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ABSTRACT

Nighttime application of ultraviolet radiation (UV), particularly wavelengths below
~280nm, has been shown to reduce populations of species causing powdery mildew at
relatively low doses, while avoiding harm to the plants being exposed. The BunsenRoscoe principle, or dose reciprocity, describes a photochemical reaction where the
outcome is determined solely by the dose level used, not how quickly or intensely that
dose is supplied. Several microorganisms, however, have shown sensitivity to the
intensity of UV used at a given dose. No study has investigated whether the method in
which UV-C (100-280nm) is applied impacts the level of control achieved, or the
consequences for the implementation of field application. Erysiphe necator, the causal
agent of grape powdery mildew, was examined to determine if dose reciprocity held
within the dose range (4 - 210 J/m2) for germination, colony expansion rates, and
latency. Initial experiments comparing all doses at UV exposures over 4 and 400
seconds found dose reciprocity held, with increasing dose leading to decreased odds of
germination success (P<0.05). Experiments to confirm this finding using larger sample
sizes and irradiance of 0.3 and 30 W/m2 found conidia exposed to higher irradiance
trended toward increased detrimental effect on E. necator at a dose of 120 J/m2 (P=0.2);
at 210 J/m2 mean germination was significantly different (P<0.05) between the higher
irradiance (4%) and the lower irradiance (9%). Colony expansion and latency for
colonies exposed to 210 J/m2 were affected to the same degree irrespective of
irradiance of duration of exposure. This study is the first to examine dose reciprocity at
irradiance levels closer to those shown to be effective in field applications. These results
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suggest that UV dose may be lowered, if irradiance is increased, to achieve powdery
mildew disease suppression.
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CHAPTER 1 INTRODUCTION
SECTION 1: ERYSIPHE NECATOR AND GRAPEVINE POWDERY MILDEW
Powdery mildew diseases are caused by fungal pathogens in the order Erysiphales.
The group is globally distributed infecting nearly all agronomic and horticultural crops
with as many as 10,000 different plant species reported as hosts (Glawe, 2008). As
obligate biotrophs, powdery mildew pathogens require living host tissue for their
survival. Consequences of infection include reduced photosynthetic activity, reduced
yields due to the impacts on photosynthesis, and/or an unmarketable quality and
appearance of infected fruit.

Erysiphe necator is the causal agent of powdery mildew in grapevines. Each year E.
necator appears in vineyards shortly after new shoots and leaves appear in the spring,
and can increase exponentially as the growing season progresses. Primary inoculum
sources include overwintered sexual fruiting bodies, called chasmothecia (syn.
cleistothecia), which adhere to dead leaves or the trunk’s bark, and, in some climates
with warmer winters, mycelia within infected dormant buds. Both ascospore-derived
colonies and colonies on flag shoots can produce large number of asexual conidia,
which are then dispersed aerially and can spread the disease (Gadoury et al., 2012).

Erysiphe necator can actively grow and infect all green tissues of a grapevine (Gadoury
et al., 2012). When a conidium lands on susceptible tissue germination will typically
occur within a few hours at temperatures near 25C. More time is required at higher or
lower temperatures, and virtually no germination occurs below 6C or above 35C (Delp
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et al., 1954). The pathogen then needs to penetrate the epidermis to absorb nutrients
from the host. This is accomplished with both cell wall-degrading enzymes and a lobed
structure called the appressorium, which is produced from the conidium’s hyphae. The
appressorium provides pressure to mechanically puncture the plant cuticle and cell wall,
and enter the subtending plant epidermal cell. Upon penetration the pathogen develops
a haustorium inside the plant cell to absorb nutrients. This is the only component of the
fungal body that is inside the host cell – all other tissues of the pathogen are exterior to
the host.

Upon reaching a certain vegetative threshold E. necator will produce conidiophores, the
organs responsible for producing conidia. In E. necator the subsequent production of
conidia requires light exposure on the colony, followed by approximately 5 hours until
mature spores can be detached (Gadoury et al., 2011; McCann et al., 2013). Prior work
suggested E. necator initiation of sporulation is more sensitive to blue light (peak
~447.5nm, FWHM=21nm, average irradiance=38.65 W/m 2) than red light (peak ~660
nm, Full Width Half Maximum=19nm, average irradiance=62.25 W/m2). Though intensity
differed between these two treatments, colonies in blue light required a smaller amount
of energy to produce mature conidia than colonies in red light after 5 hours (McCann et
al., 2017). The supply of conidia is the primary determinant of the rate of epidemic
progress throughout the growing season.
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SECTION 2: CURRENT MANAGEMENT OF GRAPEVINE POWDERY MILDEW
Wherever powdery mildew occurs it poses a perennial problem for growers. For
example, left untreated E. necator reduced yields of ‘Cabernet sauvignon’ and
‘Sauvignon blanc’ by ~24% primarily through decreased berry size and weight
(Calonnec et al., 2004). Untreated ‘Concord’ grapevines infected with powdery mildew
exhibited significantly reduced soluble solids at harvest, in some cases below 15%, the
minimum level required for grape processing (Gadoury et al., 2001). Growers are
encouraged to manage the disease with fungicides early in the disease cycle (Smith et
al., 2016) to markedly reduce the rate of disease progress (via a reduction in the
number of established colonies and subsequent inoculum), especially during the period
when fruit are at the greatest risk due to ontogenic susceptibility (Gadoury et al., 2003).

