ()2, F, df, p) were derived from a likelihood ratio test (LRT) of full
GLMM or LMM models. Pairwise comparisons (z or t, p) between temperature treatments within a given development stage were also
performed, derived from models.

Berry quality Development stage and temperature treatment
parameter
Tight bud Bud swell Bud break Early pink bud Late pink bud
CT HT CT HT CT HT CT HT CT HT
Weight (g) 142+ 1.95+ 1.71 £ 149 + 132+ 1.59 + 145+ 1.87+ 1.51+ 1.72 £
ght(g 0.16 0.34 0.27 0.19 0.14 0.20 0.15 0.28 0.17 0.21
2— =
x 3p':1(7)’5(;f 4 z=1.63, p=0.10 7z=-0.70, p=0.48 z=1.14, p=0.26 z=1.42, p=0.16 7z=0.78, p=0.44
Diameter (mm) 939+ 10.50 + 13.05 + 12.59 + 11.50 + 12.99 + 12.55+ 13.69 + 12.44 + 12.81 +
0.53 0.57 0.65 0.60 0.59 0.61 0.54 0.61 0.60 0.60
F:(;'if)’ Sdlf:“’ t=-1.44, p=0.16 =0.52, p=0.61 t=-1.77, p=0.09 t=-1.40, p=0.17 =-0.43, p=0.67
Fertilized seeds 39.64 £ 47.76 + 58.34 + 5395+ 48.28 + 48.69 + 4519 + 49.47 + 49.10 + 5420+
3.64 4.35 6.24 5.52 4.84 5.13 4.20 5.15 5.37 5.85
F:(;if) SI:4’ 7z=-1.44, p=0.15 7z=0.53, p=0.60 7z=-0.06, p=0.95 7z=-0.65, p=0.52 7z=-0.64, p=0.52
o fertilized seeds 5847+ 65.79 £ 81.65 78.52 £ 80.76 £ 83.32 + 6542 + 77.62 £ 7431+ 79.62 £
0 3.21 3.40 3.97 3.69 3.58 3.73 3.29 3.71 3.78 3.74
F:;i% 3dlf:4’ =-1.57, p=0.13 t=0.58, p=0.57 =-0.50, p=0.62 t=-2.46, p=0.02 =-1.00, p=0.32
TSS (%) 12.48 + 13.60 + 13.15 + 14.07 + 14.02 + 13.28 + 12.97 + 14.41 + 13.36 + 14.11 +
0 0.64 0.68 0.78 0.73 0.71 0.74 0.65 0.73 0.74 0.73
F:(;Zf) §1§:4’ t=-1.23, p=0.23 t=-0.88, p=0.38 t=0.75, p=0.46 t=-1.50, p=0.14 t=-0.73, p=0.47
TA (%) 0.54 + 0.65=+ 0.68 + 0.50 + 039+ 0.66 + 052+ 0.61 =+ 0.49 + 057+
° 0.07 0.07 0.08 0.08 0.08 0.08 0.07 0.08 0.08 0.08
ingf) 1d§=4, =-1.10, p=0.28 t=1.55, p=0.13 t=-2.45, p=0.02 t=-0.93, p=0.36 t=-0.71, p=0.48
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CHAPTER 4. EXTREME HEAT EXPOSURE OF HOST PLANTS INDIRECTLY
REDUCES SOLITARY BEE FECUNDITY AND SURVIVAL

This chapter was published as Walters, J., Barlass, M., Fisher, R., Isaacs, R. 2024. Extreme heat
exposure of host plants indirectly reduces solitary bee fecundity and survival. Proceedings of the

Royal Society B. 291: 20240714. https://doi-org.proxy1.cl.msu.edu/10.1098/rspb.2024.0714

4.1 INTRODUCTION

The warming climate is a key driver of insect population declines (Soroye et al., 2020;
Wagner, 2020; Raven and Wagner, 2021; Janousek et al., 2023), yet the various ways in which
these changes affect insects are still being elucidated. Acute bouts of extreme heat are becoming
more frequent and intense (IPCC, 2023), negatively affecting plants and the insects that they
depend on, including bees and their pollination services (Memmott et al., 2007; Hatfield et al.,
2020; Nicholson and Egan, 2020; Kammerer et al., 2021; Walters et al., 2022). Studies
investigating the direct effects of extreme heat on bees or plants offer important insights on the
consequences of heat for their physiology (Bordier et al., 2017; Hamblin et al., 2017; Chaturvedi
et al., 2021; Zhao et al., 2021; Zhu et al., 2021), capacity for acclimation (Martinet et al., 2015;
Mesihovic et al., 2016; Oyen and Dillon, 2018; Martinet et al., 2021a; Gonzalez et al., 2022b, a;
Hernandez-Fuentes et al., 2023; Septlveda and Goulson, 2023) and reproductive potential
(Vanderplanck et al., 2019; Amuji et al., 2020; Lohani et al., 2020; Zhao et al., 2021; Campion et
al., 2023). However, when extreme heat events occur in the environment, bees and their host plant
both endure heat stress, potentially resulting in compounding, interactive ramifications for these
organisms. Despite this, investigations intersecting the effects of extreme heat on bee-plant
interactions are limited (Greenop et al., 2020; Descamps et al., 2021; Hemberger et al., 2023),
fragmenting our understanding of heat stress repercussions on pollination systems. In plant-
pollinator networks, synchrony is critical for their success and survival, and extreme heat can
disrupt the timing of these interactions (Scaven and Rafferty, 2013; CaraDonna et al., 2018;
Slominski and Burkle, 2021; de Manincor et al., 2023). While phenological synchrony is important
to understand in the context of climate change, few studies have explored whether heat stress also
affects the synergy between bee pollinators and their host plants. For example, there is little

information on whether heat stressed plants adequately support the dietary needs of their bee
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pollinators. As bouts of extreme heat continue to intensify, it is critical to broaden our
understanding of how indirect heat stress affects bee-plant interactions.

Plant reproductive development, particularly gametophyte (i.e., pollen) development and
performance are the most sensitive development stages to heat stress (Zinn et al., 2010; Snider and
Oosterhuis, 2011; Mesihovic et al., 2016; Raja et al., 2019; Lohani et al., 2020; Chaturvedi et al.,
2021). When extreme heat occurs during floral development, maturation, and/or dehiscence, it can
have compounding adverse consequences, including degradation of the tapetum, failure to release
microspores, altered metabolism and transport of nutrients in pollen, reduced pollen viability, poor
anther dehiscence and failure to release pollen (Snider and Oosterhuis, 2011; Santiago and
Sharkey, 2019; Lohani et al., 2020; Santiago et al., 2021; Kumar et al., 2022). When heat inhibits
nutrient sequestration in developing pollen, concentrations of carbohydrates, proteins, lipids, and
amino acids can be reduced or altered (Borghi and Fernie, 2017; Borghi et al., 2019; Santiago and
Sharkey, 2019; Lohani et al., 2020; Santiago et al., 2021). Many of these nutrients drive
reproductive processes including pollen germination and tube growth, which are necessary for
fertilisation, so this depletion of nutrients can reduce pollen quality, performance, and subsequent
reproduction (Borghi and Fernie, 2017; Raja et al., 2019; Lohani et al., 2020; Chaturvedi et al.,
2021; Kumar et al., 2022). Some researchers have recently hypothesized that these heat-induced
pollen nutrient reductions could also negatively affect bees, as these insects rely on the nutrients
present in pollen for their diets (Borghi and Fernie, 2017; Borghi et al., 2019; Descamps et al.,
2021; Walters et al., 2022). However, no studies have confirmed the connection between heat
stressed pollen and bee nutrition, requiring further research. Extreme heat may also reduce the
production and release of pollen (Raja et al., 2019; Amuji et al., 2020; Hedhly et al., 2020; Lohani
et al., 2020), limiting bee access to floral rewards. These changes could lead to nutritional stress
with important consequences for bee fecundity, behavior, and development (Vaudo et al., 2015,
2020; Woodard et al., 2019; Knauer et al., 2022). Subsequent offspring can also be affected as
reduced quantity and quality of pollen provisions may lead to altered developmental timing, shifts
in sex ratios, reduced body size, and higher rates of mortality (Bosch, 2008; Bukovinszky et al.,
2017; Filipiak and Filipiak, 2020; Stuligross and Williams, 2020). These adverse effects on bees
could limit pollination services, affecting reproduction of wild plants (de Manincor et al., 2023)

and crops (Slominski and Burkle, 2021; Walters et al., 2022). Despite the potential ramifications,
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there is limited cross-disciplinary understanding of the effects of extreme heat on bees, plants, and
their interactions.

While most research exploring the impacts of extreme heat on bee pollinators has focused
on social bees, studies suggest greater sensitivity to extreme heat in solitary bees (Hamblin et al.,
2017), such as Osmia bees. Osmia lignaria Say (Hymenoptera: Megachilidae) is a solitary,
polylectic, stem-nesting mason bee native to North America. Wild and managed O. lignaria are
important pollinators of spring-blooming wildflowers and crops (Kraemer et al., 2014; Sheffield,
2014; Pitts-Singer et al., 2018; Boyle et al., 2020). However, recent studies suggest O. lignaria
populations are in decline in the US, driven by increased competition and disease prevalence
(LeCroy et al., 2020; Russo et al., 2021; Gutierrez et al., 2023) as well as pesticide exposure (Artz
and Pitts-Singer, 2015; Eeraerts et al., 2020; Kopit et al., 2022). Direct nutritional and heat stress
can also negatively affect these bees (Conrad et al., 2017; Kierat et al., 2017; CaraDonna et al.,
2018; Lee et al., 2018; Filipiak and Filipiak, 2020; Knauer et al., 2022; Song et al., 2023; Melone
et al., n.d.), but there is limited understanding of the indirect effects of extreme heat on Osmia bees
and their offspring. Given the evidence for declining populations and the importance of their
pollination services, it is imperative to identify and mitigate stressors affecting wild bees.

Northern highbush blueberry (Vaccinium corymbosum) is a spring-blooming perennial
fruit crop native to North America that is highly dependent on wild pollinators and is visited by O.
lignaria (Pinilla-Gallego and Isaacs, 2018; Fortuin et al., 2021). In temperate regions where this
crop grows, spring temperatures are typically moderate, but extreme heat events have become
more common (Lobos and Hancock, 2015; IPCC, 2023). In 2018, Michigan blueberry growing
regions endured temperatures exceeding 35°C for several hours during bloom, associated with 30-
50% yield reductions (Walters and Isaacs, 2023). Blueberry pollen exposed to extreme heat, even
for 4 hours, can drastically and irreversibly inhibit performance, potentially limiting fertilization
and yields (Walters and Isaacs, 2023). Lacy phacelia (Phacelia tanacetifolia) is a herbaceous
flowering plant native to North America, visited by O. lignaria in the wild and semi-field
experiments (Williams, 2003; Ladurner et al., 2008; Stuligross and Williams, 2020). While no
studies to our knowledge have assessed the effects of heat stress on blooming phacelia, optimum
temperatures are reported to be between 23-30°C (Owayss et al., 2020; Hernandez-Fuentes et al.,
2023) with high seedling mortality following acute heat stress (Thomson et al., 2017, 2018). White

clover (Trifolium repens) is an herbaceous flowering plant native to Europe and Central Asia,
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introduced and widely distributed across North America. It is commonly found blooming near
blueberry fields and frequently visited by O. lignaria (Pinilla-Gallego and Isaacs, 2018; Graham
et al., 2023). Brief heat exposure can cause abiotic stress in white clover (Igbal et al., 2022),
resulting in fewer inflorescences (Zaleski, 1964) or vegetative tissue loss and mortality (Wright et
al., 2022). While crop plants have received greater attention, many plants enduring high
temperatures (>35°C) during floral development, even for a few hours, experience adverse
repercussions on pollen quality, performance, and subsequent plant functioning (Zinn et al., 2010;
Snider and Oosterhuis, 2011; Mesihovic et al., 2016; Raja et al., 2019; Lohani et al., 2020).

As extreme heat events become more common and intense, and bee declines continue to
escalate, further research is required to provide a broader understanding of how native solitary
bees are affected by extreme heat. To address this, I investigated the indirect effects of extreme
heat on O. lignaria and their offspring by releasing females in field cages to forage on blueberry,
phacelia, and white clover exposed to extreme heat (37.5°C for 4h) or control conditions (25°C for
4h) during bloom. Bees were observed during foraging and egg-laying, and their offspring were
monitored in vitro from eggs to adults. The study was designed to determine whether: 1) Heat
stressed host plants affect O. lignaria maternal foraging and fecundity; 2) Development and
survival of larvae are affected by consuming pollen from heat stressed plants; and 3) Emergence,
survival, body size and sex ratio of adult progeny are affected by heat stressed larval diets. I
expected female O. lignaria bees provided with heat stressed plants to have similar foraging rates
but reduced fecundity. I also predicted altered larval development and reduced survival for
offspring fed pollen from heat-treated plants. For adult offspring who consumed heat stressed diets
as larvae, I hypothesized reduced emergence success, survival, and body size, altered timing of
emergence and longevity, and male-dominated sex ratios.

4.2 MATERIALS AND METHODS

4.2.1 Biological material

This study used three different host plants: blueberry, lacy phacelia, and white clover.
Dormant 2-year-old ‘Bluecrop’ blueberry bushes were purchased in winter (Hartmann Nursery,
Grand Junction, MI and DeGrandchamp Farms, South Haven, MI) and immediately placed in dark
cold storage (2°C) until 1200 chilling hours had accumulated. When needed, bushes were moved
to a greenhouse at 22 + 5°C and 16:8 Light:Dark (L:D) cycle. Plants were watered regularly, and

soil pH was monitored every 3-4 weeks to ensure it was <6.0 (Yang et al., 2022). When necessary,
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bushes were treated with acidifier (Jobe’s Organics, Easy Gardener Products, Inc., Waco, TX) and
fertilizer (Osmocote, The Scotts Company, Marysville, OH) following the manufacturer label.
Phacelia and white clover seeds were purchased from L.A. Hearn Company (King City, CA), and
sown in I-liter plastic pots with a mixture of potting soil (Michigan Grower Products, Inc.,
Galesburg, MI) and field soil at a 50:50 ratio, ensuring optimal soil moisture for growth (Seker et
al., 2003; Kilian, 2016; Mitropolova et al., 2023) and kept in a greenhouse (22 + 5°C, 16:8 L:D).
Approximately 20 pots of phacelia and clover were sown each week (January-April 2022) to
ensure sufficient blooming plants for experiments.

4.2.2 Exposing host plants

At approximately 25% bloom, plants were randomly assigned to control (25°C for 4h - CT)
or high temperature (37.5°C for 4h - HT) conditions. Plants were exposed at 25% bloom because:
this was the approximate blueberry development stage in 2018 during the extreme heat event
described above, it allowed for a wider breadth of floral development stages exposed to heat (from
developing buds to open blooms), and this maximized the duration of bloom (and thus floral
resources) available to bees. Phacelia and white clover were also exposed at 25% bloom to ensure
consistency of heat stress exposure. The temperature for the HT regime was selected to mimic
recently experienced acute extreme heat events where daily maximum temperatures were > 20°C
hotter than historical daily maximums in 2018, exceeding 35°C for 4 hours during blueberry bloom
(Global Historical Climatology Network). In general, heat stress occurs when temperatures are 10-
15°C above ambient (Wahid et al., 2007). Previous studies have shown that short exposure (<5h)
to >35°C can negatively affect pollen performance in blueberry (Walters and Isaacs, 2023) and
other plant species (Snider and Oosterhuis, 2011; Mesihovic et al., 2016; Chaturvedi et al., 2021).
While several studies discussed above have found a relationship between altered pollen nutrition
and poor pollen viability following heat stress, no studies have reported a connection to nutrition
availability for bees. However, myself and others hypothesize that such reductions in pollen
viability driven by nutritional deficits may also have negative consequences for bee nutrition
(Borghi et al., 2019; Descamps et al., 2021; Walters et al., 2022).

Environmental growth chambers were set to CT and HT conditions and temperatures were
monitored every 30 min using HOBO temperature loggers (Onset Computer Corporation, Bourne,

MA). Plants were assigned in pairs such that multiple plants received the HT and CT treatment
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conditions at the same time in each respective chamber. After exposure to the appropriate
temperature regime, plants were immediately moved to the field cages as described below.

4.2.3 Osmia lignaria bees for experiments

Male and female Osmia lignaria cocoons were purchased from Meyer Bees (Meyer Bees,
Minooka, IL) in March 2022. Cocoons were kept dormant (no light, 4°C, 60% RH) until needed
for experiments (Bosch and Kemp, 2004; Eeraerts et al., 2020). In June 2022, I began moving
cocoons to emergence conditions. I placed 20 male and 10 female cocoons in 0.3 x 0.3 m plastic
mesh cages (BioQuip, Rancho Dominguez, CA) next to a window for natural light, maintained at
20-22°C in three cohorts on June 10, 15, and 20, 2022. Bees took 3-5 days to emerge and were
provided sugar water (50% sucrose) ad libitum via a dental wick in a glass flask which was
replaced every week. Once emerged, observations were made daily to ensure successful mating.
Bees typically mated 2-3 days following emergence. Mated females were marked on their thorax
using a uniquely colored non-toxic paint pen (Mitsubishi Pencil Co., Ltd., Tokyo, Japan), then
moved to a separate cage maintained under the same conditions until release in field cages. Bees
were marked to allow for individual behavior assessments in field cages. Once sufficient floral
resources were available, three mated females were released in each cage. Each bee was similar in
size and age (3-4 days old). After all cages received their initial three bees, some cages received
replacement bees if one was found dead or missing within 1 day of its release or if bees died and
failed to produce eggs. Replacement bees were released in two cages under these criteria to
maintain activity and egg laying.

4.2.4 Cage experimental design

Using a no-choice design, [ measured foraging and egg laying of O. lignaria in field cages
provided HT or CT host plants. At the Entomology Research Farm (East Lansing, MI), eight 3.7
x 1.8 m mesh field cages (BioQuip, Rancho Dominguez, CA) were constructed, spaced 2 m apart.
Field cages were randomly assigned to temperature treatment, where four cages received HT-
treated plants and four cages received CT-treated plants. Ambient air temperature averaged 25°C
throughout the study at a nearby weather station (enviroweather.msu.edu), ranging from 18 to
31°C.

Within each field cage, a nest box was placed on the opposite end from the opening, facing
east. Each nest box, adapted from (Knauer et al., 2022), consisted of ten 170 x 180 mm pieces of

wood stacked inside a plywood box with an open face and slanted roof, mounted on two metal
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poles, at 1.2 m height. In each nesting plank, 10 cavities were routered (Ryobi, Anderson, SC),
each 10 mm wide and deep, 160 mm long, and spaced 7 mm apart, providing 100 blind-ended
cavities in each cage. Clear acetate sheets cut to the same dimensions were placed on top of each
plank, allowing observation and extraction of eggs and provisions with minimal disturbance. In
front of each nest box, a 0.3 x 0.6 m bare patch of moist soil was created to allow bees access to
mud for their nest construction.

Cages were randomly paired in four replicate blocks, with one cage from both temperature
groups in each block. Cages were paired to match timing of plant and bee placement while also
accounting for the capacity of growth chambers to expose plants to treatments. This allowed for a
consistent distribution of newly exposed, blooming plants, ensuring sufficient resources for female
bees and their offspring. Following heat exposure, plants were immediately moved to field cages
(~5 km away). The exposure and initial placement of all host plants occurred on the same day
within paired blocks, between June 14 and 29, 2022. Bees were released in cages within 2-3 days
of initial blueberry plant placement, between June 16 and 27, 2022. Phacelia and clover plants
were added 0-5 and 2-13 days, respectively, after bee releases and bees were able to forage on
these plants the same day of plant exposure and placement. To maintain floral densities,
subsequent additions of newly exposed plants (and removal of non-blooming plants) occurred
from June 22 to July 26, 2022, with 5, 3, and 3 days between replacements for blueberry, phacelia,
and clover, respectively. All replacement plants were moved to field cages immediately after their
temperature treatment. In each cage, 26-30 blueberry, 10-15 phacelia, and 6-13 clover plants were
provided throughout the experiment. The number of open flowers on each plant was counted,
typically the same day as behavior assessments, or within 2-3 days, throughout the experiment.
Plants were placed in the cages in rows, with blueberry placed on the outer rows (closest to the
cage walls) and phacelia and clover placed on inner rows, between the blueberries. This ensured
visibility of the nest box and floral visitation observations.

4.2.5 Behavior assessments

Bees were released the same day within blocked pairs, between June 16 and 27, 2022. To
allow time to adjust to new conditions, foraging observations began the day following release. Bee
foraging observations occurred from June 17 to July 29, 2022. Observations were 30 min per cage,
conducted 3-5 days/week, typically between 9am and 3pm when weather conditions were suitable.

The order in which field cages were assessed was randomized daily. For each individual bee, I
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recorded the plant visited and the number of floral visits per plant. Floral visits were recorded
when bees were actively collecting nectar or pollen. All bees (in each cage) were assessed by a
single observer sitting inside the cage by the entrance, opposite the nest box. These observations
also allowed identification of nest cavities being provisioned by Osmia bees. Field cage
observations concluded in early August once all bees died, and the flowers were depleted.

4.2.6 Osmia development assays

Eggs and pollen provisions were collected from nest boxes typically the same day the eggs
were laid, or within two days. Egg collection occurred at night, minimizing disturbance and
potential damage to mother bees and eggs. I used sterilized featherweight forceps (BioQuip,
Rancho Dominguez, CA) to place each egg and associated pollen provision in a 1.5 mL centrifuge
tube with a piece of sterilized tin foil placed inside, holding them upright. These were transferred
to the lab and each pollen provision was weighed on a precision balance (Mettler Toledo,
Columbus, OH), accurate to 1 mg. Pollen provisions and eggs were transferred to sterilized 48-
well cell culture plates with 10 mm diameter cells, adapted from (Dharampal et al., 2018; Eeraerts
et al., 2020). Each well plate received 3-7 eggs, with at least one egg from both temperature
treatments. Plates were kept in a dark environmental growth chamber (22°C + 60% RH) and were
removed for brief periods every 1-2 days to assess larval survival and growth stage using a
dissection microscope. Development stages were recorded as egg/1° instar, 2"Y/3™ instar, 3¢/4"
instar, 5™ instar, cocoon spinning, or fully spun cocoon (Claus et al., 2021). Eggs were considered
alive if they appeared undamaged (no holes, not deflated), and larvae were considered alive if they
were moving or if spiracles on the side of the body were dilating, indicating breathing. Developing
offspring were maintained at 22°C + 60% RH for 120 days, then moved to pre-wintering
conditions (21 days: 14°C + 60% RH), wintering conditions (120 days: 4°C + 60% RH), and finally
emergence conditions (22°C + 60% RH). The pre-winter weight of cocoons was recorded using a
precision balance immediately before moving them to winter conditions.