Fungicides are a critical input of agriculture, and whether they are synthetic or organic in
origin, they are a major expense for growers. Accounting for the cost of purchasing and
applying materials, Sambucci et al. (2014) calculated that California growers spent $189
million on the control of E. necator in 2011. The cost of using fungicides also increases
as fungicide resistance develops within pathogen populations because higher rates of
products may be needed to maintain sufficient disease control. Powdery mildew
pathogens have been shown to rapidly develop resistance to multiple classes of
fungicide (Erickson & Wilcox, 1997; Holloman & Wheeler, 2002; McGrath, 2001; Miles
et al., 2012; Vincelli, 2002). Powdery mildew isolates have shown resistance to
benzimidazoles, demethylation inhibitors (DMI), and strobilurins (QoI) (Colcol et al.,
2012; Colcol et al., 2016), along with many other materials (FRAC, 2018). In addition to
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cost and fungicide resistance there are risks associated with spraying fungicides to the
environment (Jacobson et al., 2005; Komárek et al., 2010; Sambucci et al., 2014; Biondi
et al., 2012) and farmworkers (Calvert et al., 2008; Damalas & Koutroubas, 2016;
Hyland & Laribi, 2017).

Given the history of powdery mildew pathogens, it is almost guaranteed that resistance
will develop for any new single-site fungicide groups registered for use. With an
emphasis on conservation and integrating multiple tools to complement chemical
fungicides, the effective use of many of these fungicides could be prolonged. There are
several existing tactics to reduce farmer reliance on fungicides while maintaining control
of powdery mildew epidemics. These include: (1) developing new pathogen-resistant
grapevines, though this process requires many of years before commercialization can
be attempted, it has no guarantee of durability, and in grapes can be limited by adoption
(Fuller et al., 2014); (2) canopy pruning and training grapevine canopies to maximize
sunlight exposure (Austin & Wilcox, 2011), but labor-intensive cultural practices can be
impractical for established vineyards; and (3) biological controls, such as Trichoderma
species (Woo et al., 2014; Pascale et al., 2017) Bacillus sp. (Ockey et al., 2016) and
mycophagous mites (English-Loeb et al., 1999; English-Loeb et al., 2007) have shown
promise but need greater research and product development to increase adoption
(Knudsen & Dandurand, 2014; Verma et al., 2007; Woo et al., 2014;). In order to
maintain the ability to control pathogens impacting food crops and conserve fungicides,
it is critical to continue developing current and new non-chemical tools that both
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suppress pathogen populations below economic thresholds and reduce selection
pressure for fungicide resistance.

SECTION 3: ULTRAVIOLET RADIATION
One non-chemical tool that farmers could utilize to manage powdery mildew is
ultraviolet (UV) radiation. UV radiation is defined by the wavelength range from 100 to
400 nm. The UV spectrum can be broken down into the following intervals: Vacuum UV
(100-200 nm), UV-C (200-280nm), UV-B (280-315 nm), and UV-A (315-400 nm). The
majority of UV radiation reaching the Earth’s surface is UV-A, with UV-B largely
attenuated by the planet’s atmosphere. UV-C and vacuum UV are completely blocked
by the Earth’s atmosphere (Urban et al., 2016).

Unlike wavelengths in the visible range that are most often measured in terms of photon
flux (moles of photons / m2 / sec), the ultraviolet range is commonly reported in terms of
irradiance (Watts / m2 / sec) and energy transfer or dose (Joules / m 2), where 1 watt is
equal to 1 joule / sec. Converting between the two is not simple, and requires
measurements for all of the wavelengths of interest to be known and integrated. This
distinction can be explained in part by the history of spectrophotometry and its
emphasis on light as perceived by the human eye, and radiometry with its focus on
energy and detecting wavelengths invisible to the human eye (Johnston, 2001).

UV damages cells through various means, including the interference of DNA replication
and transcription through photoproduct formation (e.g. cyclobutane pyrimidine dimers),
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and the induction of peroxides in the host that degrade cell membranes and other
components of the cell (Urban et al., 2016).

Most organisms can avoid or repair the damage caused by daily UV exposure,
however. Melanization is a common strategy taken by a wide range of organisms,
where pigments, including melanin, help the organism avoid damage from UV by
screening the incoming radiation; powdery mildew species (with the exception of one
species [Glawe, 2008]), however, produce protective compounds in the walls of sexual
fruiting bodies only (Suthaparan et al., 2012). Phenolic compounds in plants also play
an important role in protection from UV (Schmitz-Hoerner & Gottfried Weissenbock,
2003). Many organisms also utilize repair enzymes to fix the damage to DNA by UV
exposure (Lucas-Lledo & Lynch, 2009). Recently, Pathak et al. (2017) reported
transcriptomic evidence of the presence and expression of genes similar to known
photo-responsive genes, including photolyase, in a powdery mildew species.

SECTION 4 UNDERSTANDING UV USE IN AGRICULTURAL SETTINGS
Growers looking to implement UV-based control systems should be aware of the risks
of this radiation. Similar to the application of chemical fungicides, personal protective
equipment should be used with UV radiation; glasses or goggles to shield the user’s
eyes, and long sleeves and pants to minimize exposed skin (Urban et al., 2016). In the
absence of widespread use of UV in agriculture to manage plant pathogens, there are
no studies on the occupational risks of use in the US; however, studies have
documented the risks of acute and chronic UV exposure generally (Sklar et al., 2013) A
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UV system could decrease some human safety risks through the elimination of spray
drift, a major cause of injuries by chemical pesticides (Calvert et al., 2008), and
potentially reduce accidental exposure due to the high visibility of lamps from large
distances away and the absence of lingering toxic compounds in areas where it is
supplied.

There are many elements that need to be considered and investigated before UV can
be used confidently in the field to suppress plant pathogens (Gadoury et al., 2017).
Firstly, the UV dose needed to reach a desirable level of pathogen control needs to be
identified. Secondly, any UV dose that results in disease suppression should be used to
expose plants susceptible to that pathogen to identify any phytotoxic effects that occur.
Following this should be a consideration of the ground speeds that a mobile UV unit can
travel and the amount of time any individual plant will be exposed under this unit.
Tractor-drawn units may become impractical relative to other methods below a certain
speed, but as speed increases the amount of UV plants receive will also decrease.

Any dose of UV radiation is a product of the duration of exposure and the intensity, or
irradiance, of the radiation. For any given dose, it can be supplied more quickly if the
irradiance is increased, or supplied more slowly if irradiance is decreased. This means
that the speed of mobile UV units could increase only if the number of lamps also
increased or if more powerful UV bulbs were used (i.e., irradiance increased). Some
organisms have shown enhanced sensitivity to UV when the irradiance used to supply a
dose is increased or decreased beyond some point (Sommer et al., 1996; Sommer et
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al., 1998; Suthaparan et al., 2012; Taylor-Edmonds et al., 2015). Evidence of a
pathogen showing greater sensitivity to higher irradiance treatments would mean that
ultimately lower doses could be used via a higher irradiance to achieve sufficient
pathogen control, and the speed of field units could be increased without risking a crop
epidemic.

An understanding of whether E. necator shows enhanced sensitivity to different
irradiance levels in the application of UV is currently lacking. The identification of where
dose reciprocity does not hold for a UV dose that suppresses E. necator would reveal
whether lower doses, and commensurately faster ground speeds, could be used to
achieve adequate suppression of grape powdery mildew in field application.

The objectives of this thesis were:
 to identify the UV-C dose range where E. necator growth is suppressed, while
minimizing host phytotoxicity; and
 to evaluate the effect of irradiance on pathogen growth (germination, colony
expansion, latency) at doses found to effectively suppress pathogen growth; and
 to examine whether E. necator behaves in accordance with dose reciprocity
within the experimental range of dose and irradiance.
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CHAPTER 2 LITERATURE REVIEW
SECTION 1 HOST RESPONSE TO UV EXPOSURE
One of the principal questions related to the use of UV to control powdery mildew is the
response of the host plant to the UV exposure. However, many of the agricultural
studies of UV application have focused on post-harvest effects in plants, and have
shown success in delaying senescence or rot in fruits and vegetables (Maharaj et al.,
2010; Obande et al., 2011; Pombo et al., 2009; Pombo et al., 2011; Urban et al., 2016).
A smaller number of studies have examined the effects of UV exposure on a number of
plant species before harvest (Table 1).

Early testing with UV-C by Gadoury et al. (1992) in grapevine was effective in reducing
the severity of grapevine powdery mildew, but season-long use resulted in some
defoliation, possibly indicative of a phytotoxic UV dose level, (estimated near ~1000
J/m2)(D.M. Gadoury, personal communication). In contrast, Obande et al. (2011)
examined two key market features, color and firmness, in tomato plants using
preharvest UV-C levels of either 3 kJ/m2 over 150 sec or 8 kJ/m2 over 400 sec. Fruits
were placed 70 cm from the lamps, but irradiance was not explicitly reported by the
authors (calculated: 20 W/m2). Preharvest exposure on red fruits prolonged firmness at
either UV dose compared to the non-exposed control, and the higher UV dose
prolonged fruit firmness in the presence of Penicillium digitatum. Preharvest treatments
exhibited delayed color development in green fruits compared to the non-exposed fruit.
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Irradiance
(W/m2)