4.2.6 Adult emergence and survival assessments

The day cocoons were moved to emergence conditions, the post-winter weight was
recorded to determine the change in weight following overwintering. Daily checks were conducted
to determine the timing of emergence and survival of adult bees. Emerged bees were kept in well
plates without food provisions to determine their longevity. Upon the first day of adult emergence,

bees were weighed and placed back in well plates. Once bees died, they were removed, sexed, and
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the intertegular distance was recorded as a proxy of body size and expected flight capacity (Cane,
1987). All emerged progeny in this study were identified as males.

4.2.7 Data analysis

All statistical analyzes were conducted in R (R version 4.2.3) (R Core Team, 2023).
Generalized linear mixed-models (GLMM) (‘lme4’ package) (Bates et al., 2015) and mixed effects
Cox models (‘coxme’ and ‘survival’ packages) (Therneau, 2024; Therneau et al., 2024) were used.
Decisions on final models was based on the nature of the data taken, meeting the assumptions of
the model distribution, assessing the lowest AIC model scores (‘bbmle’ and ‘stats’ packages)
(Bolker et al., 2023; R Core Team, 2023), the model deviance residuals (‘base’ package) (R Core
Team, 2023), and other model performance metrics (‘performance’ package) (Liidecke et al.,
2024). GLMM model assumptions were checked by assessing scaled residuals using
‘performance’ and ‘car’ packages (Fox et al., 2023; Liidecke et al., 2024). All GLMM models met
model distribution assumptions. To test the assumptions of mixed effect Cox models, the
relationship between scaled Schoenfeld residuals and time was quantified (‘finalfit’ package)
(Harrison et al., 2023). The proportional hazard assumptions were met for all Cox models. Test
statistics were calculated using Likelihood Ratio Tests (‘stats’ package) (R Core Team, 2023) for
GLMM models and Cox models (‘performance’ package) (Liidecke et al., 2024). The residual
degree of freedom for GLMM models and hazard ratios for Cox models were derived from model
summaries (‘base’ package) (R Core Team, 2023). The ‘emmeans’ and ‘multcomp’ packages
(Hothorn et al., 2023; Lenth et al., 2024) were used to derive means and standard errors of response
variables from GLMM models. Figures were made using ‘ggplot2’, ‘ggsignif’, ‘ggsurvfit’, and
‘survival’ packages (Ahlmann-Eltze and Patil 2021; Sjoberg et al., 2023; Therneau et al., 2024;
Wickham et al., 2024).

Detailed descriptions of models, error distributions, and R syntax can be found in
supplemental materials and Table S4.1, with brief descriptions provided below. GLMM models
were used to test the effect of host plant temperature exposure on: number of open flowers
(blueberry, phacelia, clover), number of flowers visited (blueberry, phacelia, clover), number of
eggs laid, pollen provision weights, larval development duration, pre-winter cocoon weights, post-
winter cocoon weights, pupal weight lost after overwintering, adult emergence timing, adult
longevity, adult intertegular distance (ITD), and adult body weight. Cox models were used to test

the effect of host plant temperature exposure on the proportion larval survival, proportion adult
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emergence, and proportion adult survival. Random effects were included in all models (see Table
S4.1 for details). When appropriate, a unique identifier for mother bee identity was created using
the ‘dplyr’ package (Wickham et al., 2023) and used as a random effect. Mother bee identity was
created considering the thorax paint color associated with each bee, the field cage it was placed in,
and the date when it was released into a field cage, ensuring each mother bee was associated with
its offspring. For analysis of the number of eggs laid, I ran two separate models. The first model
excluded all bees who failed to produce eggs, testing whether temperature treatment affected
fecundity of individuals successfully initiating egg laying. The second model excluded all bees
who lived < 6 days, as these bees did not live long enough to begin egg laying, but otherwise
included all bees.

4.3 RESULTS

4.3.1 Bee behavior

For each host plant type (blueberry, phacelia, clover), no significant effect of temperature
treatment (CT vs. HT) was found for the number of open flowers, or the number of flowers visited
by females (Table 4.1). No significant effect of host plant temperature exposure was observed for
the amount of pollen provisions collected by female bees (¥*=0.94, df=1, p=0.33). The mean (+
SE) pollen provision collected by females provided CT plants was 0.12 + 0.09g compared to 0.06
+ 0.02g by females provided HT plants. Host plant temperature treatment had a significant effect
on female fecundity, both for females that successfully initiated egg laying (Figure 4.1; ¥*=4.20,
df=1, p=0.04) and for female bees who lived in cages for more than six days (y*=7.02, df=1,
p=0.008). For bees who successfully initiated egg laying, the mean number of eggs laid was
significantly lower (68%) in HT cages (1.57 £+ 0.65) compared to CT cages (4.95 = 1.51). For
female bees who lived in cages for >6 days, significantly fewer eggs laid (78%) in HT cages (0.68
+ 0.30) compared to CT cages (3.08 £ 1.11) was observed. I released 16 bees in HT cages, and 10
bees (62.5%) failed to produce eggs. For CT cages, 12 bees were released, and 4 bees (33.3%)
failed to produce eggs. In the HT cages, 5 bees who lived >6 days failed to lay eggs (31.3%) and
1 bee in CT cages lived >6 days and failed to lay eggs (8.3%). In total, females in cages with CT
plants laid 33 eggs while those in cages with HT plants laid 10 eggs, a 70% decrease in total egg

production.
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Figure 4.1 Mean (+SE) number of eggs laid by Osmia lignaria provided host plants (blueberry,
phacelia, and clover) exposed to CT (25°C for 4h) or HT (37.5°C for 4h) treatments. Significant

difference between means is indicated by the asterisk above error bars (‘*’ = p = 0.05). p-value
indicating significance derived from a likelihood ratio test (LRT) of GLMM model.

4.3.2 Larval development and survival

Host plant temperature exposure had no significant effect on the duration of larval
development across all development stages (Figure 4.2: ¥*>=1.33, df=2, p=0.93). In contrast, larval
survival was significantly affected by host plant temperature exposure (Figure 4.3: *>=17.83, df=1,
p=0.002, n.events=42). Larvae consuming pollen from HT plants were 8.3 times more likely to
die compared to larvae consuming pollen from CT plants (coef=2.11, exp(coef)=8.26,
se(coef)=0.92). In CT cages, 29 of the 33 eggs laid survived to pupation, resulting in 12% larval
mortality, whereas in HT cages, 4 of the 10 eggs laid survived to pupation, resulting in 60% larval
mortality. Host plant temperature treatment had no significant effect on pre-winter weight of pupae
(x*=0.06, df=1, p=0.80; CT: 0.053 £ 0.009g; HT: 0.055 + 0.012g), post-winter weight of pupae
(x*=0.31, df=1, p=0.58; CT: 0.045 + 0.005g; HT: 0.048 £+ 0.010g) or weight lost during
overwintering (¥*=0.28, df=1, p=0.60; CT: 0.016 + 0.003g; HT: 0.014 £ 0.003g).
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Figure 4.2 Mean (+SE) larval development timing (days) of Osmia lignaria larvae fed pollen from
host plants exposed to CT (25°C for 4h) or HT (37.5°C for 4h) treatments. p-values derived from
likelihood ratio test (LRT) of GLMM model showed no significant difference of development
timing between temperature treatments, for each development stage, indicated by ‘NS’ above error
bars.
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Figure 4.3 Kaplan-Meier survival probability curve during larval development of Osmia lignaria
larvae fed pollen from host plants exposed to CT (25°C for 4h) or HT (37.5°C for 4h) treatments.

4.3.3 Adult emergence, body size, and survival

Adult bee emergence was significantly affected by host plant temperature exposure
(*=10.59, df=1, p=0.035, n.events=33). Progeny fed HT pollen as larvae were 50% less likely to
emerge as adults compared to progeny fed CT pollen (coef=-0.69, exp(coef)=0.50, se(coet)=0.78).
The timing of adult emergence was not significantly affected by host plant temperature exposure
(x*=1.02, df=1, p=0.31). The mean (+SE) days until emergence was 10.64 + 2.36 for bees
consuming HT pollen and 8.45 £ 0.65 for bees consuming CT pollen. Adult body weight (3>=0.09,
df=1, p=0.77) and ITD (¥*>=0.25, df=1, p=0.61) were not significantly affected by host plant
temperature exposure. The mean (+=SE) adult body weight and ITD (respectively) for progeny fed
HT pollen as larvae was 0.037 + 0.009g and 2.71 + 0.22mm, compared with 0.035 + 0.005g and
2.58 £ 0.16mm for those who consumed CT pollen as larvae. Adult bee survival was significantly
affected by host plant treatment (Figure 4.4: y*=21.39, df=1, p=0.001, n.events=31). Progeny
provided HT pollen provisions as larvae were 3.5 times more likely to die as adults compared to

progeny provided CT pollen (coef=1.26, exp(coef)=3.54, se(coef)=0.77). The longevity of adult
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survival was not significantly affected by host plant temperature (y*>=1.37, df=1, p=0.24). Bees fed
HT pollen as larvae lived 5.39 & 1.56 days as adults and bees fed CT pollen lived 7.66 + 0.74 days
as adults. Far fewer progeny survived into adulthood when provided pollen from HT plants. Of
the 10 eggs laid by females provided HT plants, only 3 emerged as adults (70% mortality from
egg to adulthood) compared to the bees provided CT plants where 28 of the 33 eggs laid emerged
as adults (15% mortality).
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Figure 4.4 Kaplan-Meier survival probability curve of Osmia lignaria adults fed pollen from host
plants exposed to CT (25°C for 4h) or HT (37.5°C for 4h) treatments during larval development.

4.4 DISCUSSION

Anthropogenic climate change has caused substantial damage to ecosystems across the
globe, and extreme heat events are a main driver for these changes (IPCC, 2023). Despite the
importance of insect pollinators for ecosystem health and global agriculture, we know relatively

little about the current and long-term effects of extreme heat on their health, productivity,
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functioning, and interactions with other organisms. Increasingly, researchers are considering the
indirect impacts of climate warming on bees by evaluating changes in floral rewards and bee
behavior (Descamps et al., 2018, 2021; Borghi et al., 2019; Hemberger et al., 2023), but no studies
to our knowledge have evaluated how field-realistic acute extreme heat exposure to host plants
affects mother bees and their offspring. Our investigation into the indirect effects of extreme heat
provides the first evidence of adverse consequences for solitary bees and their brood, mediated
through their host plants. Female O. lignaria foraging on plants exposed to only four hours of
extreme heat during bloom laid significantly fewer eggs, and the majority of larvae consuming
heat stressed pollen died before pupation. The offspring who consumed heat stressed pollen as
larvae and pupated had lower emergence and greater risk of mortality as adults. Trends for delayed
adult emergence and shorter adult lifespan compared to those provided pollen from non-stressed
plants were also observed. These results highlight that even brief periods of extreme heat on host
plants can have detrimental repercussions for foraging bees and their offspring, expanding our
understanding of the implications of climate change for plant-pollinator interactions beyond the
direct negative effects (Memmott et al., 2007; Hegland et al., 2009).

The number of open flowers and flower visitation rates were similar between the two
temperature groups in this study, indicating consistency of resources and resource use across the
treatments. Despite this, I observed considerably lower egg laying by bees foraging on heat
stressed plants. This suggests that floral rewards from heat stressed plants were of lower quantity
and/or quality compared to non-stressed plants. In a related study, exposing host plants to heat
wave conditions (35/22°C) for three days resulted in 70% lower nectar production compared to
plants developing at 25°C, yet the number of flowers visited by bumble bees was the same between
treatments (Hemberger et al., 2023). Other studies have found lower pollen production and release
following heat exposure (Ozga et al., 2017; Hedhly et al., 2020; Lohani et al., 2020; Descamps et
al., 2021). Our finding of similar-sized pollen provisions between treatments, yet fewer eggs laid
in the heat stressed treatments, may reflect reduced availability of floral resources from individual
flowers. Thus, bees provided heat stressed plants may need greater foraging effort to collect
enough pollen for provisions. However, other studies have reported similar amounts of pollen
produced from stressed- and non-stressed plants, yet the viability of pollen is lower, which may

affect the quality of diet provided to bees (Descamps et al., 2018; Walters et al., 2022). Additional

71



studies are needed to measure changes in pollen production and composition following heat stress,
and subsequent effects on pollinator visitation and plant reproduction.

Reduced egg laying by bees provided with heat stressed plants may also be attributed to an
insufficient diet, adversely affecting their reproduction. Egg production and oviposition are
energetically costly for all bees, but particularly for solitary bees who lay large eggs relative to
their body size and require pollen for oocyte maturation (Cane, 2016). Other Osmia studies have
shown that females foraging in low-resource conditions produced fewer brood cells per day
(Stuligross and Williams, 2020), and when denied access to pollen, females failed to mature
oocytes or lay eggs (Cane, 2016). Osmia cornuta females can produce 40-50 oocytes but rarely
lay more than 10-20 eggs, suggesting limitations on fecundity may be attributed to constraints on
brood cell provisioning (like reduced resource availability) rather than egg production potential
(Bosch and Vicens, 2005). When brood provisioning is impeded, adjustments in parental
investment allocation can occur, where females may limit the number of brood produced but
maintain the provision size provided to offspring (Bosch and Vicens, 2005). This offers additional
insight into why females provided heat stressed plants produced less brood but retained similar
amounts of provisions for those offspring. Under extreme heat conditions, pollen may not only be
in short supply, but the nutrients present in pollen may also be altered if heat disrupts the
sequestration and metabolic transport of nutrients into developing pollen grains (Borghi and
Fernie, 2017; Carrizo Garcia et al., 2017; Borghi et al., 2019; Santiago and Sharkey, 2019;
Descamps et al., 2021). Alterations or deficiencies in pollen nutrition can have devastating
consequences for bee reproduction. In honey bees, low-protein diets can inhibit ovarian and egg
development (Hoover et al., 2006; Human et al., 2007) and diets lacking essential amino acids can
prevent brood production and development (Herbert et al., 1970; Roulston and Cane, 2000;
Barraud et al., 2022). Bombus terrestris provided diets deficient in essential amino acids delayed
nest initiation and inhibited brood production (Ryder et al., 2021). Future studies should compare
oocyte and brood production in female bees provided optimal, low-quantity, low-quality, or heat
stressed pollen diets.

The consequences of heat-altered nutrient availability on pollen performance and
fertilisation is well studied (Carrizo Garcia et al., 2017; Raja et al., 2019; Santiago and Sharkey,
2019; Lohani et al., 2020; Chaturvedi et al., 2021), but there is far less research on the subsequent

consequences for bee nutrition (but see Borghi et al., 2019; Descamps et al., 2021; Hemberger et
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al., 2023). In the present study, bees consuming pollen from heat-exposed plants had much higher
mortality during larval development, despite similar provision sizes compared to those in control
cages. While enough pollen may have been provided for larval development, it is possible that
heat stressed provisions lacked certain essential nutrients, inhibiting their survival. Previous
research on inadequate pollen nutrition emphasizes the consequences of a poor diet on bee
development and survival. For O. lignaria larvae fed honey bee-collected pollen, only the highest
protein diets supported development to adulthood (Levin and Haydak, 1957; Roulston and Cane,
2000). Other studies have found that carbohydrates, not protein, mediate Osmia larval growth and
survival to pupation (Austin and Gilbert, 2021). Osmia bicornis and O. cornuta larvae failed to
develop on Tanacetum pollen, which authors suggest is due to insufficient quantity or quality of
nutrients (Sedivy et al., 2011). Osmia cornifrons larvae failed to develop when fed multifloral and
single-source pollen diets, even when these diets had similar protein:lipid ratios as surveyed
provisions, suggesting certain micronutrients were lacking and must be present for proper
development (Crone et al., 2023). Abnormal development was also observed in our study for larvae
that consumed heat stressed pollen, where a third of these larvae spun unusually light-colored silk
and failed to enclose themselves for pupation. Osmia cocoons are an important sink for nutrients
assimilated and used during larval development, and underdeveloped cocoons may indicate the
scarcity of specific elements present in pollen (Filipiak et al., 2021). Osmia bicornis larvae fed a
single-source pollen diet failed to enclose their cocoon and had high larval mortality, suggesting
chronic nutrient deficiency (Bukovinszky et al., 2017). When fed high quantities of rapeseed
pollen, the same species exhibited hindered cocoon development and high male mortality, but
when supplemented with additional nutrients, these negative effects were absent (Filipiak et al.,
2022). In the context of these other studies, our results suggest a nutritional mechanism for the
adverse effects of indirect heat stress on larval development and survival. However, additional
research is required to quantify nutrient composition of heat stressed pollen to better understand
how it affects nutrition and silk production in Osmia bees.

I found variable effects of heat stressed diets on bee development, with higher larval
mortality and abnormal cocoon spinning, but no effect on larval development duration. This
finding is surprising, but understanding the physiological processes of Osmia development may
provide insight. Solitary bee larvae provided pesticide-contaminated diets experience slower

development compared to untreated diets, and authors attribute this to detoxification processes that
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divert time, energy, and nutrients away from development (Anderson and Harmon-Threatt, 2019;
Claus et al., 2021). In the present study, no detoxification was required as brood were not exposed
to pesticides, and the pollen provided came from known host plants, protected from pesticide
exposure. Other studies have shown extrinsic cues for Osmia development timing and pupation,
regulated via starvation and hormone signaling rather than meeting a critical mass as previously
assumed (Helm et al., 2017), possibly providing insight on the similar development timing
observed between treatments in our study. There are strong positive correlations between pollen
provision mass and weight of Osmia cocoons and adults (Zdzistaw et al., 2004; Claus et al., 2021),
and no differences in the weights of pollen provisions, cocoons, or adults between treatments was
observed. The results indicate similar fat body depletion and respiration rates among surviving
brood (Bosch and Kemp, 2003, 2004; Bosch et al., 2010; Sgolastra et al., 2016) and suggest that
the indirect effects of extreme heat are primarily mediated through pollen quality affecting progeny
survival as larvae and adults.

In spring-emerging bees, like Osmia, emergence timing is critical for maximizing resource
allocation and fecundity (Bosch and Kemp, 2003; Bosch and Vicens, 2006; CaraDonna et al.,
2018). When emergence phenologies are altered, individuals may experience lower mating
opportunities, foraging potential, and fecundity (CaraDonna et al., 2018; Farzan and Yang, 2018;
Kehrberger and Holzschuh, 2019; Pelletier and Forrest, 2023). In the present study, 50% of bee
pupae fed heat stressed pollen as larvae failed to emerge as adults and took three additional days
to emerge compared to the control diet group. Ovary maturation in O. lignaria takes 2-3 days, after
which females initiate nesting (Bosch, 2008). In another study, O. lignaria females who
successfully established nests took ~3 days to emerge, while females who failed to establish nests
took ~6 days (Sgolastra et al., 2016). So, a three-day delay in emergence could have repercussions
for Osmia egg laying potential. For males, delayed emergence could impede mating opportunities
due to shorter copulation events and heightened reproduction failure, as observed in O. cornuta
(Felicioli et al., 2023). Delayed emergence is also relevant for crop pollination, where mismatches
in bee emergence and bloom could inhibit pollination services (Bosch and Blas, 1994; Bosch and
Kemp, 2000; Pitts-Singer et al., 2018; Boyle et al., 2020).

All emerged progeny in this study were males. This could be because the nutrients present
in pollen provisions were adequate for male development and survival, but not for females

(Filipiak et al., 2021). Higher concentrations of certain nutrients are found in female Osmia
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cocoons, potentially reflecting higher production costs and nutrient demands for female bees than
male bees (Filipiak et al., 2021). Alternatively, female bees may preferentially produce progeny
of the smaller sex (males) when floral resources are limited (Bosch and Vicens, 2005). Given the
limited sample size in this study, future research should consider scaling up this design in the field
or exploring these mechanisms in laboratory settings. Nonetheless, our study is amongst the first
to provide strong evidence that brief periods of extreme heat can indirectly reduce female fecundity
and subsequent offspring survival.

The longevity of Osmia lignaria adults in the absence of food reflects the quality of diet
received as larvae and survival under natural conditions when food sources are limited (Bosch and
Kemp, 2000; Eeraerts et al., 2020). Bees fed heat stressed pollen as larvae had a greater risk of
mortality and shorter lifespans (~3 days) as adults compared to those fed non-stressed pollen.
Considering emergence delays and reduced lifespans, bees fed heat stressed pollen would be active
for ~6 fewer days compared to offspring fed non-stressed pollen. Osmia lignaria are typically
active for 20-30 days during the spring (Bosch, 2008), so this could result in a 22-35% reduction
in adult lifespan. Female O. lignaria can complete 1-2 provisioned brood cells per day (Spendal
and Cane, 2022) or 20-60 brood cells throughout their lifetime, so 6 fewer days of activity could
limit brood production, considering the strong relationship between fecundity and longevity in
Osmia (Bosch and Vicens, 2006). These bees are already in decline in certain regions of the US
(LeCroy et al., 2020), so increasing constraints on their fecundity and longevity may further
perpetuate these patterns. It is also important to highlight that the bees in this study were reared
and maintained under optimal conditions, so negative consequences are likely to be amplified if
adult bees and their offspring are directly exposed to heat stress or other stressors including
resource limitation, pesticide exposure, and pathogens.

This study highlights that indirect effects of climate change and extreme heat can have
cumulative impacts to bees, their offspring, and their host plants. Furthermore, the results suggest
that studies evaluating direct heat stress on bees may underestimate the consequences of climate
change on bee-plant interactions. There is an urgent need for mitigation strategies to help protect
host plants, and in return, help protect bees such as overhead irrigation to cool fields during bouts
of extreme heat (Yang et al., 2019a, 2020a) which may protect pollen and its nutritional quality.
Combatting the effects of climate change-induced heat extremes will require creative solutions on

both short- and long-term scales. To effectively address the implications of heat stress on bees and
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their interactions, we must broaden our understanding from direct, isolated stressors to indirect
and interactive stressors. These results demonstrate that the indirect effects of extreme heat events
for bee physiology and development should be further explored to better understand the

implications for bee populations, wild plants, and agricultural production.
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TABLE

Table 4.1 Mean (£SE) number of flowers open and number of flowers visited (per 30-min) for
three host plants (blueberry, phacelia, clover) exposed to CT (25°C for 4h) or HT (37.5°C for 4h)
treatments. Effect sizes (y?), degrees of freedom (df), and p-values reported from likelihood ratio
tests (LRT) of GLMM models.

Blueberry Phacelia Clover
CT HT CT HT CT HT
Mean+SE 8.6+£6.6 83+6.3 16.1+3.3 14.1+£3.0 20+£02 24+02
# # IEII\?;“S 110 112 52 45 36 33
flowers
- S v*>=1.19, df=1, *=1.80, df=1,
open v*=0.09, df=1, p=0.77 =028 p=0.18
Mean+SE 4.6£0.6 3.8+£0.5 13.2+£2.1 10.0+ 1.6 22+04 28+0.5
# # plants 77 86 43 4 27 24
flowers N)
visited ¥*=3.33, df=1, *=1.87, df=1, *>=1.88, df=1,
p=0.07 p=0.17 p=0.17
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CHAPTER 5. NUTRITIONAL CONTENT OF NORTHERN HIGHBUSH BLUEBERRY
POLLEN EXPOSED TO EXTREME HEAT
5.1 INTRODUCTION

Climate change is intensifying, perpetuated by the anthropogenic emission of greenhouse
gases, and this is causing environmental change across the globe (IPCC, 2023). One consequence
of climate change is increasingly common and intense extreme heat events, where air temperatures
are 5-10°C higher than historically normal conditions for a certain time of year in a geographic
region (Wahid et al., 2007; IPCC, 2023). When these extreme heat conditions exceed an
organism’s critical threshold for a sufficient duration, it can result in direct heat stress (Wahid et
al., 2007) that causes compounding effects on organism functioning, survival, and interaction with
other organisms. Plant-pollinator systems are at particular risk, as extreme heat events threaten to
disrupt the functioning of plants and insects, as well as their interactions (Walters et al., 2022).
Studies investigating the direct effects of extreme heat on bees or plants provide insights into the
consequences for their physiology (Bordier et al., 2017; Hamblin et al., 2017; Chaturvedi et al.,
2021; Zhao et al., 2021; Zhu et al., 2021), capacity for acclimation (Martinet et al., 2015;
Mesihovic et al., 2016; Oyen and Dillon, 2018; Martinet et al., 2021a; Gonzalez et al., 2022a, b;
Hernéndez-Fuentes et al., 2023; Sepulveda and Goulson, 2023), and reproductive potential
(Vanderplanck et al., 2019; Amuji et al., 2020; Lohani et al., 2020; Zhao et al., 2021; Campion et
al., 2023). However, few studies have explored the direct and indirect effects of extreme heat on
bees, plants, and their interactions (but see Hemberger et al., 2023; Descamps et al., 2021; Greenop
et al., 2020), limiting our ability to predict how extreme heat will affect pollination systems. Pollen
is the common denominator driving the relationship between flowering plants and bees, as many
flowering plants require insect-mediated pollination for their reproduction, and many bees rely on
pollen to fulfill their and their offspring’s nutritional needs. Thus, exploring the ways in which
extreme heat affects pollen will provide important insights into the direct and indirect
consequences of extreme heat for food production, natural ecosystems, and bee declines.

During plant reproductive development, a series of coordinated processes must occur for
successful fertilization. First, pollen microspores must undergo microsporogenesis and
microgametogenesis development, eventually forming mature pollen grains (Lohani et al., 2020).
Once a flower opens, anthers release mature pollen to be transferred to a receptive stigma surface,

where adhered pollen grains must germinate and penetrate the stigma surface, growing pollen
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tubes that traverse the style towards the ovules, finally resulting in fertilization (Snider and
Oosterhuis, 2011). Thus, viable pollen and a receptive stigma are required for fertilization, yet
these processes can be disrupted following short bouts of heat stress, particularly during pollen
development, germination, and tube elongation (Zinn et al., 2010; Snider and Oosterhuis, 2011;
Mesihovic et al., 2016; Raja et al., 2019; Lohani et al., 2020; Chaturvedi et al., 2021). Heat stress
can inhibit pollen development and performance due to the altered metabolism, availability, and
utilization of nutrients in developing microspores that fuel pollen development and functioning
(Lohani et al., 2020), and this is also expected to affect bees that consume this pollen.

Pollen development is energetically costly in plants, with photosynthetic tissues delivering
sucrose to the anthers (via the filament) where sucrose is hydrolyzed to glucose and fructose then
imported into pollen grains where it is converted and stored as starch and/or lipids (Taurino et al.,
2018; Borghi et al., 2019). Sugar transporter proteins facilitate the movement of carbohydrates to
the tapetum, which is the layer of nutritive cells between the anther wall and sporogenous tissue.
The tapetum then transfers nutrients to the locular fluid and pollen microspores (Borghi et al.
2019). During male gametophyte (i.e., pollen) development, heat stress can cause degradation of
tapetum cells, altering nutrient sequestration in developing anthers and pollen grains, including
carbohydrates, proteins, lipids, and amino acids (Borghi and Fernie, 2017; Borghi et al., 2019;
Santiago and Sharkey, 2019; Lohani et al., 2020; Santiago et al., 2021). These nutrients are
essential for pollen development and functioning following anther dehiscence and pollen release,
so altered or reduced concentrations of nutrients can result in male sterility (Lohani et al., 2020).

While male gametophyte development is broadly considered the most heat sensitive
process in plants, the timing of heat exposure across various male gametophyte development stages
(i.e., microsporogenesis and microgametogenesis) can have a strong influence on pollen nutrient
concentrations, pollen performance, and fertilization (Lohani et al., 2020). For example, in barley
florets, exposure to heat stress during the pre-meiotic stage of development resulted in stunted
anther development, failure to produce pollen grains, and altered progression of meiosis in the
microspore mother cells (MMC). When heat stress occurs during meiosis in barley, starch
accumulation in pollen grains was limited (Sakata et al. 2000, Draeger and Moore (2017). MMC
meiosis is an important stage for nutrient metabolism and partitioning in developing pollen
microspores, and exposure to heat stress at this stage can lead to premature degeneration of the

tapetum, altering amino acid and carbohydrate metabolisms which, in turn, can limit the nutritive
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supply necessary for pollen development, germination, and tube growth (Zinn et al., 2010; Giorno
et al., 2013; De Storme and Geelen, 2014; Borghi and Fernie, 2017; Borghi et al., 2019; Raja et
al., 2019; Lohani et al., 2020; Chaturvedi et al., 2021; Kumar et al., 2022). Sensitivity to extreme
heat during MMC meiosis and microsporogenesis has been reported in several crops including
(but not limited to) barley (Callens et al., 2023), sorghum (Jain et al., 2010), wheat (Sakata et al.,
2000; Draeger and Moore, 2017), tomato (Iwahori, 1966; Peet et al., 1998; Pressman et al., 2002;
Firon et al., 2006; Sato et al., 2006), Arabidopsis (Kim et al., 2001), apricot (Rodrigo and Herrero,
2002), groundnut (Vara Prasad et al., 2000), and strawberry (Ledesma and Kawabata, 2016), with
notable reductions in fruit or seed set following heat stress in these crops. Later pollen development
stages (i.e., microgametogenesis) also require ample accumulation of carbohydrates and certain
amino acids, like proline, to help fuel pollen germination and tube growth, and exposure to extreme
heat can result in pollen sterility (Polowick and Sawhney, 1993; Giorno et al., 2013).

From these studies, it is clear that heat stress has various consequences for developing
floral buds and is dependent on the development stage at which heat is applied, with negative
repercussions for pollen germination, pollen tube growth, fertilization, and overall crop production
(Borghi and Fernie, 2017; Raja et al., 2019; Lohani et al., 2020; Chaturvedi et al., 2021; Kumar et
al., 2022). However, the diversity of crops investigated in the literature is limited, with a greater
focus on annual crops despite the potential for greater heat sensitivity in spring-blooming perennial
crops (Hedhly et al., 2009). In northern highbush blueberry, exposure to extreme heat (37.5°C, 4
h) during bud swell (likely when MMC meiosis occurs) reduced fruit set by 39%, suggesting heat
stress at this development stage inhibited pollen development and germination, pollen tube growth,
and fertilization (Chapter 3). Walters and Isaacs (2023) (Chapter 2) also reported how brief
extreme heat (37.5°C for 4 h) inhibited blueberry pollen germination and tube growth in vitro,
demonstrating the potential for extreme heat to limit reproductive success in blueberries. However,
no studies have evaluated the consequences of heat stress for blueberry pollen nutrition. Such
information may provide important insight into the drivers inhibiting pollen performance and
fertilization in heat stressed blueberry plants. Additionally, evaluating differences in blueberry
pollen nutrient concentrations at various floral development stages is entirely unexplored.

Even less attention has been given to determine if heat stressed pollen affects bee health,
despite growing concerns for bee declines and the potential loss of pollination services (but see

Chapter 4). The depletion or alteration of pollen nutrients following heat stress, as discussed above,
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could adversely affect bee pollinators as pollen provides protein, carbohydrates, lipids, and amino
acids necessary for bee development and survival as larvae and adults (Borghi and Fernie, 2017;
Borghi et al., 2019; Vaudo et al., 2020; Descamps et al., 2021; Walters et al., 2022). Despite this,
no studies to my knowledge have quantified how heat-stressed pollen alters the nutritional profile
for bees and the consequences for their development or survival. Drawing from bee nutritional
studies, unbalanced, insufficient pollen diets can alter bee fecundity, foraging behaviors,
development, and survival (Vaudo et al., 2015, 2020; Woodard et al., 2019; Knauer et al., 2022).
Subsequent offspring may also be affected as reduced quantity and/or quality of pollen provisions
could lead to altered developmental timing, shifted sex ratios, reduced body size, and higher
mortality (Bosch, 2008; Bukovinszky et al., 2017; Filipiak and Filipiak, 2020; Stuligross and
Williams, 2020). Low-protein diets can inhibit ovarian and egg development in bees (Hoover et
al.,2006; Human et al., 2007) and diets lacking essential amino acids can prevent brood production
and development (Herbert et al., 1970; Roulston and Cane, 2000; Ryder et al., 2021). In a recent
study on Bombus terrestris, bees provided with diets deficient in essential amino acids had delayed
nest initiation and inhibited brood production (Barraud et al., 2022). While it is clear that altered
pollen nutrition can have profound consequences for bees, most studies have focused on social
species, like honey bees and bumble bees. However, 75% of the world’s bee species are solitary
(Danforth et al., 2019), and many solitary bee taxa like Osmia are in decline (LeCroy et al., 2020;
Kazenel et al., 2024), so greater research on the nutritional requirements among these taxa is
necessary. Furthermore, understanding the role of heat stress altering bee nutrition is entirely
unexplored, but critical, on an ever-warming planet (IPCC, 2023).

In Chapter 4, I demonstrated that native solitary Osmia lignaria female bees provided host
plants (blueberry, phacelia, white clover) exposed to extreme heat (37.5°C) for 4 h at 25% bloom
and had significantly reduced egg laying. Other studies with Osmia bees have shown that females
foraging in low-resource conditions produced fewer brood cells per day (Stuligross and Williams,
2020), and when denied access to pollen, females failed to mature oocytes or lay eggs (Cane,
2016). Among the O. lignaria offspring that consumed pollen diets from heat stressed plants, there
were significantly higher mortality rates as larvae and as adults (Chapter 4). Some studies have
found that only the highest protein diets supported O. lignaria development to adulthood (Levin
and Haydak, 1957; Roulston and Cane, 2000) while others have found that carbohydrates, not

protein, mediate Osmia larval growth and survival to pupation (Austin and Gilbert, 2021).
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Importantly, I did not expose female O. lignaria bees or offspring to heat stress conditions and the
quantity of pollen diets was similar between heat stressed and control diets, so negative
repercussions observed in female fecundity and offspring survival were likely due to nutritionally
altered diets following heat stress in host plants (Chapter 4). These findings highlight the potential
adverse effects of heat-altered pollen nutrition on bee reproduction, development, and survival and
could also limit pollination services in wild plants and crops (Scaven and Rafferty, 2013; Borghi
and Fernie, 2017; Borghi et al., 2019; Slominski and Burkle, 2021; Walters et al., 2022; de
Manincor et al., 2023). Despite the potential ramifications, there is limited cross-disciplinary
understanding of the effects of extreme heat on bees, plants, and their interactions.

Pollen is a common denominator underlying crop yields and bee health, yet no studies to
my knowledge have explored how extreme heat may alter pollen nutrition with consequences for
plants, bees, and their interactions. In Chapter 2, I demonstrated that extreme heat (37.5°C for 4 h)
inhibited pollen germination and tube growth in vitro (Walters and Isaacs, 2023) and in Chapter 3
I found that extreme heat exposure at various floral development stages limited blueberry fruit set.
I also found that extreme heat exposure during floral bud development and early bloom inhibited
Osmia lignaria female fecundity and offspring survival. Based on these findings, it is possible that
heat-driven alterations in blueberry pollen nutrition are driving negative consequences for both
plants and bees. To understand how short-term extreme heat affects pollen nutrition, I analyzed
the composition of northern highbush blueberry pollen exposed to heat stressed (37.5°C) or non-
stressed (25°C) conditions for 4 h at several floral bud development stages including tight bud,
bud swell, bud break, early/late pink bud, and anthesis. Several pollen metabolites were assessed,
such as carbohydrates, including soluble sugars (sucrose and glucose) and starch, total soluble
proteins, and amino acids in northern highbush blueberry. These were analyzed given their
important roles in pollen development and performance and bee nutrition. Given the results in the
preceding chapters, I hypothesized that heat stress would alter pollen nutrition in northern
highbush blueberries, and the severity of change in pollen nutrition would vary by the floral
development stage exposed to extreme heat.

5.2 MATERIALS AND METHODS

5.2.1 Plant material and maintenance

Dormant 2-year-old northern highbush blueberry ‘Bluecrop’ bushes were purchased in late

winter in 2021 (Hartmann Nursery, Grand Junction, Michigan and DeGrandchamp Farms, South
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Haven, Michigan). ‘Bluecrop’ was selected as it is the mostly widely grown fresh market blueberry
cultivar grown in Michigan, comprising 25% of the state’s blueberry acreage (Vander Weide et
al., 2024) and was used in the preceding studies (Chapters 2-4). The bushes were immediately
placed in dark cold storage (MSU Horticultural Teaching and Research Center, Holt, Michigan)
at 2°C until at least 1200 chilling hours had been accumulated. Thereafter, bushes were moved
from cold storage into the MSU greenhouses (East Lansing, MI) as needed for experiments,
maintained at 22 + 5°C and 16 h photoperiod for the duration of the experiments. Plants were
watered regularly to maintain moist soil and soil pH was monitored every 3-4 weeks to ensure it
was < 6.0. When necessary, bushes were treated with Jobe’s Organics soil acidifier (calcium
sulfate (80%), sulphur (18%), and bentonite clay (2%), Easy Gardener Products, Inc., Waco,
Texas) according to the manufacturer’s label. Osmocote Smart-Release Plant Food Flower and
Vegetable (nitrogen (14%), available phosphate (14%), soluble potash (14%), The Scotts
Company, Marysville, Ohio) granules were also added to potted blueberry bushes following the
manufacturer’s label.

5.2.2 Blueberry temperature treatments

Following placement in the greenhouse, blueberry bushes were randomly assigned to either
a control (CT: 25°C for 4 h) or high (HT: 37.5°C for 4 h) temperature treatment. The temperature
for the HT regime was selected to be similar to recently experienced extreme heat events where
daily maximum temperatures exceeded 35°C for 4 h during blueberry bloom (Global Historical
Climatology Network). Bushes were exposed to temperature treatments using environmental
growth chambers (Darwin Chambers, St. Louis, MO) set to CT and HT conditions (60 = 5%
relative humidity), and temperatures were monitored every 30 min using HOBO temperature
loggers (Onset Computer Corporation, Bourne, MA). Plants were assigned in pairs such that
multiple plants received the HT and CT treatment conditions at the same time in each respective
chamber. Following temperature exposure, bushes were immediately brought back to the
greenhouse and maintained under the conditions described above for the remainder of the
experiment.

5.2.3 Experimental design

‘Bluecrop’ bushes at several floral bud development stages, including tight bud, bud swell,
bud break, early pink bud, late pink bud, or anthesis growth stages were exposed to CT or HT

conditions for 4 h in the growth chambers. Following placement in the greenhouse, bushes were
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randomly assigned to a development stage and temperature treatment. The bushes were monitored
daily to assess floral bud development, ensuring the correct flower developmental stage was
exposed. Using colored twist ties, individual floral buds were identified and marked prior to
exposure, where twist ties were loosely (but securely) wrapped around the shoot just below a given
floral bud targeted for treatment. Following temperature exposure, plants were maintained under
optimal conditions (22 + 5°C and 16:8 L:D photoperiod) in the greenhouse until anthesis, at which
time pollen was collected. To ensure that the pollen and flowers used for experiments were fresh
(within 24 h of anthesis), open flowers on each bush were marked by lightly dotting the corolla
with a permanent marker (Kearns and Inouye, 1993). Thus, the following day, any open flower
without a mark had been open for less than 24 h. Pollen was released from the blueberry flower
anthers by touching a vibrating sonication tool (AeroGarden, Boulder, Colorado) onto the outside
of the corolla and collecting into a 1.5 mL microcentrifuge tube, allowing pollen to accumulate at
the bottom of the tube. Each tube contained pollen from a single collection date, blueberry bush,
and development stage. The fresh pollen weight of blueberry pollen was recorded using a precision
balance by taking an ‘empty’ weight of 1.5 mL centrifuge tubes (prior to collection) and a ‘filled’
tube weight (after collection), with the difference providing the fresh pollen weight. The location
on the bush canopy from which flowers were collected was also recorded (e.g., top, mid, low).
After collection, tubes were stored in a -80°C freezer until ready for analysis. Across all
development stages and temperature treatments, pollen was collected from 434 blueberry bushes
to provide enough pollen for biochemical assays.

To prepare samples for biochemical assays, tubes with pollen were taken out of the -80°C
freezer in small batches for short durations (10 min or less) to combine pollen from separate vials
into new 2 mL conical flat bottom microcentrifuge tubes (Fisherbrand™ Premium Microcentrifuge
2.0 mL tubes, Waltham, MA, USA). For each biochemical assay, pollen was weighed and
combined (within a given temperature treatment and development stage) to meet the pollen weight
needed for each method. With the exception of the tight bud stage, six replicates were prepared for
both temperature treatments (CT, HT) across blueberry floral bud developments stages where
pollen amounts per sample ranged from 5-16 mg for the protein assay, 8-15 mg for the
carbohydrate assay, and 5-12 mg for the amino acid assay. For all assays, pollen was limited at the
tight bud development stage and thus received less pollen (1-7 mg) and fewer replicates (4) across

all metabolite assays. Differences in pollen weights did not affect the quality of the assays, and
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variation in weight per replicate was accounted for in the final measurement calculations across
all assays performed. Immediately after pollen was combined into the tubes, samples were placed
back in the -80°C freezer until they were ready for metabolite extraction.

5.2.4 Carbohydrate extraction and biochemical assay

Sucrose, glucose, and starch extractions and assays were adapted from Lu et al. (2006) by
James Santiago in 2021 and 2022. To prepare for grinding frozen pollen samples, each centrifuge
vial had a sanitized 2 mm stainless steel ball (Thermo Scientific, Waltham, MA, USA) added to
the pre-weighed pollen sample. Sample vials were placed in a Retsch mill block and placed back
in a -80°C freezer for 5 min. The block with tubes containing pollen samples was placed in a
Retsch MM 301 vibratory mill (Verder Scientific Inc., Newton, PA) and milled twice, each for 1
min at 30 Hz (e.g., 30.0 1/s). Pollen samples were milled to crack open pollen exine walls to ensure
pollen nutrient contents were available for bioassays. Immediately after grinding pollen samples,
tubes were placed in ice. Then, 300 pL of chilled 3.5% (v/v) perchloric acid was added to each
sample and vortexed for ~5 sec, then placed back on ice for 5 min to incubate. After incubation,
samples were centrifuged in a pre-chilled centrifuge set at 4°C for 10 min at 14,000 RPM. In a
new 1.5 mL microcentrifuge tube, 200 pL of supernatant was transferred while avoiding the pollen
pellet at the bottom of the previous tube. These sample aliquots were used for glucose and sucrose
assays. In the tubes containing pollen pellets, 850 pL of 80% ethanol was added to each tube then
placed in the -80°C freezer. These were used the following day for starch extraction. For glucose
and sucrose extractions, 70 pL of neutralizing buffer (2 M KOH, 150 mM HEPES, 10 mM KClI,
250 mL milli-Q water) was added to each sample vial, raising the sample pH close to 7.0, and
vortexed for 5 sec. Samples were then placed in a pre-chilled centrifuge (4°C) for 2 min at 14,000
RPM. From these vials, 200 pL of supernatant was extracted and placed in a new 1.5 mL centrifuge
tube, immediately placed in the -80°C freezer until ready for the soluble sugars (glucose, sucrose)
assay.

For starch extraction, vials previously placed in -80°C freezer with 80% ethanol were
removed from the freezer and vortexed for ~15 sec to break up the suspended pollen pellet. The
vials were then centrifuged at 4°C and 20,817 RCF for 5 min. The ethanol supernatant was then
removed by pipetting after centrifugation. This step was repeated (add 80% ethanol, vortex,
centrifuge, discard ethanol) twice, then placed in a dri-bath set to 70°C for 1-2 min to dry out any
remaining ethanol. Once all ethanol had been dried out, 250 uL of 0.2 M KOH was added to each
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vial and vortexed for ~5 sec to resuspend the pellet in KOH solution. The samples were then placed
in a preheated dri-block set to 95°C and incubated for 30 min. The samples were then allowed to
cool for 2-5 min at room temperature, then 45 pL of 1 M acetic acid was dispensed to each tube
and vortexed for 5 sec. An enzyme cocktail containing amyloglucosidase and a-amylase was
mixed, then 52 pL of the enzyme solution was dispensed into each sample tubes and vortexed for
~5 sec. The vials containing starch extractions were then set in tube racks and placed on an orbital
shaker (VWR, Radnor, PA) set to 20°C at 20 RPM for 48 h to allow enzymatic digestion of starch.

For the carbohydrate measurements, an NADPH-linked protocol described by Lu and
Sharkey (2004) was used. Soluble sugars (glucose, sucrose) were measured by first moving the
tubes containing extracted samples from the -80°C freezer and placed on ice to thaw. In a clear,
96-well acrylic plate, 5 uL of the sugar extracts were aliquoted to each well. Using a multi-channel
pipette, 195 pL of enzyme assay solution (150 mM HEPES buffer (pH 7.2), 50 mM NADP, 50
mM ATP, 0.25 U/uL. G6PDH) was added to each well containing soluble sugar extracts. The 96-
well plate was then placed in a microplate reader (FilterMax F5 Multi-Mode microplate reader,
Molecular Devices LLC, San Jose, CA). The plate containing samples was shaken in the plate
reader to ensure thorough mixing of sugar extract and enzyme assay solution. Using the SoftMax®
Pro plate reader software (Molecular Devices LLC, San Jose, CA), absorbance was set at 340 nm
and a kinetic assay was performed to provide a stable absorbance baseline. Then, the well plate
was removed and 5 pL of hexokinase (HXK) enzyme was added to each well using a homemade
flat end 96-prong tool, allowing addition of HXK to each well and starting the reactions in each
well all at the same time. The plate was then placed back in the plate reader, again running a kinetic
assay (A=340 nm) until it stabilized, providing absorbance readings for use in glucose calculations.
The plate was then carefully removed from the plate reader, 10 pL of invertase (INV) was added
to each well using the 96-prong tool, incubated at 37°C for 30 min, and then an end-point assay
was started (A=340 nm). The absorbance readings were then used for sucrose calculations. For the
starch assay, 5 uL of starch extracts and 195 pL of assay solution (see above) were pipetted into a
fresh 96-well acrylic plate and a kinetic assay was started until a stable baseline was achieved.
Invertase (10 uL) was then added, and the samples incubated at 37°C for 1 h to break down any
remaining sucrose before starting the kinetic assay at 340 nm. The absorbance data from these
assays were then used to calculate the molar concentration using the following formula: Molar

concentration = (AAbsorbance + 6220) [change in absorbance from baseline divided by the
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extinction coefficient of NADPH at 340 nm] + (0.003 * volume of solution in the well in pl) [path
length] * 240e-6 [volume of the well in Liters] + 40e-6 [amount of sample added to the well in
Liters].