Cumulative
Dose
(kJ/m2)

Phytotoxic Effects

ND

ND

Defoliation

(20)

3000 or 8000

None

ND

ND

(3.5 - 80.0)

(144 – 1440)

1 – 2 hr

0.1, 0.2

ND

cucumber

(300 - 900)

5-10 min

1.0

(3.3 – 9.9)

2015

geranium ‘Victor’, ‘Glacis’

2500

ND

ND

(20)

2016a

strawberry ‘Albion’,
‘Monterey’

6.18 or 12.36

0.206

(0.087 or 0.198)

None

0.206

(1.48 – 4.45)

All: Chlorophyll degradation
None

Lead
Author

Year

Crop

Single Dose
(J/m2)

Gadoury

1992

grape

~1000

Obande

2011

tomato

3000 or 8000

Darras

2012

geranium ‘Victor’, ‘Glacis’

500 - 1000

Suthaparan

2012

rose

Suthaparan

2014

Darras

Janisiewicz

Duration
ND
150 or 400
sec

(1483 - 4450)

30 or 60
sec
2 – 6 hr

Janisiewicz

2016b

strawberry
‘Monterey’

12.36

60 sec

0.206

(0.074, 0.371)

Oliveira

2016

strawberry ‘Camarosa’

500

120 sec

(4.17)

(14.0)

Xu

2017

strawberry ‘Albion’

600

60 sec

(10.0)

9.6 – 29.4

10kJ/m2: height, number of
inflorescence reduced
1.44 kJ/m2: Leaf area, dry weight,
height reduced
600 J/m2: chlorophyll efficiency
reduced
Temporary reduction in
photosynthetic activity

Reduced photosynthesis
efficiency, yield
All: Increase flower abortion
15 kJ/m2: deformed fruit

Table 1 Summary of selected studies examining the impacts of UV on plants. Numbers in parentheses are based on
calculations from the available information included in each publication. “ND”, no data.
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Two recent studies of UV-C irradiated strawberry plants with relatively short UV
exposures reported no significant host damage compared to non-exposed control
plants. Janisiewicz et al. (2016a) found no negative impact on weight, shape, or total
count of fruit for strawberry plants over 8 weeks in high tunnels with twice weekly UV-C
exposures for 30 or 60 sec at 0.206 W/m2 (single exposure doses of 6.18 and 12.36
J/m2, respectively). Janisiewicz et al. (2016b) reported strawberry plants irradiated twice
weekly for 60 sec at 0.206 W/m2 (single exposure dose of 12.36 J/m2) produced larger
fruits compared to non-exposed controls. In both studies plants were irradiated at a
reported distance of 30cm from the UV lamp.

Xu et al. (2017) also investigated the impact on fruit yield and quality in UV-C treated
strawberry plants, but with a significantly larger dose range and maximum than
Janisiewicz et al. (2016ab). Plants received cumulative doses of 9.6, 15, or 29.4 kJ/m 2
from single 60-second exposure events of 0.6 kJ/m2 every 3, 2, or 1 day, respectively,
for 7 weeks. Samples were placed 70cm from the lamp, but irradiance was not reported
in the study (calculated: 10 W/m2). UV-C treatment within the tested dose range was
associated with a greater number of aborted flowers and misshapen fruit (increasing as
the cumulative dose increased), but the maturation time, yield of marketable fruit, and
the mean size of fruit was unaffected by UV-C exposure (Table 2).
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Treatment

Total
flowers

Aborted
flowers

% Aborted

Mature time
(day)

Total fruits

Deformed
fruits

%
Deformed

Marketable
yield (g)

48.00 ± 7.55
8.33 ± 3.79b
17.4
25.92 ± 0.50
40.00 ± 4.00
7.46 ± 2.29c
18.7
408.64 ± 47.35
Control
58.67 ±11.85
19.33 ± 2.89a
32.9
26.15 ± 0.23
39.67 ± 8.37
8.60 ± 4.57bc
21.7
432.50 ± 65.80
Low
58.00 ± 3.61
20.67 ± 2.31a
35.6
26.17 ± 1.05
36.33 ± 5.77
18.86 ± 5.93a
51.9
355.39 ± 28.54
Middle
56.00
±
12.29
18.00
±
6.08a
32.1
26.44
±
0.19
38.67
±
8.33
18.06
±
6.36ab
46.7
399.85 ± 45.40
High
Table 2 Mean values with standard deviation for irradiated strawberry plants. Control, no UV-C irradiation; Low, UV-C

irradiation every third day; Middle, UV-C irradiation every second day; High, UV-C irradiation every day. Each UV-C
exposure provided 0.6 kJ/m2. Different letters within a column indicate significant differences. Adapted from Xu et al.
(2017).
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These studies provide evidence that plant physiological changes (e.g., firmness and
maturation rate) may occur in response to UV-C exposure though yield and marketable
fruit characteristics were unaffected for the doses tested. Oliveira et al. (2016), however,
contradicted this finding, reporting that UV-C exposure decreased fruit yield of
strawberry by 20% with single UV-C doses of 500 J/m2 over 2min (irradiance was
unreported, but calculated as ~4.17 W/m2).

This difference does not appear related to dose or irradiance level among these four
studies, however. In comparison with Oliveira et al. (2016), Janisiewicz et al. (2016ab)
found a positive effect on yield with a dose ~40X and irradiance ~25X smaller, and Xu
et al. (2017) despite finding more aborted flowers and deformed fruits than controls,
found no significant change in yield with larger single and cumulative doses, and larger
irradiance. This suggests that among strawberry plants single exposure doses up to 600
J/m2 supplied with an irradiance equal to 10 W/m2 may be used without significant
damage to fruit, although UV sensitivity is expected to vary for different plant species.

Darras et al. (2012) examined plant growth for two cultivars of geranium (‘Victor’,
‘Glacis’) irradiated with UV-C. Potted plants were placed ~20-30cm from the lamps and
irradiated weekly with UV-C doses ranging from 0.5 - 10 kJ/m2 (duration of exposure
and irradiance were unreported). The impact of UV-C on growth was affected by both
environmental conditions across the years of the study, and cultivar. In the first year,
‘Victor’ produced fewer inflorescences under the highest UV-C dose, but this effect
disappeared in the second year. Irradiated ‘Glacis’ plants produced a greater number of
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inflorescences at any level of UV-C dose compared to the control plants in both years.
Under higher temperatures and lower PAR (photosynthetically active radiation, 400700nm), ‘Glacis’ produced almost triple the number of inflorescences than the control.

The amount of visible light plants are exposed to has previously been shown to play a
role in the phytotoxicity of UV exposure in plants. For example, Cen & Bornman (1990)
reported Phaseolus vulgaris plants under 700 μmol/m2/s photosynthetic photon flux
density and supplemental UV-B (6.17 kJ/m2/day) showed virtually no growth differences
with non-exposed plants, while plants grown under 500 and 230 μmol/m 2/s exhibited
smaller mean leaf area (~47% decrease relative to control) and decreased
photosynthetic efficiency. Leaves under 700 or 500 μmol/m 2/s were also thicker than
non-exposed plants by ~18% and ~20%, respectively, which the authors suggest could
have provided some protection against UV damage. Suthaparan et al. (2017) also
reported similar findings for specific visible wavelengths, lengths of exposure, and time
of application in combination with nightly UV treatments (3 W/m 2 for 3 min, calculated
dose = 540 J/m2). Chlorophyll content, leaf area, and shoot dry weight were lowest
among plants grown under shorter photoperiods (8 hrs), but while longer days (16hrs)
produced better plant growth, it also increased pathogen severity (from 0% up to 6%).

Any inhibition of photosynthesis may hold consequences for fruit yield, thus it’s essential
to identify at what dose and irradiance levels photosynthesis is inhibited. Darras et al.
(2015) found geranium plants (‘Victor’, ‘Glacis’) irradiated at a single UV-C dose, 2.5
kJ/m2 (duration of exposure and irradiance unreported), exhibited decreased
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photosynthetic efficiency, but within 48hrs after irradiation returned to control levels.
Suthaparan et al. (2012) found no negative impact in irradiated rose plants on
chlorophyll content and photosynthetic efficiency with an irradiance of 0.1 or 0.2 W/m 2
supplied over 1 or 2 hours (calculated dose 144 - 1440 J/m2). Janisiewicz et al. (2016a;
2016b) similarly found no negative impact on photosynthetic efficiency in UV-C
irradiated strawberry plants at a dose of 12.36 J/m2 supplied with an irradiance of 0.206
W/m2 with twice weekly applications for up to 8 weeks; a single 2hr dose (1.48 kJ/m 2) at
the same irradiance degraded chlorophyll in strawberry plants (‘Albion’, ‘Monterey’) via
Imaging-PAM Chlorophyll Fluorometer System. Oliveira et al. (2016) also found a
significant, but small decrease in photosynthetic efficiency in ‘Camarosa’ strawberry
plants after irradiated four times at 500 J/m2 (calculated irradiance 4.17 J/m2). Taken
together these studies do not show enduring inhibition of photosynthesis or damage to
chlorophyll for UV doses up to 2500 J/m 2 in some crop species; however, the range of
irradiance values used was small, with a maximum of 4.17 W/m2. While grapevine was
not tested for inhibition of photosynthesis in these studies, the expectation is that there
is a set of UV doses, which are useful for managing pathogens and do not affect plant
processes.