Molar concentration was then converted to moles per sample. Accounting for the aliquot
and the original sample extract volumes, and pollen weights, concentrations in nmol/mg (sugars)
or mmol/mg (starch) was calculated. Finally, concentrations were converted to pg/mg (sugars) or
g/mg (starch) for reporting.

5.2.5 Protein extraction and biochemical assay

Methods for protein extraction from pollen were developed by James Santiago at Michigan
State University in 2021 and 2022, based on the approach of Santiago and Tegeder (2016).
Breaking open pollen samples for protein extraction followed the same protocol described above.
Chilled protein extraction buffer (50 mM HEPES, 5 mM MgCl,, 1 mM EDTA, 10% [v/v] glycerol,
50 mL Milli-Q water, pH 7.5) was added to each pollen tube sample, with 200 uL extraction buffer
added per sample. Milled pollen samples suspended in the extraction buffer were vortexed for 10
sec, then shaken for 10 sec, and immediately placed back on ice. These vials were then placed in
a pre-chilled (4°C) Eppendorf 5417R Refrigerated Centrifuge (Eppendorf North America, Inc.
Westbury, NY, USA) run at 14,000 RPM for 10 min. After samples were centrifuged, 150 pL of
the supernatant was pipetted and placed in a new 2.0 mL microcentrifuge tube, careful to not
disturb cellular debris at the bottom of the vial. If disturbed, pollen vials were run for another 10
min in the centrifuge, as described above. Vials with the pollen extract were placed back in the -
80°C freezer until biochemical assays.

Total soluble protein quantification was conducted using a NanoOrange® Protein
Quantitation Kit (Invitrogen, Ltd., Paisley PA4 9RF, UK), where bovine serum albumin (BSA)
was used as the protein standard. This assay provides highly accurate detections of total soluble
proteins with improved sensitivity compared to the more common absorption-based protein
solution assays (Jones et al., 2018) and does not require large amounts of pollen for assessments.
Minimizing the amount of pollen required for the assay is crucial given the time and labor
limitations involved in pollen collection from blueberry and allowed for a more robust statistical
analysis by increasing the number of replications. The protein assay was performed following the
manufacturer’s instructions. Briefly, the protein quantitation diluent was prepared along with the

BSA standard solution (provided in the kit) based on the number of samples we assessed and then
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kept on ice. Using the 2 pg/mL BSA stock solution provided in the kit, I prepared 0, 0.6, 0.8, 1, 3,
6, and 10 pg/mL diluted BSA solutions in 1.5 mL centrifuge tubes (kept in ice) to provide a protein
standard curve for the assay. This reference standard curve was used to convert the fluorescence
signal to pg/mL protein concentration after samples were run in the plate reader. Both protein
quantitation diluent and protein standard curve solutions were made immediately before the assays.
Protein extract samples were then taken out of the -80 °C freezer and thawed on ice. Once thawed,
tubes were vortexed for ~30 sec then placed in a pre-chilled centrifuge (4°C, 20,817 RCF) for 5
min and placed on ice immediately afterwards. From each protein extraction sample, 10 pL of
supernatant was moved into a new 2.0 mL centrifuge tube, after which 490 pL of chilled protein
extraction buffer (described above) was added to new tubes, producing a 1:50 protein sample
dilution.

For the assay reaction, 5 pL of the 1:50 diluted protein sample was dispensed into a new
2.0 mL microcentrifuge tube along with 205 puL of the NanoOrange working solution, then
vortexed for ~5 sec (each). Tubes containing the standard curve and pollen samples were placed
on an aluminum block heated to 95 °C, allowing samples to incubate at this temperature for 10
min while covered with aluminum foil. Another aluminum block was then set on top of the tubes
to prevent the lids from opening and to protect samples from light. After incubation, tubes
containing pollen samples and standard solutions were transferred to a tube rack and left to cool at
room temperature for 20 min, with an aluminum sheet placed on top of tubes to protect samples
from light. After the samples and standards cooled down, they were placed in a pre-chilled
centrifuge (4°C, 13,000 RCF) for 1 min. After spinning, 200 pL of standard curve solutions and
diluted pollen protein extracts were transferred to a black, flat-bottom 96-well plate, with care
taken to ensure no light exposure of the samples. The black 96-well plate containing standard curve
and protein extraction solutions was then loaded into a microplate reader (FilterMax F5 Multi-
Mode microplate reader, Molecular Devices LLC, San Jose, CA) controlled by the SoftMax® Pro
plate reader software (Molecular Devices LLC, San Jose, CA). The excitation wavelength was set
at 485 nm and emission at 595 nm. Fluorescence measurements were then plotted against the
prepared BSA standard concentrations (0-10ug/mL) to create a standard curve. Fluorescence
readings from pollen samples were then calculated using the standard curve. Taking into account
the dilution, sample volume used and the original extract volume, the final total soluble protein

was then calculated and expressed in pg/mg pollen.
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5.2.6 Amino acid extraction and biochemical assay

The protocol for free amino acid extraction and assay was provided by the Michigan State
University Mass Spectrometry and Metabolomics Core (MSMC) (Protocol MSMC-002 version
1.1). The amino acid internal standards (!*C,'>N stable isotope-labeled amino acid internal
standards) were provided by the MSMC and served as the extraction solvent. To prepare the
internal standards, the labeled amino acids in a lyophilized pellet form was resuspended in 1 mL
sterile Milli-Q water for a 1000X strength. The internal standard also doubles as the extraction
buffer and was prepared at 1X strength. Breaking open pollen samples for amino acid extraction
followed the same protocol provided above for carbohydrate and protein extraction. After milling
using a Retsch mill, 400 pL of extraction solvent was added to each sample, vortexed for ~3 sec,
then incubated in a dri-bath at 90°C for 5 min. Samples were left to cool on ice for ~1 minute
before placing samples in a pre-chilled centrifuge (13,000 RCF at 4°C) for 10 min. Immediately
after, 100 puL of supernatant was removed and dispensed into a new 1.5 mL tube, careful to not
extract the pellet at the bottom of the tube. This extracted supernatant was mixed with 10 mM
PFHA (in equal volume), then vortexed for ~3 sec until homogenized. Samples were again
centrifuged (13,000 RCF at 4°C) for 5 min, then placed on ice. In glass inserts placed inside a
Liquid Chromatography (LC) autosampler vials, 200 pL of amino acid extract was dispensed and
capped, then stored in the -80°C freezer until ready for amino acids quantification using Ultra
Pressure LC (UPLC)-tandem Mass Spectrometry (MS-MS). Waters Xevo TQ-S Micro tandem
MS (Mildford, MA) operated in a positive model with an electrospray ionization (ESI) interface
in the MSU Mass Spectrometry and Metabolomics Core (MSMC) facility was used. Reagent
blanks were also prepared in LC autosampler vials, including Milli-Q water which was placed in
order on the sample carousel rack before the standard curve vials and between each developmental
stage samples.

Standard curve vials were positioned on the carousel before and after the amino acid
samples. For the standard curve, "% serial dilutions of unlabeled amino acids prepared with 20 mM
PFHA in water at 50 uM, 12.5 uM, 3.13 uM, 0.78 uM, 0.195 uM, 0.049 uM, and 0.012 uM
concentrations were prepared (see MSMC extraction protocol). The protocol allowed for the
assessment of 19 different amino acids in blueberry pollen samples, including arginine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, valine, alanine,

asparagine, aspartate, cysteine, glutamate, glutamine, proline, serine, and tyrosine. Data from LC-
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MS assay was uploaded to the MassLynx Mass Spectrometry Software (Waters Corporation,
Milford, MA), where peak concentrations were assessed by James Santiago and adjusted as
needed. Using amino acid concentrations (uM) provided from MassLynx software, data was
transformed to provide the concentration of each amino acid in each sample (ug/mg).

5.2.7 Data analysis

All statistical analyses were conducted in R (version 4.2.3, R Core Team, 2023).
Generalized linear mixed-models (GLMM) and linear mixed-models (LMM) (‘Ime4’ package)
(Bates et al., 2015) were used for all analyses to compare between heat treatments and blueberry
bush development stages for each metabolite assay. Final models were selected based on the nature
of the data taken (i.e., count vs continuous), meeting the assumptions of the model distribution,
assessing the lowest AIC model scores (‘bbmle’ and ‘stats’ packages) (Bolker et al., 2023; R Core
Team, 2023), the model deviance residuals (‘base’ package) (R Core Team, 2023), and other model
performance metrics (‘performance’ package) (Liidecke et al., 2024). Model assumptions were
checked by assessing scaled residuals using ‘performance’ and ‘car’ packages (Fox et al., 2023;
Liidecke et al., 2024). All models described below adequately met model distribution assumptions.
Test statistics were calculated using Likelihood Ratio Tests (LRT) (“stats’ package) (R Core Team,
2023). The ‘stats’, ‘emmeans’ and ‘multcomp’ packages (Hothorn et al., 2023, Lenth et al., 2024)
were used for pairwise comparisons between temperature treatments within a development stage
and to derive means and standard errors of response variables from models. Figures were made
using the ‘ggplot2’ and ‘ggsignif” packages (Ahlmann-Eltze and Patil, 2021; Wickham et al.,
2024).

Models assessing pollen nutrient content (protein, carbohydrate, amino acids) across
various floral development stages (tight bud, bud swell, bud break, early pink bud, late pink bud)
for CT and HT temperature treatments included several random effects including replicate, bush
identity, pollen collection date, and flower location. In these models, nutrient content was included
as the response variable and development stage and temperature treatment were included as
predictor variables. A linear mixed model (LMM) was used to test the effects of temperature
exposure on several different nutrient measurements in blueberry pollen, including protein,
sucrose, starch, and several individual amino acids (asparagine, aspartate, glutamate, proline,
arginine, phenylalanine). A GLMM with a gamma distribution and inverse link function were used

to test the effects of temperature exposure on several different nutrient measurements in blueberry
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pollen, including glucose, total amino acids, essential and non-essential amino acids, and several
individual amino acids (serine, threonine, methionine, histidine, lysine, tryptophan, tyrosine,
valine, leucine, alanine, cysteine, isoleucine, glutamine). Additional models (using the same
distribution and model type described previously) were made to assess the effects of temperature
on protein, glucose, sucrose, starch, and total amino acids across all development stages, where
pollen nutrient content was included as the response variable and temperature was included as the
predictor variable. The random effects included in these models were replicate, bush identity,
pollen collection date, flower location, and development stage.

5.3 RESULTS

5.3.1 Carbohydrate analysis

The starch content of blueberry pollen was significantly affected by temperature treatment
at one floral bud development stage (Figure 5.1: F=4.24, df=4, p=0.003). Specifically, exposure to
HT conditions at the tight bud stage (t=4.56, p=0.0001) significantly reduced pollen starch content
by 56% compared to the CT conditions. At the bud swell stage, mean pollen starch content was
57% lower in the HT pollen samples compared to CT-treated pollen, but this difference was not
statistically significant. Across all development stages pooled together, temperature had a
significant effect on pollen starch content (F=5.61, df=2, p=0.02), where exposure to HT
conditions (0.30 + 0.17 g/mg) reduced pollen starch content by 35% compared to plants exposed
to CT conditions (0.46 + 0.18 g/mg).
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Figure 5.1 Starch content (g/mg) of northern highbush blueberry pollen (cv. ‘Bluecrop’) collected
at anthesis from flowers exposed to either CT (25°C, 4 h) or HT (37.5°C, 4 h) at tight bud, bud
swell, bud break, early/late pink bud, or anthesis floral bud stages. Data is presented as mean =+
SE, derived from a linear mixed model. Significant differences between means are indicated by
the asterisks above error bars (‘***’ = p = 0.0001). ‘NS’ indicates no significant difference
between means (a > 0.05).

The soluble sugar content of blueberry pollen was not significantly affected by temperature
treatment at any floral bud development stage, both for glucose (¥*=7.28, df=4, p=0.12) and
sucrose (¥*=0.97, df=4, p=0.43) (Table 5.1). Across all development stages pooled together,
temperature treatment had no significant effect on pollen glucose content (¥*=0.62, df=2, p=0.43;
CT: 0.28 £0.04 ng/mg, HT: 0.27 = 0.04 png/mg) or pollen sucrose content (F=0.21, df=2, p=0.65;

CT: 19.02 £0.67 pg/mg, HT:18.84 + 0.65 pg/mg).
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5.3.2 Protein analysis

Total soluble protein content in blueberry pollen was significantly different between
temperature treatments at one floral bud development stage, but otherwise there was no significant
difference between treatments (Figure 5.2: F=1.89, df=4, p=0.11). At the bud swell stage, exposure
to HT conditions significantly reduced the total soluble protein content in pollen grains (t=2.89,
p=0.006), where the mean protein content in control-treated pollen was 160.3 + 12.6 pg/mg while
the mean protein content in heat-treated pollen was 124.3 + 12.2 ng/mg (Figure 5.2). Thus,
exposure to heat stress (37.5°C) for 4 h at the bud swell development stage reduced the total soluble
protein content in blueberry pollen by 22%. Across all development stages, temperature had no
significant effect on the total soluble protein content (F=3.44, df=2, p=0.07). Across all
development stages and temperature treatments, the mean total soluble protein content of northern

highbush blueberry pollen was 135.90 pg/mg and ranged from 64.76 pg/mg to 370.17 pg/mg.
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Figure 5.2 Total soluble protein content (ng/mg) of pollen from northern highbush blueberry (cv.
‘Bluecrop’) collected at anthesis from flowers exposed to either CT (25°C, 4 h) or HT (37.5°C, 4
h) at tight bud, bud swell, bud break, early/late pink bud, or anthesis development stages. Data is
presented as mean + SE, derived from a linear mixed model. Significant differences between
means are indicated by the asterisks above error bars (‘**’ = p = 0.01). ‘NS’ indicates no
significant difference between means (a > 0.05).

5.3.3 Amino acid analysis

The mean total amino acid content of blueberry pollen was significantly different between
heat treatments at one development stage (Figure 5.3: ¥*=15.66, df=4, p=0.004). Exposure to HT
conditions significantly reduced the total amino acid content of blueberry pollen at the bud swell
stage (z=-4.20, p < 0.0001) by 35% compared to pollen exposed to CT conditions. Across all
development stages, temperature treatment had no significant effect on the mean total amino acid
content (F=1.63, df=2, p=0.20). The sum amino acid content across all development stages in HT-

treated plants was 302.96 pg/mg and 322.60 pg/mg in CT-treated plants.
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Temperature treatment had no significant effect on the mean total essential amino acids
across all floral bud stages (Figure 5.4: y*=5.19, df=4, p=0.27), including arginine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine. Essential
amino acids necessary for bee development and survival was determined by De Groot (1952). I
observed trends for increases in essential amino acids following heat stress at bud break (25%),
early/late pink bud (39%), and anthesis (24%) stages, but the differences between temperature
treatments were not statistically significant. Temperature treatment had a significant effect on non-
essential amino acids at only one development stage (Figure 5.4: ¥*=9.54, df=4, p=0.05), where
exposure to extreme heat at bud swell significantly reduced non-essential amino acids in pollen by
38% (z=-3.49, p=0.0005), but this was also influenced by a much higher level in the CT pollen.

Temperature treatment had variable effects on individual amino acid levels across
development stages (Table 5.2). Of the 19 total amino acids quantified, the top five most abundant
amino acids found in blueberry pollen, across all development stages and temperature treatments,
were proline, aspartate, asparagine, glutamate, and arginine. At the tight bud development stage,
there was no significant effect of temperature treatment on amino acid content across all 19 amino
acids assessed. At the bud swell stage, exposure to HT significantly reduced levels of aspartate,
glutamate, methionine, proline, and lysine. At the bud break stage, exposure to HT significantly
increased concentrations of asparagine, glutamate, arginine, lysine, tryptophan, tyrosine,
phenylalanine, leucine, and isoleucine. At the early/late pink bud stage, significant reductions in
methionine and proline were observed after exposure to HT conditions. In contrast, asparagine,
serine, threonine, arginine, lysine, tryptophan, tyrosine, valine, phenylalanine, leucine, isoleucine,
and glutamine all were increased following HT exposure at the early/late pink bud stage. Exposure
to HT at anthesis significantly reduced glutamine concentrations, but significantly increased
glutamate, threonine, proline, arginine, lysine, tryptophan, tyrosine, valine, phenylalanine,

cysteine, and isoleucine.
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Figure 5.3 Mean (+ SE) total amino acid content (ug/mg) of northern highbush blueberry pollen
(cv. ‘Bluecrop’) collected at anthesis from flowers exposed to either CT (25°C, 4h) or HT (37.5°C,
4h) at tight bud, bud swell, bud break, early/late pink bud, or anthesis development stages.
Significant differences between means are indicated by the asterisks above error bars (‘***’ =p =
0.0001). ‘NS’ indicates no significant difference between means (o > 0.05).
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Figure 5.4 Mean (+ SE) essential (left) and non-essential (right) amino acid content (ug/mg) in
pollen grains of northern highbush blueberry (cv. ‘Bluecrop’) collected at anthesis from flowers
exposed to either CT (25°C, 4 h) or HT (37.5°C, 4 h) at tight bud, bud swell, bud break, early/late
pink bud, or anthesis floral bud stages Significant differences between means are indicated by the
asterisks above error bars (‘***’ = p = 0.0001). ‘NS’ indicates no significant difference between
means (a > 0.05).

5.4 DISCUSSION

Nutrient rich pollen is required to support pollination and fertilization in plants, in addition
to meeting the dietary needs of insect pollinators (Roulston and Cane, 2000; Borghi et al., 2019).
Most studies have focused on the direct consequences of heat stress on plants or bees (reviewed
by Walters et al., 2022), but few have explored the indirect consequences of extreme heat on
pollination systems (but see Greenop et al., 2020; Descamps et al., 2021; Hemberger et al., 2023).
Under extreme heat conditions, pollen nutrients including proteins, carbohydrates and amino acids
may be reduced or altered with negative consequences for plant reproduction (Lohani et al., 2020;
Chaturvedi et al., 2021), yet no studies to my knowledge have explored this in northern highbush

blueberry. Furthermore, it is well known that insufficient pollen diets can have negative effects on
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bee development, fecundity, and survival (Vanderplanck et al., 2014; Borghi and Fernie, 2017;
Vanderplanck et al., 2019; Woodard et al., 2019; Filipiak and Filipiak, 2020; Stuligross and
Williams, 2020; Knauer et al., 2022), yet no studies have investigated how extreme heat may alter
the nutritional content of pollen with regard to bee nutrition. In this chapter, I determined the
nutritional content (protein, carbohydrates, amino acids) of northern highbush blueberry pollen
exposed to 4 h of heat stress (at 37.5°C) and found that the sensitivity or resilience to extreme heat
was notably different across development stages. At bud swell, significant reductions in pollen
protein, total amino acids, and several individual amino acids, as well as a trend for reduced pollen
starch content, were observed following heat stress. Significant reductions in pollen starch (tight
bud) and several individual amino acids (early/late pink bud and anthesis) were also observed
following heat stress, which are expected to have consequences for both fertilization and diet
quality for bees. Additionally, some amino acids were significantly increased following heat stress
at bud break, early/late pink bud, and anthesis development stages, with variable effects on pollen
functioning but potentially negative effects on bee development. Overall, this study highlights a
mechanism through which heat stress can affect blueberry pollination, and the importance of
interdisciplinary studies for uncovering the consequences of extreme heat in pollination systems.

5.4.1 Consequences of heat stress on pollen development, functioning, and fertilization

Immediately after winter dormancy, northern highbush blueberry floral buds are at the tight
bud development stage (blueberries.msu.edu) and likely have not yet undergone MMC meiosis
(Gough et al., 1978). Exposure to four hours of extreme heat at this early floral bud development
stage revealed high sensitivity to extreme heat for pollen starch content, reducing starch levels by
56%, whereas soluble sugars, protein, total amino acid and individual amino acid content was
unaffected by heat stress. For many angiosperms, MMC accumulate starch just before the first
meiotic division (Fadon et al., 2018), likely aligning with the tight bud stage in blueberry. In sweet
cherry, starch accumulation was highest during pre-meiotic development, and authors suggest
these starch reserves support the process of pollen meiosis and early anther growth (Fadon et al.,
2018). Other studies emphasize the importance of starch for flower development (Hedhly et al.
2016) and mitigating abiotic stress (Thalmann and Santelia, 2017). Heat-induced reductions in
starch accumulation for developing microspores has been observed in multiple systems, associated
with reduced pollen viability (Pressman et al., 2002; Firon et al., 2006; Pressman et al., 2006; Raja
et al., 2019; Callens et al., 2023). In barley, reduced pollen starch content following heat stress
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was attributed to reduced conversion of sucrose to starch (Callens et al., 2023). In the present
study, the observations of reduced starch concentrations but unchanged sucrose concentrations in
heat stressed blueberry pollen at tight bud could indicate disruptions in sugar utilization rather than
sugar transport processes (Jin et al.,, 2013, Borghi et al., 2019). However, further detailed
metabolomic studies are required to confirm this for blueberry.

In tomato and barley plants, altered pollen carbohydrate profiles under short or prolonged
heat exposure were associated with fruit or seed set failure (Pressman et al., 2002; Sato et al., 2006;
Firon et al., 2006), yet blueberry plants at tight bud exposed to the same heat stress regime as this
study showed no reduction in blueberry fruit set (Chapter 3). Despite the significantly lower
concentration of starch observed at tight bud following heat exposure compared to the control, this
concentration was nonetheless higher compared with other flower development stages studied,
regardless of temperature exposure. While it is unclear why starch content was higher at the tight
bud stage compared to latter development stages, given that all pollen assessed in this study was
collected at the anthesis stage, this suggests that starch concentrations were sufficient to support
pollen development and subsequent performance, regardless of temperature treatment.
Additionally, it is possible that carbohydrate reserves in pollen exposed to heat stress at tight bud
may have had enough accumulated resources to fuel initial pollen tube growth, and subsequent
pollen tube growth may have supported by the carbohydrates provided through the transmitting
tract of the style (Herrero and Arbeloa, 1989; Zinn et al., 2010). While pollen sample weight was
accounted in final nutrient conversions, pollen was limited for the tight bud stage resulting in
smaller pollen sample quantities per replicate and fewer replicates overall compared to other
development stages. Thus, repeated assessments should be performed to determine whether the
pollen starch content measured in this study is biologically valid for the tight bud stage in northern
highbush blueberry. Future studies should also confirm the pollen development stage occurring
during tight bud in northern highbush blueberry and explore the consequences of pollen nutrition
and performance under alternative heat stress regimes, such as prolonged mildly elevated
temperatures or repeated short bursts of extreme heat over several days. Indeed, confirming the
pollen development stage associated with tight bud will provide insight into which organs and
regulatory systems may be altered or disrupted under heat stress conditions. It is also possible that
a single 4 h heat stress event at this stage was insufficient to disrupt the subsequent functioning of

pollen, possibly inferring tolerance to heat stress at this pre-meiotic floral bud stage in blueberry.
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Overall, my results suggest that for the tight bud stage, carbohydrate metabolism and utilization
are more strongly affected following heat stress compared to other pollen metabolites. However,
additional assessments are required for pollen starch content at tight bud, given the variability
among the controls.

Soon after the tight bud stage, northern highbush blueberry floral buds transition into the
bud swell stage where previously dormant MMC are likely now undergoing meiosis (Gough et al.,
1978). This stage is the first sign of growth for blueberries in the early spring and is considered
tolerant to cold temperatures (-12 to -9°C; blueberries.msu.edu), yet no studies have investigated
heat tolerance of this development stage. I found that this floral development stage had substantial
sensitivity to heat stress, reflected by significant reductions in pollen protein, total amino acids,
and several individual amino acids (aspartate, glutamate, methionine, proline, and lysine). When
extreme heat occurs during MMC meiosis, the stage likely associated with bud swell in northern
highbush blueberry, it can result in premature degradation of tapetal cells, disrupted cell division,
altered auxin and amino acid biosynthesis, inhibited nitrogen assimilation, and reduced protein
quality (Borghi et al., 2019; Lohani et al., 2020). At the transcriptome level, transcripts altered
following microspore heat stress includes ROS-related genes, genes related to ethylene and
abscisic acid signaling, heat shock factors and proteins, and genes related to carbohydrate
metabolism (Lohani et al., 2020). Several crop plants have been studied when heat stress occurs at
this MMC meiosis stage, such as wheat plants which experience early tapetum degradation and
subsequent pollen sterility (Sakata et al., 2000). The metabolite reductions following heat stress
observed at the bud swell stage is similar to findings for several other crops (Iwahori, 1966; Peet
et al., 1998; Sakata et al., 2000; Vara Prasad et al., 2000; Kim et al., 2001; Pressman et al., 2002;
Rodrigo and Herrero, 2002; Firon et al., 2006; Sato et al., 2006; Jain et al., 2010; Ledesma and
Kawabata, 2016; Callens et al., 2023), with the overall recognition that MMC meiosis is a critical
development stage for nutrient metabolism and partioning in developing microspores of
angiosperms with important consequences for pollen development and performance (Lohani et al.,
2020).

Like many of these studies that reported reduced fruit or seed set following heat stress at
the MMC meiosis stage, my previous chapter exposing blueberry plants to the same heat stress
regime (Chapter 3) revealed bud swell to be the most affected floral development stage with a 39%

reduction in fruit set following heat stress. Reductions in total and several individual amino acids
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following heat stress may have contributed to poor pollen performance and limited fruit set at the
bud swell stage. For instance, proline was significantly reduced following heat stress at bud swell,
and this is an important amino acid required for pollen development and fertility in angiosperms
(Schwacke et al., 1999; Biancucci et al., 2015; Mattioli et al., 2018). During normal development,
proline helps prevent protein denaturation, protects cellular structures, and provides energy for
pollen tube growth (Chiang and Dandekar, 1995; Biancucci et al., 2015; Raja et al., 2019). In
Arabidopsis mutants deficient in proline synthesis enzymes, pollen grains were abnormal and
sterile, supporting the claim that proline is essential for pollen development and functioning
(Mattioli et al., 2012; Raja et al., 2019). In tomato, gene expression involved in proline uptake was
inhibited under heat stress conditions (Sato et al., 2006). In rice, pollen proline levels decreased
following high temperature stress, affecting pollen development and performance (Tang et al.,
2008). Glutamate, an amino acid that plays a central role in plant nitrogen metabolism (Forde and
Lea, 2007), was also significantly reduced following heat stress at bud swell. Glutamate is a
precursor for proline, arginine, asparagine, and GABA synthesis in plants, all of which play an
important role in response to stressors, including heat shock (Forde and Lea, 2007; Biancucci et
al., 2015). The glutamate derivative GABA has been reported to play an important role in pollen
tube growth and guidance (Palanivelu et al., 2003; Biancucci et al., 2015), so reductions in
glutamate following heat stress could have negative effects on pollen performance and
fertilization. Significant reductions in methionine were also observed at the bud swell stage, and
considering this amino acid is a precursor for ethylene production in plants (Chen et al., 2019a),
significant reductions of this amino acid could have repercussions for plant heat tolerance, pollen
quality, and pollen performance (i.e., germination and tube growth) (Jegadeesan et al., 2018; Raja
etal., 2019; Chaturvedi et al., 2021).

Aspartate, another central amino acid driving plant nutrition, energy and stress responses
(Han et al., 2021), was also significantly reduced following heat stress at bud swell. Aspartate is a
precursor for many other amino acids, including glutamate, methionine, threonine, lysine,
isoleucine, asparagine, arginine, tyrosine, and phenylalanine (Han et al., 2021). Aspartate is also a
precursor for the synthesis of nicotinamide adenine dinucleotide (NAD™), an essential coenzyme
necessary for metabolic reactions in plants and an essential component in pollen development
(Hashida et al., 2009; Lin et al., 2010; Han et al., 2021). When NAD" pathways are disrupted, it

can have negative consequences for pollen maturation and inhibit pollen tube growth (Hashida et
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al., 2007, 2009, 2013). Given the importance of aspartate in the biosynthesis of several
fundamental metabolites, changes in aspartate levels can have serious consequences for
downstream processes important to plant metabolism, including glycolysis and the TCA cycle
(Han et al., 2021). Lysine, another amino acid significantly reduced following four hours of heat
stress at the bud swell stage, also plays an important role in the TCA cycle, abiotic and biotic stress
responses in plants and starch metabolism (Yang et al., 2020c; Trovato et al., 2021), and may have
contributed to observed trends of reduced pollen starch content at this floral bud stage. In the
present study, exposure to four hours of extreme heat at bud swell significantly reduced pollen
proline (13%), glutamate (33%), methionine (33%), aspartate (75%), and lysine (18%), and given
the roles of these amino acids in plant metabolism, pollen development and functioning, such
reductions could affect pollen tube growth and fertilization. Indeed, exposure to the same extreme
heat regime at bud swell reduced fruit set by 39% in my previous study (Chapter 3), and such
declines in fertilization could have, in part, been driven by reduced pollen amino acid content.
Overall, the findings in the present study indicate that the bud swell stage in northern highbush
blueberry is highly sensitive to brief exposure of extreme heat stress with negative consequences
on pollen quality, performance, and subsequent blueberry fruit production. Further studies should
be done to confirm whether MMC meiosis is occurring at this bud swell stage in northern highbush
blueberry, adding to the growing literature that MMC meiosis is particularly sensitive to extreme
heat stress and the negative repercussions it can have on crop plants.

Bud break occurs after bud swell stage in northern highbush blueberry, where bud scales
begin to open, revealing the tips of individual flowers. Given the lack of formal analysis on the
stage of pollen development occurring at the bud break stage in northern highbush blueberry, it is
unclear whether microspores are still undergoing meiosis or have completed meiosis. In the present
study, the consequence of heat stress at bud break appears to show resilience, more than any other
development stage tested. Starch, sucrose, and glucose levels were relatively unchanged by
temperature treatment at this development stage, so it is unlikely that heat induced any substantial
changes in sugar-starch utilization, metabolism, or transport at bud break (Lohani et al., 2020).
Protein levels were also not significantly affected by heat stress at this development stage.
Increases in certain individual amino acids following heat stress, such as asparagine and glutamate,
also suggest pollen heat tolerance at bud break as these amino acids play an important role in heat

shock response (Forde and Lea, 2007; Biancucci et al., 2015). It is possible that significant
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increases in certain amino acids following heat stress could be due to the alteration of certain
pathways, either up- or down-regulated, in an effort to reduce damage caused by heat stress (Zhang
et al., 2022). In strawberry, exposure to a one-time extreme heat event during floral development
revealed heat tolerance at intermediate floral development stages, but heat sensitivity at earlier and
later stages (Ledesma and Kawabata, 2016). While the exact mechanisms are unknown, it is
possible that this intermediate bud break stage is more heat tolerant than earlier and later blueberry
floral development stages. Data in the present study supports this, as well as previous work
showing heat stress at bud break had no significant effect on blueberry fruit set (Chapter 3). Further
investigation should be done to evaluate the effect of repeated, brief extreme heat events at this
development stage to more realistically assess the effects of heat waves on pollen quality and
performance. Overall, it is clear that further research is required to understand what pollen
development stage is occurring during bud break in northern highbush blueberry, providing insight
into the relative heat tolerance at this floral bud stage.

At the early and late pink bud stage, blueberry anthers begin to elongate resulting in the
presence of floral corollas and subsequent flower elongation. Drawing from studies in sweet
cherry, a woody perennial crop that blooms at a similar time as northern highbush blueberry, it is
possible that blueberry pollen is undergoing mitosis at the early and late pink bud floral bud stage
(Fadon et al., 2018). While future studies are required to confirm the pollen development stage
occurring at early and late pink bud in blueberry, it is broadly accepted that when extreme heat
occurs during pollen mitosis it can alter sugar-starch utilization, metabolism, and transport (Jain
et al., 2007; Raja et al., 2019; Lohani et al., 2020). In the present study, there were significant
reductions in methionine and proline concentrations following heat stress exposure at early/late
pink bud. As discussed previously, proline plays an important role in pollen development and
pollen performance and has the potential to affect fertilization and yield (Chiang and Dandekar,
1995; Schwacke et al., 1999; Biancucci et al., 2015; Mattioli et al., 2018). Significant reductions
in methionine at the early/late pink bud stage following heat stress could also have negative
consequences for plant heat tolerance, pollen quality, and pollen germination (Porch and Jahn,
2001; Jegadeesan et al., 2018; Raja et al., 2019; Chaturvedi et al., 2021). However, in my previous
study (Chapter 3), exposure to the same heat regime (37.5°C, 4h) at early and late pink bud did not
significantly affect fruit set in ‘Bluecrop’ bushes. Furthermore, several amino acids increased

following heat stress at the early/late pink bud stage, potentially aiding in blueberry pollen
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thermotolerance and mitigating substantial reductions in fertilization and fruit production. Overall,
this early/late pink bud floral stage in blueberry appears to have greater heat tolerance than bud
swell, yet greater heat sensitivity than tight bud and bud break. As discussed for the preceding
floral development stages, future studies should explore repeated heat stress events on pollen
quality and functioning, and imaging should be done to confirm whether mitosis is occurring at
early/late pink bud in northern highbush blueberry.

At anthesis, or flower opening, blueberry pollen microspores have now matured into pollen
grains and are prepared for anther dehiscence once sonicated or disturbed by a bee pollinator.
When extreme heat occurs during anthesis, it can result in altered carbohydrate and protein
metabolism, reduced membrane integrity, and the accumulation of reactive oxygen species (ROS)
which ultimately can reduce pollen viability, inhibit anther dehiscence, and result in failure to
release pollen grains (Lohani et al., 2020). In the current study, exposure to extreme heat for four
hours at anthesis had no significant effect on blueberry pollen protein or carbohydrate content, and
several amino acids such as glutamate and proline significantly increased. As discussed for bud
break and early/late pink bud development stages, this could potentially indicate improved
thermotolerance at later pollen development stages via upregulated metabolic pathways. However,
this requires much greater exploration. One amino acid, glutamine was significantly reduced
following heat stress at anthesis and may play an important role in pollen functioning. The
conversion of glutamine from glutamate is considered to be a major pathway incorporating
inorganic nitrogen into organic molecules, ultimately playing an important role in the nitrogen and
carbon metabolism (Cren and Hirel, 1999; Lee et al., 2023b). Glutamine also plays an essential
role in protein synthesis and serves as a signaling molecule regulating metabolism and stress
responses in plants (Lee et al., 2023b). In my previous study (Chapter 2), ‘Bluecrop’ pollen
exposed to the same heat stress regime (37.5°C, 4 h) in vitro significantly inhibited pollen tube
growth (74%) and pollen germination (39%) compared to pollen exposed to 30°C. Given the
discrepancies in these results for anthesis pollen, with most of the pollen nutrients assayed being
unaffected by heat stress yet pollen viability being substantially reduced in vitro, it is clear that
further research is needed for this development stage. Additional studies should be performed to
assess the consequences of heat stressed blueberry pollen at the anthesis stage on fruit set, as
disruptions in pollen-pistil interactions may not have been captured in this research but could have

contributed to yield declines observed in Michigan fields in 2018.
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5.4.2 Consequences of heat stress on pollen nutrient quality and bee nutrition

As discussed above, insufficient pollen nutrition, including proteins, carbohydrates, and
amino acids, can have devastating consequences for pollen development, functioning (i.e., pollen
germination and tube growth), and ultimately fertilization. These changes can also lead to
nutritional stress in bees, as pollen provides the primary source of protein and amino acids for
bees, as well an important resource of carbohydrates (Roulston and Cane, 2000; Vanderplanck et
al., 2014; Vaudo et al., 2016, 2020). Unbalanced pollen diets can hinder bee development,
fecundity, resilience to stress, and survival as adults and developing larvae (Roulston and Cane,
2000; Vaudo et al., 2015; Bukovinszky et al., 2017; Woodard et al., 2019; Filipiak and Filipiak,
2020; Crone et al., 2022; Knauer et al., 2022). Bees are particularly sensitive to altered pollen
nutrition, either in excess or deficient amounts, given their high metabolic activity and low energy
stores that ultimately requires a well-balanced diet for proper development (Ruedenauer et al.,
2015; Vaudo et al., 2020; Crone et al., 2023). Despite this, no studies have quantified the
consequences of heat-altered pollen diets for bee pollinators and their offspring. In my previous
study (Chapter 4), Osmia lignaria females were provided blueberry plants exposed to extreme heat
(37.5°C, 4h) or non-stressed (25°C, 4h) conditions at 25% bloom, exposing a range of floral buds
from bud swell to anthesis. Female bees provided plants exposed to extreme heat laid 70% fewer
eggs compared to females provided non-stressed host plants, and of the brood produced, 60% died
before completing larval development. Considering female bees provided brood similar quantities
of pollen provisions, regardless of temperature treatment, it is likely that heat altered pollen
nutrition had important consequences for female fecundity and the development and survival of
their brood. Furthermore, female O. lignaria bees were not exposed to heat stress and were reared
under the same optimal conditions regardless of the host plants they were provided, emphasizing
the potential role of host plant temperature treatment on female fecundity. Hereafter, I discuss the
implications of heat-altered blueberry pollen nutrition on bee health, development, reproduction,
and survival, particularly in light of previous studies in O. lignaria (Chapter 4).

While nectar is often considered the main source of carbohydrates for bees, the
carbohydrates present in pollen also provide the energy needed for the biosynthesis of proteins,
tissues, and enzymes necessary for development and survival (Nepi et al., 2005; Lau et al., 2022).
Carbohydrate content in pollen is particularly important for the development and survival of

solitary bees like Osmia (Austin and Gilbert, 2021). Pollen provisions in some solitary bee larvae,
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including several Osmia species, are comprised of mostly pollen and small amounts of nectar, thus
solitary bee larvae must acquire carbohydrates from pollen for proper development and survival
(Austin and Gilbert, 2021). While minimum protein concentrations are needed in larval provisions
to complete development (Levin and Haydak, 1957; Roulston and Cane, 2000), carbohydrates may
be more limited in solitary bee provisions than protein given the large quantity of pollen provided
in their provisions. Indeed, several studies have reported that carbohydrates may have a stronger
effect on growth, development, and survival to pupation in solitary bees than protein (Wasielewski
et al., 2013; Austin and Gilbert, 2021). Furthermore, studies evaluating the process of pollen
digestion in bees highlight the importance of pollen carbohydrate levels for bee development and
survival, both directly and indirectly. The outer exine layer of pollen is indigestible to bees
(Roulston and Cane, 2000; Nepi et al., 2005), yet bees require the nutritive contents within pollen
grains for their development and survival. As such, several processes must occur to break open the
exine layer of pollen to allow the extraction of pollen nutrients to fulfill the nutrient demands of
bees (Roulston and Cane, 2000). Several mechanisms have been described for pollen nutrient
extraction (see Roulston and Cane, 2000), including the onset of pollen germination (or pseudo-
germination) to release nutrients from pollen grains. Adult bees possess a crop where pollen and
nectar mix, providing a sugar-rich environment that stimulates pollen germination (or pseudo-
germination) similar to when pollen grains land on the surface of a floral stigma (Roulston and
Cane, 2000). As pollen grains germinate and pollen tubes protrude, the proteins, carbohydrates,
and amino acids are released from the interior of pollen grains (Stanley and Linskens, 1965;
Linskens and Schrauwen, 1969; Roulston and Cane, 2000). As adult bees digest germinating
pollen grains, the contents of pollen are steadily emptied, allowing bees access to these nutrients
fueling their development and activity (Roulston and Cane, 2000). While bee larvae do not have a
crop like adult bees, larval pollen diets are mixed with nectar to create a pollen provision, providing
a sugar-rich environment stimulating pollen germination and subsequent access to pollen nutrients
(Roulston and Cane, 2000; Nepi et al., 2005). This pollen germination mechanism for bee digestion
is important in the context of the present study, as several nutrients such as starch, proteins, and
certain amino acids like proline, are required to fuel pollen germination and subsequent tube
growth. Blueberry plants exposed to extreme heat at various stages of floral development exhibited
notable reductions in pollen starch, protein, and proline content, potentially inhibiting pollen

germination and tube growth with cascading effects on bees’ access to pollen nutrients.
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Furthermore, observations in Chapter 2 revealed significant reductions in pollen germination and
tube growth in ‘Bluecrop’ pollen exposed to extreme heat conditions for four hours, which has
obvious implications for plant fertilization, but may also play an important role in bee digestion
and their capacity to access pollen nutrition (Roulston and Cane, 2000; Nepi et al., 2005). Thus,
reductions in certain pollen nutrients (including starch) may indirectly inhibit bees access to
nutrients by impeding processes necessary for digestion and nutrient uptake.

In one study, Nepi et al. (2005) evaluated the process of pollen digestion in Osmia cornuta
larvae by quantifying the starch content of pollen from anthers, pollen provisions, and the larval
digestive tract and gut. Unlike other bee species, solitary bees like Osmia can effectively remove
starch from pollen grains and have shown a preference for “starchy pollen” (Simpson and Neff,
1983; Nepi et al., 2005). Interestingly, authors observed reductions in pollen starch content before
bee larvae even began consuming provisions, and authors hypothesized that once pollen came in
contact with nectar in the provision, starch granules underwent hydrolysis, activating starch
depolymerization to simple sugars, providing a digestible form of sugar for bees (Ladurner et al.,
1999; Nepi et al., 2005). Starch content continued to decrease along the larval digestive tract,
attributed to pseudo-germination via protoplasm extrusion occurring when pollen grains collapsed
in the gut, continuing to provide a digestible sugar resource for solitary bee larvae (Nepi et al.,
2005). Authors also observed some unmodified (i.e., no germination), starch-containing pollen
grains in the provision and suggested that the lack of depolymerization or poor digestion could be
due to degeneration during pollen development, rendering pollen “dead” and unable to respond to
stimuli (i.e., germinate) after coming in contact with the nectar present in the provision and/or
osmotic shock in the gut (Nepi et al., 2005). Ultimately, the study by Nepi et al. (2005) provides a
few important insights for the current body of work. First, these findings highlight that heat-
induced reductions in pollen germination and tube growth observed in blueberry (Chapter 2) likely
play a role in bees’ access to pollen nutrition, before and during digestion (Roulston and Cane,
2000; Nepi et al., 2005). Further studies should explore the role of pollen germination (or pseudo-
germination) as possible mechanism limiting bees’ access to pollen nutrients following heat stress,
following a similar approach to Nepi et al. (2005). Second, Nepi et al. (2005) provide evidence for
the importance of pollen starch content in solitary bee larvae diets to meet soluble sugar demands
necessary for development. In the present study, a significant reduction in pollen starch content

(35%) was observed following heat stress across all blueberry floral development stages, while
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soluble sugars (sucrose and glucose) were not significantly affected by extreme heat exposure.
However, the starch depolymerization process described by Nepi et al. (2005) suggests that such
reductions in pollen starch content could also inhibit bees access to soluble sugars during digestion.
Thus, while extreme heat exposure did not directly alter or reduce pollen soluble sugar content,
the reductions in pollen starch may have downstream effects inhibiting the dietary needs of bees.
Such inhibition is particularly concerning for Osmia bee species, given the important role
carbohydrates play mediating their growth and survival, particularly as larvae (Austin and Gilbert,
2021). In my previous study (Chapter 4), O. lignaria larvae provided pollen from heat stressed
plants experienced significantly higher larval mortality compared to larvae fed pollen from non-
stressed plants, despite brood receiving similar quantities of pollen provisions regardless of host
plant temperature treatment. Such substantial reductions in larval survival suggest heat-driven
limitations in pollen nutrient availability during development, contributed by poor digestion via
reduced pollen germination success and/or insufficient pollen nutrient concentrations via reduced
starch content. Inhibitions in larval survival may have been further perpetuated by the reduced or
altered levels of pollen protein and amino acids. In the context of current and previous studies, this
suggests a positive feedback loop driven by heat stressed pollen sources with negative
consequences for O. lignaria development and survival.