The wavelengths comprising UV-C are generally regarded as more damaging to all
organisms than wavelengths comprising UV-B and UV-A. Santos et al. (2013) examined
9 different bacterial species under equivalent doses of UV-A, UV-B, and UV-C, and
found LD50 maximum values 297.5 kJ/m2 for UV-A, 50.1 kJ/m1 for UV-B, and 45.0 kJ/m2.
The action spectra of UV in plants has also been studied, but none to date have
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included wavelengths below the UV-B range (<280nm), presumably because no UV-C
reaches the Earth’s surface. Suthaparan et al. (2016a) suggested longer wavelengths
closer to the UV-B range were superior for plant pathogen suppression due to their
smaller phytotoxic effect; however, this group provided no evidence to support this
claim. The available data show a trend in plants where greater photosynthetic inhibition
occurs as wavelengths grow shorter approaching 280nm (Coohill et al., 1989). Despite
the absence of a clear comparison of the phytotoxic effects between UV-B or UV-C
wavelengths in plants, there is continued interest in the use of UV-C to enhance plant
growth (Urban et al., 2016). Additionally, UV-C lamps currently produce more radiant
energy than UV-B lamps due to the mechanism used to produce the spectral
distribution. UV-C wavelengths are generated via the process of ionizing mercury in a
clear glass tube, whereas UV-B wavelengths are generated by converting these UV
energy with phosphors coating the inside of the glass tube, a process which is only ~2%
efficient (David Gadoury, personal communication). Thus the use of UV-C lamps allows
for greater UV irradiance needed to apply UV over short durations.

In summary, we can see a wide variety of methodologies were used to supply UV to
plants, with irradiance ranging from 0.206 up to 20 W/m2 and durations of exposure from
seconds to hours long (Table 1). With these three measurements (i.e., dose, irradiance
and duration of exposure) it may be possible to reproduce a study testing the effect of
UV on an organism, and specifically to vary irradiance for any specific dose to
determine whether the outcome changes. Additionally, Teranishi et al. (2004) reported
plant sensitivity to UV varying over cultivars. At present there are no in-depth studies
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evaluating the sensitivity of different grape cultivars to UV exposure, specifically looking
at supplemental UV exposure and its impact on yield over the course of a season. This
should become a research priority if UV is found to be a viable tool against powdery
mildew on a commercial scale. Until then efforts should be made to use the lowest
possible doses found to be effective is disease management.

While there is some variability in reports for negative consequences on different plant
species that are exposed to UV, the studies discussed above using UV-C and UV-B
show doses up to 8000 J/m2 and irradiance values up to 20 W/m2 can be safe to use on
some crops. For studies in grapevine only single exposure doses below 1000 J/m 2,
however, should be considered due to demonstrated phytotoxicity (Gadoury et al.,
1992). There is also no consensus on the upper limit of irradiance that is associated
with plant damage, and the majority of studies discussed used irradiance <5 W/m 2.
Thus future experiments concerned with the time required to supply a given dose (e.g.,
field application of UV) to grapevines should continue to explore irradiance treatments
above 5 W/m2 to allow for shorter durations of exposure, while only considering the
range of doses found to be effective for suppression of E. necator.

SECTION 2 PATHOGEN RESPONSE UNDER NATURALLY OCCURRING UV
RADIATION
Studies of powdery mildew under solar irradiation provide a foundation when
considering how to develop UV management strategies. Willocquet et al. (1996)
reported the effect of single and multiple day exposures of sunlight on E. necator
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germination rates and mycelial growth on leaf disks. Treatments were provided from
10AM – 2PM in the Bordeaux region during summer with global radiation values (3003000nm) averaging 721-758 W/m2 over an hour; however, measurements of the two
remaining UV treatments (acrylic and shade cloth) were not reported. Warmer
temperatures increased the differences among treatments. When leaf temperatures
were 5 – 10C higher in the first experiment germination rates relative to the control were
~25% for full sun, ~38% for attenuated, and 75% for shade. With lower temperatures
germination rates relative to the control for both full sun and attenuated treatments
corresponded to ~68%, while the shade treatment corresponded to ~75%. The authors
also observed a general trend where germination decreased more with multiple
consecutive days of sun exposure than a single exposure. The largest decrease in
germination from sunlight corresponded to an exposure immediately following
inoculation, while the greatest decrease on mycelial length occurred with an exposure
24hr after inoculation.

Austin & Wilcox (2012) improved upon this 1996 study with the use of full size plants in
a research vineyard. After two weeks powdery mildew foliar severity was highest in the
interior of grape canopies of grapevines in the shade of adjacent trees (mean severity
~64%, mean daily solar irradiation [400-1100nm] ~12% of full sun treatment), and
lowest on leaves fully exposed to the sun (mean severity ~11%). In a follow-up
experiment artificial shading was used to evaluate the impact of solar irradiance on fruit
cluster severity; double shade cloth reduced 88% of all measured UV radiation with an
80% reduction in solar irradiation between 400-1100nm, and a UV-attenuating acrylic
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barrier reduced all measured radiation by 87% with a 9% reduction in solar irradiation
between 400-1100nm. Over 5 years in ‘Chancellor’ vines they reported a mean cluster
severity of 17.4% in full sun, 45% under UV-attenuating acrylic, and 53.5% under
double shade cloth. This 2012 study complemented their earlier work that showed
powdery mildew severity decreased with leaf pruning 2 weeks after postbloom (7-43%
reduction relative to control) and with a training system (24% reduction under VSP
system relative to Umbrella-Kniffen system) to maximize sunlight exposure (Austin &
Wilcox, 2011).