Pollen is the primary resource of protein for bees, providing the building blocks necessary
for development (Vanderplanck et al., 2014; Vaudo et al., 2015; Quinlan and Grozinger, 2023;
Westreich and Tobin, 2024). Pollen protein content is also important for bee reproduction and
longevity (Roulston and Cane, 2000). Egg-laying female bees require a sufficient protein diet to
properly develop their ovaries and eggs, so a low-protein diet can inhibit reproductive potential
among female bees (Hoover et al., 2006; Human et al., 2007; Pirk et al., 2010; Cane, 2016). Egg
production and oviposition are energetically costly for all bees, but particularly for solitary bees
such as O. lignaria that lay large eggs relative to their body size and require pollen for oocyte
maturation (Cane, 2016). The substantial reduction in egg laying for O. lignaria bees provided
heat stressed host plants in my previous study (Chapter 4) may, in part, be in response to
insufficient pollen protein content inhibiting ovary development and egg production. However,
follow up studies should be done to assess differences in oocyte maturation and ovary size among
bees provided pollen from heat stressed host plants to confirm this. Pollen protein content is also

important for larval development, demonstrated by Levin and Haydak (1957) who transplanted O.
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lignaria eggs onto honey bee-collected pollens and found that only the richest protein diets
supported development to adulthood. Additionally, the adult body size of O. lignaria bees
increased linearly with total protein consumed (Levin and Haydak, 1957; Roulston and Cane,
2000). While O. lignaria adult body size was not significantly affected by heat stressed pollen
diets in my previous study (Chapter 4), substantial reductions in larval survival was observed
among brood provided pollen from heat stressed host plants, indicating chronic nutrient
deficiencies. Among other heat-mediated pollen nutrient deficiencies in pollen starch and amino
acids, it is possible that reductions in pollen protein content may have contributed to nutritional
stress and subsequent larval mortality in O. lignaria bees. While floral preference was not
evaluated between heat stressed and non-stressed plants in the previous study (Chapter 4), other
studies report a significant correlation between pollen protein content, bee abundance, and bee
visitation rates (Russo et al., 2019), suggesting future behavioral or ecological studies should
assess potential shifts in floral preference following heat stress. However, the capacity of bees,
particularly solitary bees, to detect differences in pollen quality is still largely unknown.

Amino acids present in pollen diets are crucial for bee growth, somatic maintenance,
reproduction, and longevity (Paoli et al., 2014; Vanderplanck et al., 2014; Barraud et al., 2022;
Jeannerod et al., 2022). Barraud et al. (2022) provided honey bees (4pis mellifera), bumble bees
(Bombus terrestris), and Osmia bees (Osmia bicornis and Osmia cornuta) diets of variable quality
and found that bumble bees and Osmia bees struggled to develop on diets with low total amino
acid content, while honey bees were relatively unaffected. Specifically, poor amino acid diets
inhibited brood production in bumble bees and reduced cocoon and adult body weights in Osmia
bees (Barraud et al., 2022), indicating the importance of a sufficient, well-balanced amino acid
pollen diet for bee development, reproduction, and fitness. In the present study, extreme heat
exposure at bud swell significantly reduced total amino acids, while other floral development
stages were not significantly affected. It is possible that a reduction in total amino acids at the bud
swell stage could have contributed to reduced Osmia egg laying and offspring survival in my
previous study (Chapter 4), however, the total amino acid content exposed to control conditions at
bud swell is notably higher compared to controls at other development stages. It is unclear why
such differences in total amino acids were observed for the control group, given all pollen was
collected at the anthesis stage. Repeated measurements of total amino acid content in blueberry

pollen should be considered in order to validate the biological significance of heat stress at the bud
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swell stage. Additionally, further pollen metabolite studies should assess the effect of heat stress
on phacelia and white clover blooms, as these host plants were also provided to O. lignaria bees
in addition to blueberry, likely contributing to declines in fecundity and survival.

Certain essential amino acids (arginine, methionine, lysine, threonine, histidine, leucine,
isoleucine, valine, phenylalanine, tryptophan) cannot be synthesized by bees and thus, they rely
on dietary resources (i.e., pollen) to meet these nutrient demands (De Groot, 1952). Given this
limitation, amino acid composition has been considered to have a greater influence on the amount
of pollen required by bees than crude protein content (Nicolson, 2011; Vanderplanck et al., 2014),
although this likely varies across bee genera. While not statistically significant, some essential
amino acid levels were higher following heat exposure at bud break (25%), early/late pink bud
(39%), and anthesis (24%). Several studies have reported deleterious effects of higher, unbalanced
amino acid pollen content for bees, inhibiting bee flight, shortening bee life spans, and causing
higher morality (Paoli et al., 2014; Stabler et al., 2015; Archer et al., 2021; Austad et al., 2024).
However, these interpretations should be considered with caution given variations among means
for essential amino acids following heat stress were not statistically different from the control in
blueberry pollen.

Some researchers have hypothesized that the consequences of altered amino acid diets on
bee fitness is contingent on the concentration and/or ratio of individual amino acids present in the
diet, as certain amino acids (or interactions between amino acids) could result in toxic side effects
or impair certain physiological processes (Grandison et al., 2009; Stabler et al., 2015; Archer et
al., 2021; Austad et al., 2024). This aligns with my previous study (Chapter 4), where extreme heat
exposure increased certain essential and non-essential amino acids, yet Osmia lignaria larvae fed
pollen from heat stressed blueberry plants experienced significantly higher mortality rates. Given
the overall high survival rate among O. lignaria larvae provided pollen from non-stressed plants,
it is possible that the elevated concentrations of certain amino acids following heat stress, and
reduced concentrations of some amino acids, contributed to nutrient imbalance, ultimately
resulting in higher rates of mortality. Delineating the concentrations and combinations of
individual amino acids that may impair (or improve) bee functioning and survival have received
little attention, particularly for solitary bees, and requires further research. Thus, reports from other
well-studied insect taxa such as Drosophila flies may provide important insights for the present

study. For example, Grandison et al. (2009) assessed the lifespan and fecundity of Drosophila
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under variable amino acid diets and found that methionine was crucially important for increasing
fecundity and ensuring egg quality. Interestingly, under restricted diets devoid of all essential
amino acids besides methionine, Drosophila fecundity increased, and was even comparable to
unrestricted diets where all essential amino acids were present (Grandison et al., 2009). Thus, the
authors suggest that methionine is a key limiting nutrient necessary for reproduction (Grandison
et al., 2009). In the present study, methionine was significantly reduced in blueberry pollen
following heat stress at bud swell (33%) and early/late pink bud (13%). Furthermore, methionine
was one of the most limited amino acids present in blueberry pollen, across all temperature
treatments and development stages. Another study also reported limited methionine concentrations
in pollen across several plant genera (Jeannerod et al., 2022). While further exploration is needed
to confirm the role of methionine in bee reproduction, these findings may provide important insight
into the results of my previous study (Chapter 4), where O. lignaria bees provided heat stressed
host plants produced 70% fewer eggs compared to females provided non-stressed host plants. For
example, the role of heat stress exacerbating already low concentrations of methionine in blueberry
pollen may have caused a nutrient imbalance in O. lignaria pollen diets, inhibiting their
reproductive development and egg laying capacity (Cane, 2016).

Additionally, Grandison et al. (2009) found no changes in Drosophila reproduction or
lifespan when provided diets that excluded tryptophan, despite this amino acid being essential and
in low concentrations. Other reports have found that restricting levels of leucine, isoleucine, and
valine in Drosophila diets can extend longevity and induce stress resistance (Juricic et al., 2020;
Fulton et al., 2024). In the present study, blueberry plants exposed to heat stress at various
development stages had significantly higher levels of tryptophan, isoleucine, leucine, and valine
in pollen grains. While all these amino acids are considered essential for bees, it is possible that
increases in these specific essential amino acids resulted in nutritional imbalance. This heat-
mediated diet imbalance could have damaging effects for bees. Indeed, higher mortality rates as
larvae and adults, as well as trends for reduced adult longevity, were observed for O. lignaria
larvae provided diets from heat stressed blueberry plants (Chapter 4). However, further studies are
required to determine whether similar patterns observed in Drosophila are similar for various bee
taxa, including social and solitary bees. Nonetheless, these results suggest that heat-driven
imbalances in amino acid concentrations can have varying consequences for insect reproduction

and survival and emphasize the importance of investigating nutrient limitations caused by
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individual amino acids. Development of an artificial diet system for Osmia larvae, similar to
methods described by Grandison et al. (2009), could facilitate exploration of how specific amino
acid nutrient imbalances may influence bee development and survival.

It is unclear whether bees, particularly solitary bees, are able to detect and regulate their
intake of essential amino acids from pollen ensuring they consume a well-balanced diet. In one
study, bumble bees did not regulate their pollen intake and over-consumed essential amino acids
resulting in higher rates of mortality, and authors offered several potential explanations for this
(Stabler et al., 2015). It is possible that bees were not able to easily taste differences in the
concentrations of amino acids in pollen diets, resulting in a passive, over-ingestion of essential
amino acids (Stabler et al., 2015). Unlike nectar, which several bee species can readily detect the
quality of during foraging bouts (Carter et al., 2006; Howell and Alarcon, 2007; Nicolson and
Thornburg, 2007; Bertazzini et al., 2010; Nicolson, 2011; Darvishzadeh et al., 2015; Ruedenauer
et al., 2015; Tafi et al., 2023), pollen requires greater manipulation during digestion before
nutrients are accessible (Roulston and Cane, 2000), potentially inhibiting sensory cues informing
feeding decisions by bees. It is also possible that the post-ingestive mechanisms regulating
essential amino acid intake may be tied to a specific concentration of amino acids, where bees may
be unable to adjust or reduce their intake when such concentrations are in excess for a given pollen
diet (Stabler et al., 2015). Other studies have also found that bumble bees are able to detect and
discriminate between different types of pollen (i.e., floral source), but were unable to discriminate
between different concentrations of pollen diets (Ruedenauer et al., 2015). In my previous work,
O. lignaria females provided similar quantities of pollen provisions to brood regardless of host
plant temperature exposure, yet findings in the present study make it clear that extreme heat
exposure altered nutrient balance in blueberry pollen. It is possible that female Osmia bees were
unable to detect insufficient nutrient concentrations in pollen, including amino acids, and therefore
did not alter the quantity of provisions provided to brood to help ensure dietary balance. While
little is known about the effects of non-essential amino acids on bee diets, they may play an
important role in foraging decisions for bees. For example, Ruedenaur et al. (2021) has shown that
honey bees are able to detect proline concentrations in pollen which may serve as a guide during
foraging bouts (Ruedenauer et al., 2021). In the present study, proline was significantly reduced
in blueberry pollen at bud swell and early/late pink bud stage following heat stress, but

significantly increased at anthesis, so whether or not such alterations would influence Osmia
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foraging decisions is unclear. Choice studies should be done to determine whether O. lignaria are
able to discern nutritional differences in pollen following heat stress, and the subsequent effects of
these foraging choices on female fecundity and offspring survival.

This research is among the first to examine how brief extreme heat exposure (37.5°C, 4 h)
during floral development affects the nutritional content of pollen and the downstream
consequences on an entire pollination system. Altered concentrations of pollen protein, starch, and
several amino acids in response to heat stress in northern highbush blueberry may have inhibited
various pollen development processes, contributing to reduced pollen germination and tube growth
(Chapter 2) and reduced fruit set (Chapter 3). Additionally, such alterations in the nutritional
profile of blueberry pollen likely resulted in dietary imbalances for the Osmia lignaria bees feeding
on it, limiting the reproductive potential of adult female bees and contributing to high mortality
rates among subsequent brood, both as larvae and adults (Chapter 4). My research suggests that
studies evaluating the effects of direct heat stress, either for plants or bees, may underestimate the
consequences of climate change on bee-plant interactions, with significant consequences for future
crop production and bee declines. Broadening our understanding from direct, isolated stressors to
indirect and interactive stressors is important for combatting climate change in pollination systems
and emphasizes the important role pollen plays for mediating this. As such, there is an urgent need
to develop mitigation strategies to help protect the nutritional quality of pollen under extreme heat

conditions, for the protection of both crop yields and pollinators alike.
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Table 5.1 Mean (+ SE) soluble sugars content (ug/mg), including glucose and sucrose, in northern
highbush blueberry pollen (cv. ‘Bluecrop’) collected at anthesis from flowers exposed to either
CT (25°C, 4h) or HT (37.5°C, 4h) at tight bud, bud swell, bud break, early/late pink bud, or anthesis
floral bud stages. Across all development stages, no means were statistically different from one

TABLES

another between temperature treatments (o > 0.05).

Floral bud
development stage

Mean (£ SE) soluble sugar assay (pug/mg)

Glucose Sucrose
CT HT CT HT

Tight bud 0.43 +0.08 0.35+£0.08 51.30+£2.32 52.47 £2.87
7z=-0.77, p=0.44 t=-0.41, p=0.69

Bud swell 0.29 +£0.04 0.23+£0.02 5547+242 56.90 +2.08
=-1.84, p=0.07 =-0.60, p=0.56

Bud break 0.31+£0.04 0.39+£0.06 57.51+2.53 57.58 £2.67
z=1.55, p=0.12 t=-0.02, p=0.98

Early/Late pink bud 0.31 £0.04 0.28+0.03 58.59+2.77 55.39+2.32
7z=-0.68, p=0.49 t=1.17, p=0.25

Anthesis 0.25+0.03 0.26+£0.02 56.63+2.75 52.77+2.26
7z=0.25, p=0.80 t=1.37, p=0.17
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Table 5.2 Mean (+ SE) amino acid content (ug/mg) of northern highbush blueberry pollen (cv. ‘Bluecrop’) collected at anthesis from
flowers exposed to either CT (25°C, 4h) or HT (37.5°C, 4h) at tight bud, bud swell, bud break, early/late pink bud, or anthesis floral bud
stages. Amino acids were ordered from most abundant (i.e., proline) to least abundant (i.e., cysteine) across all development stages and
temperature treatments in this table. For all amino acids tested, the degrees of freedom = 4 and residual degrees of freedom = 116,
derived from likelihood ratio tests of GLMM or LMM models and GLMM/LMM model summaries, respectively. Other test statistics
(5% F, p) reported for each amino acid was derived likelihood ratio tests of GLMM or LMM models. Significant differences between

means within a given development stage are indicated by the bolded test statistic (a = 0.05).

Amino acid Development stage and temperature treatment
(ng/mg)
Tight bud Bud swell Bud break Early/Late pink bud Anthesis
CT HT CT HT CT HT CT HT CT HT
Proline 17.07£1.45 15.61+x1.36 24.68+1.21 21.42+0.87 22.40+1.20 22.03£1.28 21.55+1.17 17.31£1.34 20.19+1.14 23.62+1.18
11::51 383’ t=0.84, p=0.40 t=2.62, p=0.01 t=0.23, p=0.82 t=2.66, p=0.009 t=-2.28, p=0.02
Aspartate  5.0542.43  6.354£2.31 31.51£1.99 7.80+1.36 4.01+2.03  6.42+2.19  9.78+1.99  5.16+2.28 5.90+1.93  7.26+1.98
F=24.64, _ _ _ _ _ _ _ _ _
2<0.0001 t=-0.43, p=0.67 t=10.74, p<0.0001 t=-0.84, p=0.40 t=1.61, p=0.11 t=-0.51, p=0.61
Asparagine  6.58+0.58  6.53+0.54  7.80+0.50  8.15+0.37  6.80+0.48  8.55+0.51 6.40+0.47 8.41+0.53  6.73+0.46  7.78+0.47
l;;% %)88’ t=0.07, p=0.94 t=-0.67, p=0.51 t=-2.86, p=0.005 t=-3.25, p=0.002 t=-1.83, p=0.07
Glutamate 4.56+0.54 4.90+£0.51 7.08£0.47 4.73£0.36  4.05+0.45 5.91+0.48 5.3240.45 5.01+0.49 5.56+0.43  6.69+0.44
F=12.02, _ _ _ _ _ _ _ _ _
2<0.0001 t=-0.55, p=0.58 t=5.26, p<0.0001 t=-3.36, p=0.001 t=0.57, p=0.57 t=-2.20, p = 0.03
Arginine 5.06£0.43  5.02+0.39  5.40+0.37 5.22+0.24 4.35+031 5524033  4.57+0.31 6.51+0.36  4.59+0.30  5.87+0.30
11::51 (())g 5’ t=0.06, p=0.95 t=0.42, p=0.68 t=-2.61, p=0.01 t=-4.18, p=0.0001 t=-3.02, p=0.003
Alanine 2.19+0.19  2.30+0.17  2.75+0.27  2.67+0.18  2.49+0.17 2.68+0.21  2.51+0.17  2.74+0.21  2.75+0.20  3.12+0.27
2=
);:(1)'23’ 7z=0.54, p=0.59 7z=-0.32, p=0.75 7z=0.92, p=0.36 z=1.12, p=0.26 z=1.61, p=0.11
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Table 5.2 (cont’d)

Amino acid Development stage and temperature treatment
(ng/mg)
Tight bud Bud swell Bud break Early/Late pink bud Anthesis
CT HT CT HT CT HT CT HT CT HT
Serine  090:0.14 106:0.18 1.1120.17 1185021 1.02£0.13 1.13:020 0.93£0.14 1342029 1.04:020 1.110.19
x;=:1096630, 2=1.62, p=0.11 2=0.72, p=0.47 2=1.19, p=0.24 2=4.27, p<0.0001 2=0.82, p=0.41
Lysine  0.58:004 061004 0.78:0.06 0.64£003 05740.02 0.65:0.03 0.6120.03 0.73:0.04 0.59£0.02 0.73:0.04
)Szé.zdéi’ 70.64, p=0.52 7=-2.71, p=0.007 7=2.61, p=0.009 7=3.09, p=0.002 7=4.16, p<0.0001
Valine  043£005 0455005 0642008 059:0.07 0.56£005 059£0.07 0.56:0.06 0.83£0.12 0512006 0.64£0.08
X;jfgf’ 70.54, p=0.59 7=-0.81, p=0.42 2=0.58, p=0.56 2=3.87, p=0.0001 2=2.76, p=0.006
Threomine 0444003 049003 059£0.05 0551003 0.52:0.03 058£0.04 053003 0672005 050:0.02 0.57£0.03
’Szg:(l)g’ 2=131, p=0.19 7=-0.83, p=0.41 7=1.82, p=0.07 2=3.40, p<0.001 2=2.36, p=0.02
Histidine  0.33£008 036:0.11 0242004 027£0.04 031006 023£003 0230.04 0.32:006 021003 0.27:0.04
’Szgzgé’ 7=-0.23, p=0.82 70.54, p=0.59 7=-134, p=0.18 7=1.72, p=0.09 7=1.56, p=0.12
Tyrosine 024004 034:0.06 02580.03 0312004 027£0.02 035:0.05 024£002 0.50£0.09 0.19:0.01  0.30:0.09
’Sz(l)%ég’ 7=1.55, p=0.12 7=143, p=0.15 2=2.26, p=0.02 2=5.44, p<0.0001 2=5.30, p<0.0001
Isoleucine  0.19+0.02 0212002 027003 023£002 0212001 0282003 022:002 025:0.04 022£002 027+0.02
’gz(l)?dg? ’ 2=1.19, p=0.23 7=-1.68, p=0.09 2=3.19, p=0.001 2=4.03, p=0.0001 2=2.17, p=0.03
Phenylalanine 024=0.02 026002 029£0.02 026:0.02 024:0.02 030£0.02 0.23:0.02 031£0.02 021£0.02 0.27+0.02
;:g goli =-1.02, p=0.31 =135, p=0.18 t=-3.18, p=0.002 t=-4.14, p=0.0001 t=-3.26, p=0.002

116



Table 5.2 (cont’d)

Development stage and temperature treatment

Amino acid

(ng/mg)

Tight bud Bud swell Bud break Early/Late pink bud Anthesis
CT HT CT HT CT HT CT HT CT HT

Glutamine  0.10£0.01  0.08£0.01 0.12£0.02  0.16£0.03  0.11£0.01  0.11£0.02  0.1120.01  0.20£0.05 0.09:0.01  0.07+0.01
$=34.93, _ _ _ _ _ _ _ _ _ _

Y 0,001 7=-1.02, p=0.31 2=1.74, p=0.08 2=0.51, p=0.61 7=3.58, p=0.0003 7=-3.49, p=0.0005
Leucine 0.13£0.01  0.15£0.02 0.18£0.02  0.15£0.01  0.14£0.01  0.19£0.02  0.14£0.01  0.25£0.03 0.14£0.01  0.1620.01
2—
x'=21.98, 7=129, p=0.20 7=-1.51, p=0.13 7=2.83, p=0.005 2=4.85, p<0.0001 7=1.69, p=0.09
1<0.001

Methioni 0050+ 0051+  0.094+ 0.063 + 0041+  0.046+ 0.053 + 0046+ 0064+  0.065+
ctiionine 0.005 0.005 0.020 0.006 0.003 0.004 0.005 0.004 0.007 0.007

2—
’;zg‘gé’ 2=0.11, p=0.91 7=-2.91, p=0.004 7=1.48, p=0.14 7=-1.96, p=0.05 2=0.16, p=0.87

Trvotooh 0042+ 0048+ 0052+ 0.046 + 0043+ 0057+ 0.040 + 0090+ 0042+ 0055+
ryptophan 0.006 0.007 0.009 0.006 0.005 0.009 0.004 0.022 0.004 0.009
1=29.06, 2=0.86, p=0.39 2=-1.06, p=0.29 7=2.61, p=0.009 7=6.15, p<0.0001 7=2.75, p=0.006
»<0.0001

Cvsteine 0038+ 0044+ 0052+ 0.054 + 0050+  0.048+ 0.052 + 0058+ 0047+ 0062+
y 0.003 0.003 0.005 0.003 0.003 0.003 0.003 0.004 0.002 0.004
2—

Xp:lozbglz’ 2=1.73, p=0.08 2=0.43, p=0.66 7=-0.56, p=0.57 2=1.40, p=0.16 2=3.76, p=0.0002
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CHAPTER 6. HEAT-BEE-PLANT INTERACTIONS: LESSONS LEARNED AND
FUTURE DIRECTIONS

In this research, I aimed to uncover the direct and indirect effects of extreme heat on
blueberry pollination systems by investigating how realistic short bursts of extreme heat directly
affect blueberry pollen performance (Chapter 2), blueberry fruit production and fruit quality
(Chapter 3), and how the native solitary bee Osmia lignaria and subsequent offspring respond to
host plant exposure to heat stress (Chapter 4). To understand the mechanisms affecting blueberry
pollen, pollination, , and bee health, I assessed the nutritional content of blueberry pollen exposed
to extreme heat (Chapter 5). The results provided in this dissertation add to our understanding of
bee-plant-climate interactions and provide new insights into how extreme heat has detrimental
repercussions for crop production and bee health, development, and survival. My research also
suggests that studies evaluating the direct effects of extreme heat on flowering plants or bees
underestimate the consequences of heat stress on pollination systems. Given the increasing
incidence of seasonal climactic extremes globally, there is an urgent need to continue
interdisciplinary research that blends entomology, plant science, horticulture, and climatology to
better understand these interactions and to develop solutions.

In Chapter 2, I found that blueberry pollen performance (i.e., pollen germination and tube
growth) was optimal between 20 and 30°C, similar to temperatures typically experienced during
bloom. These findings deviate from reports in rabbiteye blueberry, where Yang Q et al. (2019)
determined 21.4 and 18.4°C as the ideal temperatures for pollen germination and tube growth,
respectively. They also reported that at 30°C, pollen tubes grew quickly but mostly stopped
growing in the middle of the style (Yang Q et al. 2019). It is possible that the in situ methods
described by Yang Q et al. (2019) contributed to greater heat sensitivity than the in vitro
approaches I used in Chapter 2. As the authors suggest, higher temperatures can inhibit stigmatic
mucus secretion, which may contribute to poor stigmatic receptivity or a decrease in pistil nutrient
supply, reducing pollen germination and inhibiting tube growth (Herrero and Hormaza, 1996;
Hedhly et al., 2003, 2005; Mesihovic et al., 2016). Thus, these altered pollen-stigma interactions
observed in rabbiteye could explain some of the differences in our findings. Future studies should
consider employing in situ methods for northern highbush blueberry and explore pollination when
the pollen, stigma, or both experience extreme heat. Additionally, evaluating pollen germination

and tube growth across various blueberry floral development stages using simple, reliable, and
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easily replicable in vitro methods (Snider and Oosterhuis, 2011; Mesihovic et al., 2016) would
provide important additional information on the consequences of heat stress at various stages of
crop development during the spring.

The heat recovery assessment performed in Chapter 2 explored the capacity for blueberry
pollen to rebound after just four hours of extreme heat exposure, yet little recovery was observed.
The four-hour heat exposure was selected to reflect the duration of time Michigan blueberry
growing regions experienced temperatures above 35°C during the day in 2018, resulting in a 30-
50% yield loss for Michigan blueberry producers. However, additional heat stress durations should
be explored for blueberry pollen using in vitro approaches. For instance, evaluating whether pollen
is able to rebound after one, two, or three hour(s) of heat exposure would be important information
for blueberry growers managing their fields during extreme heat events. Additionally, exposing
blueberry pollen in vitro to a heat wave regime where temperatures ramp up in the morning, reach
a maximum, then ramp down in the evening over the span of several days would better reflect
blueberry pollen performance under field realistic conditions. Overall, the in vitro methods used
in Chapter 2 proved to be a reliable and reproducible approach for assessing northern highbush
blueberry pollen thermotolerance and should be utilized in future studies.

The results obtained in Chapter 2 were used to determine an upper threshold temperature
for northern highbush pollen (37.5°C) and showed that just four hours of extreme heat is enough
to disrupt performance. This brief extreme heat regime was used for all subsequent studies in this
dissertation. In Chapter 3, ‘Bluecrop’ bushes at various floral bud development stages, from tight
bud to late pink bud, were exposed to this heat stress regime then hand pollinated with pollen
exposed to the same conditions, once flowers reached anthesis. Fruit set was significantly reduced
following heat stress at bud swell and trends also showed reductions at bud break. Such reductions
in fruit set supports the hypothesis that pollen germination and tube growth were disrupted due to
damage from heat stress, resulting in inhibited fertilization. However, there is a clear difference in
pollen performance reductions following heat stress in Chapters 2 and 3, suggesting that in vitro
pollen performance assessments were not necessarily predictive of blueberry reproductive
potential. It seemed that blueberry plants exposed to heat stress during pre-bloom development
stages were more resilient than mature blueberry pollen exposed to heat stress on a nutrient
medium. However, pollen collected at the anthesis stage was used exclusively for Chapter 2

assessments while no flowers or pollen were exposed to heat stress at the anthesis stage for Chapter
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3 fruit set assessments due to shortages in healthy bushes, making comparisons between Chapter
2 and 3 results challenging. Future studies should fill this knowledge gap by assessing in vitro
pollen performance following heat stress at pre-bloom development stages as well as assessing
fruit set and quality measurements for plants exposed to heat stress at anthesis. Additionally, I
recommend that entomologists working in this field should collaborate with blueberry
horticulturalists who are experts at growing and maintaining healthy blueberry bushes in
greenhouse and field conditions. This can avoid wasted years of research due to poorly growing
plants, especially given the very unique soil conditions favored by highbush blueberry.

Compared to similar studies in sweet cherry (Hedhly et al., 2003), it is possible that heat
stress at anthesis could have inhibited pollen performance and reduced stigmatic receptivity,
further impeding support for pollen penetration, germination, and adhesion. It is unclear in the
literature how developing female floral organs respond to heat stress during floral development,
yet female gametophytes are generally considered less sensitive to heat stress than male
gametophytes (Lohani et al., 2020). It is possible that four hours of heat stress was enough to
inhibit pollen performance at several pre-bloom stages, yet the stigma, style and ovaries of flowers
may have been less affected by heat stress and thus were able to contribute energy (i.e.,
carbohydrates, ATP) necessary to help fuel pollen germination and tube growth for improved
fertilization (Snider and Oosterhuis, 2022; Lohani et al., 2020). Future work should assess the
receptivity of northern highbush blueberry stigmas following heat stress at various floral
development stages. To minimize time and labor constraints, hand pollination of blueberry stigmas
was performed by visually applying an even, thin coating of pollen rather than counting out a
standardized number of pollen grains per stigma. It is possible that, despite some blueberry pollen
grains being inhibited by heat, enough were able to germinate, grow, and fertilize floral ovules at
several floral bud stages, mitigating losses in fruit set and fruit quality. Future studies could
standardize the number of pollen grains applied to floral stigmas when comparing fruit set and
fruit quality under heat stress conditions to reduce variability across treatments.

As described in Chapter 3, the patterns of heat stress affecting strawberry floral bud
development (Ledesma and Kawabata, 2016) are similar to those observed in northern highbush
blueberry. However, no studies have confirmed which blueberry floral bud stage is associated with
a given pollen development stage. The only study providing clues that bud swell occurs at MMC
meiosis was done by Gough et al. (1978), and needs updating given that no morphological bud
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stage (i.e., tight bud, bud swell, etc.) was associated with a pollen development stage (i.e., MMC
meiosis). It will be important for future research to fill this knowledge gap, with relevant
techniques such as scanning electron microscopy (SEM) (Gough et al. 1978, Fadon et al. 2018) to
confirm the pollen development stage associated with each morphological floral bud stage. This
will be crucial for providing targeted advice to blueberry growers related to the timing of applying
heat mitigation measures in fields.

Despite fruit set reductions at certain development stages following heat stress, fruit
ripening duration and fruit quality measurements seemed relatively unaffected by extreme heat
conditions across all development stages. This reflects results observed in strawberry (Ledesma
and Kawabata, 2016) and apricot (Rodrigo and Herrero, 2002), where fruit set was reduced
following heat stress, but fruit quality was either unaffected or even improved following heat
stress. Taken together, this suggests that fertilization is the greatest limitation for developing
blueberry flowers exposed to heat stress. This is important for blueberry crop producers and
extension educators, putting a greater emphasis on ensuring ample pollination services and keeping
fields below the upper threshold temperature during floral development and bloom to promote
fertilization, with the expectation that berries that are fertilized will still reach marketable size and
quality. Heat stress mitigation measures, such as overhead sprinkler irrigation show promise for
maintaining crop fields below threshold temperatures (Walters, Van Timmeren, and Isaacs,
unpublished), with ongoing research to investigate the potential negative effects of extended
overhead irrigation use on pollination and disease prevalence.

During this Ph.D. program, I also attempted to perform a study to expose various cultivars
(‘Aurora’, ‘Bluecrop’, ‘Draper’, ‘Elliott’, ‘Legacy’, and ‘Nelson’) at anthesis to heat stress or
typical ambient (control) conditions and evaluate fruit set and fruit quality. However, this study
was omitted from this dissertation for various reasons. First, the number of bushes was extremely
limited due to poor bush health in response to diseases (particularly Phomopsis), pest outbreaks
(scales, thrips, aphids), insufficient nutrient uptake from pot-bound roots, and an early spring heat
event causing greenhouse temperatures to exceed threshold temperatures (> 35°C), rendering over
100 blueberry bushes unusable for experiments. Additionally, bushes had to be moved several
times across various greenhouse rooms due to various unexpected circumstances following hand
pollination treatments, which may have additionally stressed plants and/or disrupted floral

fertilization processes. Of the bushes deemed healthy enough for experimentation, fruit set was
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uncharacteristically low regardless of experimental temperature treatment, resulting in very few
berries to measure. Specifically, the total number of berries ranged from 2-19 across all cultivars
for the control treatment (11-64% fruit set) while the number of berries ranged from 0-17 across
all cultivars for the heat treatment (0-55% fruit set). With large variability within treatments, this
sample size was insufficient to test the main hypothesis. A similar experiment should consider a
comparison of heat tolerance across blueberry cultivars. Regardless, the results presented in
Chapter 3 align with observations in Chapter 2 that extreme heat inhibits pollen germination and
tube growth, providing additional key evidence explaining the 30-50% yield reductions reported
in Michigan blueberry growing regions in 2018 following spring heat wave conditions.

The results in Chapters 2 and 3 show that northern highbush blueberry pollen is negatively
affected by extreme heat exposure, with important implications for pollen functioning and crop
production. However, the implications for bees was unknown. The research presented in Chapter
4 demonstrated that extreme heat exposure of plants can significantly affect bees through reduced
egg laying, and inhibited brood development and survival. While pollen nutrition likely played a
key role in inhibiting female fecundity (discussed more below), it is also possible that heat stress
limited the quantity of floral rewards (i.e., pollen and nectar) available on a per-flower basis.
Specifically, the amount of pollen produced and released per flower may have been reduced
following heat stress compared to control bushes, as observed in other plant types (Ozga et al.,
2017; Lohani et al., 2020; Descamps et al., 2021). Future studies should consider taking a subset
of flowers exposed to heat (and non-heat) conditions and quantifying the average pollen produced
per flower to determine any restraints of floral reward access. Nonetheless, a reduction in pollen
quantity and/or quality can inhibit Osmia oocyte development (Cane, 2016), so given the stark
reduction in O. lignaria egg laying observed in Chapter 5, this suggests extreme heat exposure to
host plants disrupted pollen quantity or quality. Future studies should consider dissecting female
bees provided heat stressed host plants to determine effects evident in the number or size of
oocytes, potentially contributing to reduced fecundity. Using field trapped Osmia eggs and feeding
them pollen collected from heat exposed and control pollen would be one approach to increase the
chance of female bees developing through to the adult stage.

The amount of nectar produced and the quality of nectar (i.e., sugar concentration) was not
assessed in this dissertation, but may have played an interactive role limiting the quantity and/or

quality of nutrition available to O. lignaria bees. For instance, Hemberger et al. (2023) found a
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70% reduction in nectar production in heat stressed host plants (Brassica napus, oilseed rape), yet
the number of bumble bee visits to flowers was the same regardless of temperature treatment.
Similarly, female bee O. lignaria activity did not differ between host plant temperature treatments
in Chapter 4, but reductions in nectar quantity or quality could have negative effects on female
nutrition, potentially inhibiting brood production. Reductions in nectar availability could have also
negatively affected the quality of pollen provisions provided to O. lignaria brood. In cages
provided with heat stressed host plants, pollen provisions may have been too dry due to insufficient
nectar added, potentially limiting digestion processes in Osmia larvae (Nepi et al., 2005).
Additionally, insufficient nectar contributions in larval provisions may have further inhibited
carbohydrate concentrations necessary for Osmia larval development and survival (Austin and
Gilbert, 2021). Future studies should consider quantifying the amount of nectar produced, as well
as the concentration of sugar produced, on a per-flower basis following heat stress exposure during
floral development in blueberry.

Osmia lignaria females were also provided three different host plants to forage on
(blueberry, phacelia, clover), given these bees are polylectic, requiring a multifloral diet for
development and survival. While blueberry was the primary floral source provided to bees in this
study, phacelia flowers were also frequently visited by females and contributed greatly to pollen
provisions. Clover flowers were also visited, but far less than blueberry and phacelia flowers. The
composition of pollen provisions provided to larvae, or the relative abundance of the three different
plant types within a provision, should be assessed in future studies as these different host plants
likely vary in their sensitivity to heat stress, potentially exacerbating or buffering the nutritional
stress in female Osmia bees and her brood. Future studies could assess the nutritional and defense
chemical profiles of each host plant pollen following heat stress in addition to the assessment of
blueberry pollen described in Chapter 5, as well as assessing entire pollen provisions provided by
mother bees. Understanding the differences in pollen nutrition across host plant type and
temperature treatment would provide important insights into which plant type is most sensitive to
heat stress. This could inform decisions on planting heat-tolerant plants along crop margins,
potentially buffering the nutritional stress of bees when extreme heat events occur to maintain
healthy bee populations in future years.

Many bee species can detect differences in nectar quality during foraging bouts (Carter et

al., 2006; Howell and Alarcon, 2007; Nicolson and Thornburg, 2007; Bertazzini et al., 2010;
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Nicolson, 2011; Darvishzadeh et al., 2015; Ruedenauer et al., 2015; Tafi et al., 2023), but it is
unclear whether solitary bees such as Osmia are able to detect differences in pollen nutritional
quality following heat stress conditions. If there are differences among plant types in pollen and
nectar nutritional quality following heat stress, then the ability of female bees to discriminate and
make choices among floral resources would be extremely beneficial for ensuring a well-balanced
diet necessary for development and survival, both for the mother bee and her brood. Alternatively,
if unable to detect differences in pollen nutritional quality, then female bees may be investing time
and energy into foraging on inadequate host plants with negative repercussions on her fecundity
and brood survival. Future studies should conduct choice studies with O. lignaria female bees to
evaluate their ability to make foraging decisions, such as avoiding heat stressed plants or visiting
certain host plants more than others that may be more tolerant to heat stress conditions. Evaluating
O. lignaria capacity to detect such differences among host plants and temperature treatments
would provide important evidence on whether female bees are able to balance floral diets during
bouts of extreme heat, with important implications for female development and fecundity as well
as larval development and survival. Additionally, studies could be done to assess differences in
pollination efficiency of O. lignaria bees (i.e., number of pollen grains deposited per stigma) and
respective seed/fruit set among heat stressed and non-stressed plants. If bees are unable to detect
differences between host plant temperature treatments, resulting in similar visitation frequencies,
assessing fruit production could provide important insights into the role of heat stress impeding
fruit production despite sufficient pollination services provided by bees. Alternatively, if bees
avoid heat stressed plants thereby limiting pollination services, compounding effects of extreme
heat on seed/fruit production may be found through the effects directly on pollen and on the
behavior of pollinators delivering insufficient pollination services.

All emerged progeny in the experiments described in Chapter 4 were male bees, despite
the female, mother bees being mated prior to release in field cages. It is possible that the diets
provided to the larvae were sufficient for male, but not female, development. Indeed, other Osmia
studies male and female broods differed in their nutritional requirements (Filipiak et al., 2021). It
is also possible that, given the limited floral resources provided in field cages, mother Osmia bees
preferentially produced male progeny as this is the smaller sex and requires a smaller provision
(Bosch and Vicens, 2005). The number of host plants provided in field cages was limited given

that potted host plants needed to be exposed to temperature treatments in growth chambers prior
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to placement in field cages, and the number of growth chambers and space within growth chambers
was limited. Additionally, host plants needed to be potted for heat treatments rather than directly
sown into the ground as done in other field cage Osmia studies that produced female brood
(Stuligross and Williams, 2020; Knauer et al., 2022), limiting floral abundance within the already
limited area of the field cages. Furthermore, female Osmia foraging observations on a per flower
basis were conducted to validate female bees were accessing a similar number of flowers across
temperature treatments. Thus, plants had to be far enough apart from one another to ensure accurate
visitation counts by a human observer. While observation techniques have been developed to
measure floral visitation preference in bumble bees (Hemberger et al., 2023) and nesting behaviors
in Osmia bees (Stuligross and Williams, 2020; Knauer et al., 2022), no affordable or reliable
technology is available, to my knowledge, to assess Osmia foraging visitation across different
plant types and at a floral density that supports ample brood development. Thus, I conducted visual,
in-person 30-minute foraging observations for each field cage daily, limiting the number of
replicate cages due to time and labor constraints. While sufficient brood was produced to make
measurements in Chapter 4, future studies should nonetheless consider increasing the number
and/or size of cages with additional personnel, providing a greater abundance of floral resources
to increase total brood production and potentially promote female brood production. In-field
artificial heating is another approach that could be developed with sufficient resources, but few in-
field heat chambers are currently capable of reliable extreme heat exposure. Alternatively,
laboratory assessments could be conducted with pollen collected from heat stressed or non-stressed
host plants, providing a standardized provision to all brood. Laboratory in vitro bee rearing on an
artificial diet would also remove any effects of the mother bee on larval survival, as eggs would
be collected from trap nests with larvae provided the same floral resources and exposed to the
same conditions, allowing direct assessment of how brood mortality is influenced by differences
in pollen nutrition.

The study described in Chapter 4 was intended to assess the indirect effects of heat stress
on solitary bees, however, when extreme heat events happen in nature, both the plant and bee
endure heat stress conditions. Future studies should consider employing similar methods to
Hemberger et al. (2023), who performed a fully crossed factorial experiment exposing (or not
exposing) bees and host plants to heat stress conditions to evaluate the direct and indirect effects

of heat exposure on bumble bees. Such a study would provide insights into how field realistic
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extreme heat conditions affect solitary bees exposed to direct and indirect heat stress, which to my
knowledge is missing entirely from the literature. Additionally, such a study would provide an
interesting comparison with a social bee species (i.e., bumble bees) conducted by Hemberger et
al. (2023), potentially shedding light on the differences in heat tolerance or resiliency across levels
of bee sociality. The literature is also entirely lacking on how the second generation, or surviving
brood provided pollen provisions from heat stressed host plants, would perform the following
spring in terms of mating success, fecundity, foraging capacity, and adult longevity. Such a study
would build our understanding of how bee populations perform in subsequent years following
extreme heat events. With so many unknowns and potential studies to explore, it is clear that
evaluating the direct, indirect, and interactive effects of extreme heat on bee behavior,
development, and survival is an emerging field that deserves greater attention. This study
conducted in Chapter 4 was the first to evaluate how indirect heat exposure affects the native,
solitary bee Osmia lignaria, and suggests greater exploration across a wider diversity of bee taxa
is needed.

After investigating the effects of extreme heat on blueberries and mason bees, I was
interested in the underlying mechanisms driving these responses. Collaboration with plant
biochemists who have studied pollen nutrition in other crops enabled the evaluation of how
extreme heat affects pollen carbohydrates, protein, and amino acid concentrations. The pollen
assays reported in Chapter 5 provide additional evidence that blueberry floral bud development
stages vary in their sensitivity to extreme heat, with bud swell being significantly more affected
by extreme heat than other development stages. Reductions in pollen protein, starch, and several
amino acids following extreme heat exposure suggest disruption of MMC meiosis during bud
swell. This is a first examination of this topic and additional studies are required to confirm pollen
development stages associated with each morphological floral bud stage, as discussed above.

The greatest limitation for Chapter 5 was tied to the amount of pollen material required for
metabolite assays and, in turn, the amount of floral resources and labor required to collect sufficient
pollen quantities. The metabolite protocols developed in collaboration with Dr. James Santiago for
this study were designed to conduct highly sensitive metabolite assays with reduced pollen
quantities to improve replication for statistical analysis. Using this method was crucial, given that
this approach still required yearlong, daily pollen collection across 434 different blueberry bushes,

6437 blueberry flowers, and several personnel. Despite this, the amount of pollen collected at the
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tight bud developmental stage was still limited, reducing the number of replicate samples for this
development stage to four while all other development stages received six replicate samples per
temperature treatment. Future studies should take care to follow methods similar to those described
in Chapter 5 to minimize the pollen material required for metabolite assays, ensuring highly
accurate measurements with limited pollen samples. This also emphasizes the importance of
interdisciplinary collaboration in pollination ecology research, given the expertise and resources
provided from collaborators and their respective labs.

The reduction in pollen starch content detected for the tight bud and bud swell development
stages following heat stress has potential for interactive, indirect heat stress effects on bees,
potentially contributing to inhibited Osmia female fecundity and brood survival observed in
Chapter 4. Blueberry floral buds exposed to heat stress not only inhibited pollen starch content,
limiting a key nutrient for Osmia bees (Roulston and Cane, 2000; Nepi et al., 2005), but it may
also have impeded pollen digestive processes in bees by inhibiting pollen germination (Nepi et al.,
2005). Thus, even if pollen nutrient content was sufficient, heat stress inhibiting pollen
germination may limit bees’ access to pollen nutrients during digestion, contributing to nutrient
deficiencies. Future studies should follow similar methods described by Nepi et al. (2005),
assessing the nutrient content of heat stressed pollen from anthers, pollen provisions, in the bee
gut (at various stages during bee digestion), and post-digestion (i.e., frass). Future studies should
evaluate this for both adult and larval bees, as bee life stage may differ in their sensitivity to
nutrient stress following host plant heat exposure.

The unexpected result showing extreme heat exposure at bud break, early/late pink bud,
and anthesis increasing certain essential amino acids is the first recorded for blueberry and has
potentially conflicting implications for blueberry pollination systems. Certain increases in
individual amino acids following heat stress could be a sign of improved thermotolerance at these
development stages, given the important role amino acids play in pollen development and
performance and the statistically insignificant differences in fruit set following heat stress at bud
break, early/late pink bud, and anthesis. However, such increases in these individual amino acids
following heat stress could have resulted in unbalanced diets, causing deleterious effects for bee
development and survival as observed in other bees and Drosophila (Grandison et al., 2009; Paoli
et al., 2014; Stabler et al., 2015; Archer et al., 2021; Austad et al., 2024). These unbalanced pollen

diets in response to heat stress may have contributed to the reduced O. lignaria female fecundity
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and brood survival observed in Chapter 4. While many climate change studies discuss
phenological mismatch between bees and flowering plants (reviewed by Walters et al., 2022), the
results from this dissertation suggest an additional mechanism of heat affecting pollinators through
nutritional mismatch following heat stress between bees and plants. However, the role of different
individual amino acids driving (or impeding) certain developmental or physiological processes in
bees, especially solitary bees, is unclear. Future studies should consider following the approach
described by Grandison et al. (2009) in Drosophila, where each essential amino acid was added
into diets in a stepwise manner to evaluate their respective role in bee development and
functioning.