While some plant pathogens have been shown to be negatively impacted when
susceptible plants are irradiated with UV prior to inoculation (Buxton et al., 1957; Kunz
et al., 2008; Patel et al., 2017), and others have been reported to be able to infect more
easily (Norell, 1954), powdery mildews appear to be strongly affected by direct damage
from UV. Austin and Wilcox (2012) investigated how solar irradiance affected the
severity of powdery mildew on grapevine when reduced (via an acrylic barrier) or
provided fully for 7 days prior to inoculation or 14 days after inoculation. The authors
found that the highest severity among treatments was found on plants that did not
receive full sunlight after inoculation. Interestingly the authors also reported a further
decrease in severity for plants receiving full sun after inoculation when sunlight was
reduced before inoculation (Table 3). This phenomenon, however, was not discussed
by the authors. Suthaparan et al. (2012) also reported powdery mildew severity on rose
plants irradiated for 1 week prior to inoculation with supplemental UV-B were equivalent
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to infected control plants that were never exposed to UV, thus indicating there was no
added benefit of pre-inoculation irradiation in the control of powdery mildew.
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Post-inoculation exposure
Pre-inoculation
exposure

Abaxial severity
UV-

UV+

Adaxial severity
UV-

UV+

UV38.1 ± 6.0
16.9 ± 4.0
31.0 ± 3.1
1.0 ± 0.4
UV+
38.9 ± 3.7
26.4 ± 0.6
31.5 ± 2.1
2.7 ± 0.7
Table 3 Mean foliar powdery mildew severity +/- standard error on grapevines exposed
to UV treatments before and after inoculation. UV-, vines covered with UV-attenuating
acrylic; UV+, vines exposed to full sunlight. Pre-inoculation exposures began 1 week
prior to inoculation. Post-inoculation exposures began immediately after inoculation and
remained for 2 weeks. The post-inoculation treatment was significant (P < 0.001).
Adapted from Austin & Wilcox (2012).

Relying on sunlight for a management strategy, however, can be limited by the repair
mechanisms of pathogens. UV exposure can damage microorganisms in several ways,
including the production of cyclobutane pyrimidine dimers and other photoproducts that
alter

DNA

structure

and

impede

subsequent

replication

and

transcription.

Microorganisms mitigate this damage with a system of repair enzymes, including
photolyases that enable repair of damaged DNA from UV exposure. These photolyases
are activated by “blue” wavelengths and UV-A (300-500 nm), in a process called
photoreactivation (Thompson & Sancar, 2002). Thus in darkness, this repair system is
inactive, and pathogen suppression by UV is ultimately greater (Suthaparan et al., 2012;
Suthaparan et al., 2014; Suthaparan et al., 2016; Janisiewicz et al. 2016a; 2016b;
Taylor-Edmonds et al., 2015).
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The severity of powdery mildew, in particular, has been shown to also be affected by
visible light. Suthaparan et al. (2010) first reported an inhibiting effect of select visible
wavebands on P. pannosa, the causal agent of rose powdery mildew. Germination rates
decreased by ~10% under blue illumination (420 to 520 nm, peak 465 nm), while
airborne conidia decreased by 67% under 1-hr of red illumination (620 to 720 nm, peak
675 nm) provided during the night, each in comparison to full-spectrum white light
illumination. This was followed by an investigation of the efficacy of nighttime UV-B
exposure with short visible wavelengths in P. xanthii, the causal agent of cucumber
powdery mildew (Suthaparan et al., 2014). UV-B nighttime treatments alone resulted in
no fungal colonies forming, and an area under the disease progress curve (AUDPC)
<50. Treatments, which included UV-A or blue illumination along with UV-B, showed an
increase in the number of successful colonies (to 5 and 7, respectively) and AUDPC
(~125 and ~175, respectively). Recently, Suthaparan et al. (2017) reported cucumber
plants infected with P. xanthii and treated with nighttime UV-B followed by 4hr red
illumination, exhibited less than 5% severity while also eliminating losses in shoot dry
weight, leaf area, and relative chlorophyll content seen when treating infected plants
with longer days and nighttime UV-B. Higher amounts of blue light enrichment during
the day was associated with small but significant increases in powdery mildew severity
under UV-B treatments (2% increase), necessitating larger amounts of UV to maintain
disease suppression, while blue light supplied immediately after UV treatments at night
increased severity up from ~5% to ~65%. In the context of day light integrals, nighttime
UV treatments were less effective on longer days (severity increase from 0-1% to 46%).
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In summary, there are several studies that have shown a reduction of powdery mildew
growth by differential levels of natural solar irradiation. Relying on sunlight alone,
however, limits the control mechanism to a set number of daylight hours, natural solar
irradiance, and wavelengths that pass through the atmosphere. Additionally, sunlight
contains UV-A and short visible wavelengths shown to activate pathogen repair systems
and decrease the damage to powdery mildew pathogens. Thus future work in E.
necator should pursue supplemental UV treatments to avoid the activation of
photolyases, thorough an identification of the wavelengths and irradiance values shown
to be the most inhibiting for this pathogen.