This research used various approaches to investigate the direct and indirect effects of brief
extreme heat exposure on the blueberry pollination system, revealing negative effects for pollen,
plants, and bees. Extreme heat can have compounding, additive consequences negatively affecting
both plants and bees, but this is not always the case. Blueberry plants may have evolved certain
strategies to handle extreme heat stress by upregulating the synthesis of certain amino acids,
potentially mitigating damage to pollen performance and fruit production at certain development
stages. However, this upregulation of pollen amino acid content following heat stress may have
worsening, negative repercussions for bees consuming this pollen. It is clear that there remain
many unknown aspects of direct and indirect effects of extreme heat on pollination systems. It will
be imperative that future research shifts from direct, isolated studies towards indirect, interactive
studies with interdisciplinary approaches to uncover the complexities of climate change on entire

pollination systems.
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2

Table S2.1. Mean pollen tube length (£ SE) of four northern highbush blueberry cultivars after
two durations of exposure to 10, 20, 30, or 40°C. Values within each cultivar and sampling time
with a common letter are not statistically different at P < 0.05, based on a Sidak post-hoc test.
Length data could not be taken on pollen tubes that failed to successfully germinate and were
excluded from statistical analysis, indicated by NA. Statistical comparisons of the mean pollen
tube lengths were derived from an ANOVA test for normally distributed data or a Kruskal Wallis
test for non-normally distributed data. Non-significant results (P > 0.05) are indicated by NS.

Mean + SE pollen tube length (mm)

Cultivar Tem(;:)ecr;l ture 4h 24 h
‘Bluecrop’ 10 0.04+0.01b 0.27+0.02b
20 0.13£0.02a 0.43+0.04a
30 0.20=£0.03 a 0.43+0.04a
40 NA 0.09+0.01c¢
> =35.96,df =2, x> =65.95,df =3,
P <0.001 P <0.001
‘Elliott’ 10 0.04+0.01b 0.33£0.02b
20 0.15£0.02a 0.42£0.03 ab
30 0.17+£0.02 a 0.45+0.03a
40 NA NA
> =12.08, df =2, ¥?=10.35,df =2,
P <0.01 P <0.01
‘Jersey’ 10 NA 0.18+0.04 a
20 0.15+0.01b 0.31+0.06a
30 0.24+0.02a 0.28+0.06 a
40 0.06£0.01c¢ NA
x> =37.96,df =2, 2 _
P <0001 > =3.70,df =2, NS
‘Liberty’ 10 NA 0.17+0.05a
20 0.12+0.01b 0.23+0.07a
30 0.17+0.01 a 0.30+£0.09a
40 0.03£0.01c¢ NA
x> =70.35, df =2, 2 _
P <0001 v =3.92,df =2, NS
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Table S2.2. Mean pollen tube length (+ SE) of four northern highbush blueberry cultivars after
two durations of exposure to 30, 32.5, 35, 37.5, or 40°C. Values within each cultivar and sampling
time with a common letter are not statistically different at P < 0.05, based on a Sidak post-hoc test.
Length data could not be taken on pollen tubes that failed to successfully germinate, indicated by
NA. Statistical comparison of mean pollen tube lengths were derived from an ANOVA test for
normally distributed data or a Kruskal Wallis test for non-normally distributed data. Non-
significant results (P > 0.05) are indicated by NS.

Mean + SE pollen tube length (mm)

Cultivar Tem(gecr;l ture 4h 24 h
‘Bluecrop’ 30 0.34+0.02a 0.45+0.08 a
325 028 +0.02a 0.34 +0.06 ab
35 0.16+0.01b 0.27 +0.05 ab
37.5 0.09+£0.01c 0.19+0.04b
40 NA NA
¥ =20.91,df=3, v =10.73,df =3,
P <0.001 P <0.05
‘Elliott’ 30 0.35+0.04 a 0.49+0.09a
325 0.23+0.03a 0.43 +0.08 ab
35 0.25+0.03a 0.40 +0.07 ab
37.5 0.08+0.01b 0.22+0.04b
40 NA 0.04 +£0.02 ¢
> =62.57,df=3, y?=24.52,df =4,
P <0.001 P <0.001
‘Jersey’ 30 0.28+0.06 a 044+0.11a
325 0.25£0.06 ab 048+0.12a
35 0.11+0.02 be 0.27 +0.07 ab
37.5 0.07£0.02 ¢ 0.15+0.04b
40 NA NA
y?=24.24,df=3, v=11.33,df=3,
P <0.001 P <0.05
‘Liberty’ 30 0.28 +£0.06 a 043+0.13a
325 0.22 +0.05 ab 0.32+0.10a
35 0.22 +0.05 ab 037+0.11a
37.5 0.11+0.02b 0.18+0.05a
40 NA NA
Xzzéojéiglsfzg” ¥ =3.35,df =3, NS
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Table S2.3. Mean pollen tube length (+ SE) of ‘Bluecrop’ northern highbush blueberry after three
durations of exposure to three different temperature regimes (CT = 25°C, HT = 37.5°C, RT =
37.5°C for 4 h and 25°C for 20 h). Mean values with a common letter are not statistically different
at P < 0.05 within each sampling time, based on a Sidak post-hoc test. Statistical comparison of
mean pollen tube length was derived from an ANOVA test for normally distributed data or a
Kruskal Wallis test for non-normally distributed data.

Sampling time Temperature Mean + SE pollen tube length
(h) regime (mm)
4 CT 0.43+£0.05a
HT 0.11+0.01b
RT 0.10+£0.01b

v =124.74, df =2, P < 0.001

10 CT 0.70+0.07 a
HT 0.25+0.02b
RT 0.29+0.03b

¥>=72.24,df =2, P <0.001

24 CT 0.70£0.07 a
HT 0.21+£0.02¢
RT 0.31+0.03b

y*=86.11,df =2, P <0.001

Data analysis for Tables S2.4-S2.6

All data were analyzed in RStudio (Version 4.2.2). The proportion of germinated pollen tetrads
that produced more than one pollen tube among temperature treatments was analyzed separately
for each cultivar and assessment time. The mean proportion of tetrads with two or more pollen
tubes was calculated within each experimental unit (i.e., Petri dishes) resulting in 60 total tetrads
observed for each cultivar, temperature, and assessment time. A generalized linear model (GLM)
with a Gaussian distribution was used to compare pollen germination among temperatures
(glm(mean germination success ~ temperature, family= gaussian)). Models were tested for
normality by comparing deviance residual values and using the Shapiro-Wilk test. For normally
distributed data, a one-way analysis of variance (ANOVA) was used to determine if temperature
had a significant effect on pollen germination for each cultivar and assessment time. For data that
were not normally distributed, a Kruskal Wallis test of significance was used. If these tests were
significant (P < 0.05), a Sidak post-hoc test was used for pairwise comparisons among means.
Statistically different means are represented by different letters in tables and figures (P < 0.05).
The number of pollen tetrads that produced 2, 3, or 4 pollen tubes was also summarized out of 60
total pollen tetrads observed for each cultivar, temperature, and assessment time.
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Table S2.4. The number of pollen tetrads that produced 2, 3, or 4 pollen tubes per tetrad and the
mean (+ SE) proportion of pollen tetrads that produced more than one pollen tube of four northern
highbush blueberry cultivars after two durations of exposure to 10, 20, 30, or 40°C. Values within
each cultivar and sampling time with a common letter are not statistically different at P < 0.05,
based on a Sidak post-hoc test. Statistical comparison of mean proportion of pollen tetrads that
produced more than one pollen tube were derived from an ANOVA test for normally distributed
data or a Kruskal Wallis test for non-normally distributed data. Non-significant results (P > 0.05)
are indicated by NS.

4h 24h
No. pollen Proportion of tetrads No. pollen Proportion of tetrads
. Temp . .
Cultivar °C) tubes per with two or more tubes per with two or more
tetrad pollen tubes tetrad pollen tubes
2 3 4 Mean (+ SE) 2 3 4 Mean (£ SE)
Blueerop 159 0 o 0.00 + 0.00 b 10 8 2 033+£003b
20 6 0 O 0.10+0.01b 23 16 4 0.72+0.02a
30 10 8 4 0.37+£0.03 a 18 22 8 0.80+0.03 a
40 0 0 0 0.00+0.00b 0 0 O 0.00+0.00 ¢
v =18.10, df =3, > =61.24,df =3,
P<0.001 P<0.001
‘Elliott’ 10 0 0 0 0.00+0.00b 6 0 0 0.10+0.02 be
20 0 0 0 0.00+0.00b 13 1 1 0.25+0.02 ab
30 g8 2 0 0.17+£0.02 a 17 5 1 0.38+0.02a
40 0 0 0 0.00+0.00b 0 0 O 0.00£0.00 ¢
> =13.66, df =3, x> =36.00, df =3,
P<0.01 P<0.001
‘Jersey’ 10 0 0 0 0.00+0.00b 5 0 O 0.08+0.01b
20 10 1 0 0.18+£0.02 a 18 2 1 035+0.02a
30 6 2 0 0.13+0.01 ab 15 3 0 0.30+0.02a
40 0 0 0 0.00+0.00b 0 0 O 0.00+0.00b
v =15.16,df =3, ¥ =29.71,df =3,
P<0.01 P<0.001
‘Liberty’ 10 0 0 0 0.00£0.00 a 0 0 O 0.00+0.00b
20 2 0 0 0.03+£0.01a 9 31 022+0.03a
30 2 0 0 0.03+£0.01a 6 0 0 0.10+0.01 ab
40 0 0 0 0.00£0.00 a 0 0 O 0.00+0.00b
> =13.89,df =3,

2 — =
2 =4.60,df =3, NS P<0.01
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Table S2.5. The number of pollen tetrads that produced 2, 3, or 4 pollen tubes per tetrad and the
mean (+ SE) proportion of pollen tetrads that produced more than one pollen tube of four northern
highbush blueberry cultivars after two durations of exposure to 30, 32.5, 35, 37.5, or 40°C. Values
within each cultivar and sampling time with a common letter are not statistically different at P <
0.05, based on a Sidak post-hoc test. Statistical comparison of mean proportion of pollen tetrads
that produced more than one pollen tube were derived from an ANOVA test for normally
distributed data or a Kruskal Wallis test for non-normally distributed data. Non-significant results
(P > 0.05) are indicated by NS.

4h 24h
- Temp No. pollen Proportion of tetrads No. pollen Proportion of tetrads
Cultivar C) tubes per with two or more tubes per with two or more
tetrad pollen tubes tetrad pollen tubes
2 3 4 Mean (= SE) 2 3 4 Mean (£ SE)
‘Bluecrop” 30 10 22 17 0.82+£0.03a 12 21 15 0.80+0.02a
32.5 18 20 8 0.77+0.03 a 16 28 6 0.83+0.02a
35 29 12 3 0.73£0.02 a 20 19 3 0.70+0.02 a
37.5 12 0 1 0.22+0.02b 19 4 0 0.38+0.03b
40 0 0 0.00+0.00 b 0 0 0 0.00+0.00 ¢
¥ =22.93,df =4, > =22.33,df =4,
P<0.001 P<0.001
‘Elliott’ 30 13 3 1 0.28 £ 0.02 ab 16 10 6 0.53+0.03a
32.5 14 6 1 0.35+£0.02a 23 8 2 0.55+0.02a
35 17 2 0 0.32+0.03 ab 20 9 1 0.50+0.02a
37.5 3 2 0 0.08+0.01 be 2 0 0 0.03+£0.01b
40 0 0 0 0.00£0.00 ¢ 0 0 0 0.00£0.00 b
x> =28.93, df =4, > =98.20, df =4,
P<0.001 P<0.001
‘Jersey’ 30 5 1 0 0.10+0.02 a 11 0 0 0.18+0.02 a
32.5 6 1 0 0.12+£0.02 a 10 2 1 022+0.03a
35 5 0 0 0.08+0.01a 7 0 0 0.12+0.02a
37.5 1 0 0 0.02+£0.01a 0 0 0.02+0.01a
40 0 0 0 0.00 +0.00 a 0 0 0 0.00 +0.00 a
> =7.64,df =4, > =10.31, df =4,
NS NS
‘Liberty’ 30 18 2 0 0.33+£0.02a 18 4 0 037+0.01a
32.5 15 6 0 0.35+£0.03a 26 3 0 0.48+0.02a
35 14 6 0 0.33£0.01a 14 8 1 0.38+0.02a
37.5 3 0 0 0.05+0.01b 2 0 0 0.03+£0.01b
40 0 0 0.00+0.00 b 0 0 0 0.00£0.00 b
v =21.15,df =4, ¥ =23.20, df =4,
P<0.001 P<0.001
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Table S2.6. The number of pollen tetrads that produced 2, 3, or 4 pollen tubes per tetrad and the
mean (+ SE) proportion of pollen tetrads that produced more than one pollen tube of ‘Bluecrop’
northern highbush blueberry after three durations of exposure to three different temperature
regimes (CT = 25°C, HT = 37.5°C, RT = 37.5°C for 4 h and 25°C for 20 h). Mean values with a
common letter are not statistically different at P < 0.05 within each sampling time, based on a
Sidak post-hoc test. Statistical comparison of mean proportion of pollen tetrads that produced more
than one pollen tube were derived from an ANOVA test for normally distributed data or a Kruskal
Wallis test for non-normally distributed data. Non-significant results (P > 0.05) are indicated by
NS.

Proportion of tetrads

Sampling Temperature No. pollen tubes per with two or more pollen

time (h) regime tetrad tubes
2 3 4 Mean (+ SE)
4 CT 8 14 20 0.70+0.04 a
HT 24 0 0 0.40 + 0.03 ab
RT 13 5 0 0.30+0.02b
¥ =6.20,df =2,
P<0.05
10 CT 7 12 30 0.82+0.03a
HT 23 2 0 0.42+0.03 a
RT 16 12 1 0.48 £0.04 a
¥ =5.91,df=2,NS
24 CT 3 13 30 0.77+0.04 a
HT 18 5 1 0.40+0.02b
RT 12 12 1 0.42 +0.03 ab
v =727,df=2,
P<0.05
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Table S4.1. Model type, model response, response type, error distribution, link function, and
model R syntax for all models in manuscript. Reference A-P is used to refer to each model, with
greater detail in the following text.

Response Error Link
Reference Model type Model response type distribution function Model R syntax
Number of open Negative , glmer.nb(num.open. fl-temp+(1jobs.date)+( 1 |initial placement.date)+
A |GIMM o e Count  pinomial A (1jplantID)+(1block.ID)+(1 block ID:cage.num), data=data)
’ . glmer.nb(num.open. fl-temp+(1jobs.date)+( 1jobs.date:start.time)+
B GLMM N“':';“ . ';gf‘ €S Count :j,"g““_“l’ N/A  (lfinitial placement.date)+(1jplant.ID)+(1 block.ID)+
visited (per 30-min) inomia (1]block.ID:cage.num), data=data)
Number of eggs laid Negative , glmer.nb(total.num.eggs.laid~temp-+(1[Bee.ID)+(1[BlockID )+
€ GIMM  nitiated egg laying) "™  binomial ' | (1[BlockID:field.cage.num),data =data)
Number of eggs laid Negative , glmer.nb(total.num.eggs.laid~temp+(1[Bee.ID ) +(1|BlockID )+
D GLMM  (jived >6 days) Count inomial "  (1/BlockID:field.cage num),data =data)
ok ae glmer(poll.prov.WT.g~temp+(1|BeelD)+(1|date.egg. laid)+
E GLMM Pf)l'lenl;;r(;\ sston l?os:tn\ ©  Gamma Inverse  (1[loco.in.stem)+(1/BlockID)+(1[BlockID:cage.loco),
weight (g continous family=Gamma(link="inverse"), data=data)
F GLMM Larval development Count Negative N/A glmer.nb(num.days~dev.stage®*temp+(1MotherBeelD)+(1|MotherBeelD:
duration (days) oun binomial ! well.plate.code)+(1[BlockID ) +(1 BlockID:cage.num),data=data)
. . ’ . . Proportional coxme(Surv(time.days, survival.binary) ~
G ?"“’:':;":“ L““ f’} sl“" ival (time, | b, portion |hazards N/A  temp.group+(1/BlockID/cage.num)+(1Mother.Bee.ID)+
ox © survival) regression (1jwell.plate.num), data=data)
Pre-winter cocoon Positive, glmer(pre.winter. WT.g~temp-+(1|well.plate.num)+(1[BlockID )+
H GLMM weight (g) continous G soverse (1BlockID:cage.num), family=Gamma(link="inverse"), data=data)
Post-winter cocoon Positive, ’ glmer(post.winter. WT.g~temp+(1jwell.plate.num)+(1[BlockID )+
! GLMM weight (g) continous G Inverse (1BlockID:cage.num), family=Gamma(link="inverse"), data=data)
Weight lost after winter Positive, : glmer(WT lost.after. winter.g~temp-+( 1|well.plate.num)+(1[BlockID )+
] GLMM (g) continous . Tnverse (1BlockID:cage.num), family=Gamma(link="inverse"), data=data)
. . . Proportional . .
K Mixed effect Adult emergence (time, Proportion |1 ds N/A coxme(Surv(time.days, emergence.binary)~temp.group+

Cox model  emergence) (1BlockID/cage.num)+(1[Mother. Bee.ID )+(1|well.plate.num), data=data)

regression
glmer.nb(num.days.till.emerge~temp+
Count Poisson Log (1BlockID)+(1/BlockID:cage.num)+(1|well.plate.num),
family=poisson(link="log"), data =data)

L Gumy  Adultemergence
timing (days)

Proportional . . .
Proportion | PO ds N/A coxme(Surv(time.days, survival.binary)~temp.group+
(1/BlockID/cage.num)+(1[Mother.Bee.ID }+(1|well.plate.num), data=data)

Mixed effect Adult survival (time,

M
Cox model  survival)

regression
glmer.nb(num.days.alive.adult~temp+

N GLMM Adult longevity (days) Count Poisson Log (1BlockID)+(1BlockID:cage.num)+(1|jwell.plate.num),

family=poisson(link="log"), data =data)

Intertegular distance Positive, glmer(tegular.distance.mm~temp+( 1|well.plate.num)+(1/BlockID )+

0 GLMM  (TD) (mm) continous | ONTMR INVEISE ) p) ek ID:cage num), family=Gamma(link="inverse"),data = data)
" Positive, glmer(adult.body. WT.g~temp-+(1jwell.plate.num)+(1[BlockID )+
P GLMM Adult body weight (g) continous G inverse (1/BlockID:cage.num), family=Gamma(link="inverse"),data = data)
MODEL DESCRIPTIONS

Bee behavior

Model A. I used a generalized linear mixed model (GLMM) with a negative binomial distribution
to test the effects of host plant temperature exposure on floral access, where the response variable
was the number of open flowers. Observation date, initial plant placement date, plant identity,
block identity/cage identity were included as random effects. Each plant type (blueberry, phacelia,
clover) was analyzed separately to account for inherent differences in flowering morphology and
phenology.

Model B. To test the effects of temperature regime on flower visitation, I used a GLMM with a
negative binomial distribution. The response variable was the number of flowers visited (per 30-
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minute observation) and observation date/observation time, plant identity, initial plant placement
date, block identity/cage identity were included as random effects. Each plant type (blueberry,
phacelia, and clover) was analyzed separately to account for inherent differences in flowering
morphology and phenology.

Model C and D. To test the effects of host plant temperature exposure on female fecundity, a
GLMM with a negative binomial distribution was used. The response variable was the total
number of eggs laid by each bee and mother bee identity and block identity/cage identity were
included as random effects. A unique identifier for each mother bee was made using the ‘dplyr’
package, considering the thorax paint color associated with each bee, the field cage it was placed
in, and the date when it was released into a field cage, ensuring each mother bee was associated
with the egg(s) it laid. This model structure was used for two sets of the data. In the first model,
we excluded all bees who failed to produce eggs, testing whether temperature treatment affected
fecundity of individuals who successfully initiated egg laying. In the second model, we excluded
all bees who lived for < 6 days, as these bees did not live long enough to begin egg laying, but
otherwise included all bees.

Model E. A GLMM with a Gamma distribution and inverse link function was used to test the
effects of host plant temperature exposure on the amount of pollen provisions collected by female
bees, where the response variable was the weight (g) of pollen provided to each egg and mother
bee identity, egg laying date, cavity location, block identity/cage identity were included as random
effects.

Larval development and survival

Model F. To determine whether temperature exposure of host plants affected the duration of
development for larvae consuming host plant pollen, a GLMM with negative binomial distribution
was used where the response variable was time (days) for each larva to reach a given development
stage (egg/1% instar, 2"Y/3™ instar, 3"/4' instar, 5" instar, cocoon spinning, or fully spun cocoon).
Development stages and temperature regime were included as fixed effects and mother bee
identity/larva identity, block identity/cage identity were included as random effects.

Model G. To test the effects of host plant temperature exposure on larval survival, we used a
mixed effect Cox model, where we created a survival object that included time (days) and a binary
indicator for larval survival as the response variable. Mother bee identity, well plate number, block
identity/cage identity were included as random effects. Well plate number refers to the 48-well
cell culture plate (1-9) a given offspring was placed and reared.

Model H. Progeny that successfully pupated were evaluated for the effects of host plant
temperature exposure on pre-winter cocoon weight using a GLMM with a Gamma distribution and
inverse link function. Pre-winter cocoon weight (g) was included as the response variable and well
plate number, block identity/cage identity were included as random effects.

Model I. Progeny that successfully pupated were evaluated for the effects of host plant temperature
exposure on post-winter cocoon weight using a GLMM with a Gamma distribution and inverse
link function. Post-winter cocoon weight (g) was included as the response variable and well plate
number, block identity/cage identity were included as random effects.
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Model J. Progeny that successfully pupated were evaluated for the effects of host plant
temperature exposure on the pupae weight lost during overwintering, using a GLMM with a
Gamma distribution and inverse link function. Weight lost during overwintering (g) was included
as the response variable and well plate number, block identity/cage identity were included as
random effects.

Adult emergence, survival, body weight and size

Model K. A mixed effects Cox model was used to determine whether host plant temperature
exposure affected adult emergence, where an object that included time (days) and a binary
indicator for emergence was included as the response variable and mother bee identity, well plate
number, block identity/cage identity were included as random effects.

Model L. To determine the effect of host plant temperature on progeny emergence timing, we
used a GLMM with a Poisson distribution and log link function where the number of days until
emergence was included as the response variable and well plate number, block identity/cage
identity were included as random effects.

Model M. To test the effects of host plant temperature exposure on adult bee survival, we again
used a mixed effect Cox model. I created a response variable object that included time (days) and
a binary indicator for adult survival and mother bee identity, well plate number, block identity/cage
identity were included as random effects.

Model N. To test the effects of host plant temperature on the longevity of adult bees, we used a
GLMM with a Poisson distribution and log link function where the number of days alive was
included as the response variable and well plate number, block identity/cage identity were included
as random effects.

Model O. To test the effects of host plant temperature exposure on the intertegular distance (ITD)
of adult bee progeny, we used a GLMM with a Gamma distribution and inverse link function
where ITD (mm) was included as the response variable and well plate number, block identity/cage
identity were included as random effects.

Model P. To test the effects of host plant temperature exposure on the body weights of adult bee
progeny, we used a GLMM with a Gamma distribution and inverse link function where body
weight (g) was included as the response variable and well plate number, block identity/cage
identity were included as random effects.
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