SECTION 3 POWDERY MILDEW DEVELOPMENT UNDER SUPPLEMENTAL UV
Many of the papers described in Section 1 investigated both plant physiology and
pathogen success under supplemental UV exposure. For example, Botrytis cinerea
germination and hyphal expansion was highly inhibited on strawberry fruit under UV-C
exposure at a dose of 12.36 J/m2 (Janisiewicz et al., 2016a), and the same pathogen on
geranium produced smaller lesions at a dose of 500 J/m 2 (Darras et al., 2015). Rose,
cucumber, strawberry, tomato and grape powdery mildew severity on susceptible hosts
was lowered with UV exposure (Suthaparan et al., 2012; Suthaparan et al., 2014;
Suthaparan et al., 2016a; 2016b; Janisiewicz et al., 2016b; Austin & Wilcox 2012).

Supplemental lighting allows for greater control of the wavelengths used in exposure,
along with the duration and irradiance of that exposure. Suthaparan et al. (2012) first
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reported greater efficacy when wavelengths below 290nm were included in UV
exposures in the control of rose powdery mildew, caused by P. pannosa. Suthaparan et
al. (2016a) also investigated the action spectra for Oidium neolycopersici, the causal
agent of tomato powdery mildew. An action spectrum is the biological effect as a
function of individual wavelengths (Coohill, 1991). These authors reported that
wavelengths between 250 and 280nm, which includes the UV-C range and is often
present in the spectral range of UV-B lamps, produced similar negative outcomes in
irradiated powdery mildew pathogen tissue for germination, germ tube length,
penetration attempt, and secondary hyphal branching, though wavelengths up to 300
nm showed partial inhibition of O. neolycopersici at the highest dose tested (615.6
J/m2/day at 280nm). Studies using UV-B lamps that include a spectral range
overlapping in this region of wavelengths may also be considered alongside studies
using UV-C lamps for their use in pathogen control, however they emit less energy (as
described in Section 1), which limits their use for short duration UV exposure.

Supplemental UV exposure applied at night while there is no visible light present, will
avoid the initiation of photoreactivation, and has been shown to control powdery mildew
on several hosts. UV-B doses supplied over 2 hours at ~0.2 W/m2 on rose plants
reduced powdery mildew foliar severity from 34% in control plants down to <1% on
greenhouse grown roses, or down by a factor of 2.6 with as little as 2 minutes at 1.2
W/m2 (Suthaparan et al., 2012). Dose was not reported by the authors, but can be
calculated in each of these two studies as 1440 J/m 2 and 144 J/m2. Suthaparan et al.,
(2014) reported 1 W/m2 supplied to infected cucumber plants for 10min (calculated dose
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600 J/m2), reduced diseased area of the leaf to 0.57% compared to ~80% diseased leaf
area in control plants. The addition of 2 hrs white light illumination increased diseased
leaf area to 20-30%. However pathogen suppression is still affected by naturally
occurring sunlight. Suthaparan et al. (2017) showed how increasing the day length from
8 to 16hr increased powdery mildew severity from ~0% up to 6% (Suthaparan et al.,
2017). Thus indicating that plants in greenhouse settings or northern latitudes with
longer days, will require larger doses of UV to maintain effective disease suppression.

Additional studies have examined UV-C for its potential in powdery mildew control
(Gadoury et al., 2017; Bierman et al., 2017). Buxton et al. (1957) studied E. graminis
(syn. Blumeria graminis f. sp. hordeii) on barley, and reported a UV-C dose of 22 J/m2
decreased germination to 50%; irradiated spores immediately incubated in 7 hours of
daylight recovered to 100% germination for UV doses up to ~65 J/m 2, possibly due to
photoreactivation. Janisiewicz et al. (2016b) described the lowest effective dose of
12.36 J/m2 supplied over 60 seconds as effective in controlling powdery mildew infected
strawberry plants, without any damage occurring to the plant over 15 weeks of
exposure. Suthaparan et al. (2016b) in tests of mobile application in greenhouse
settings found P. aphanis severity was limited to almost nil when a dose as low as 228.3
J/m2 was supplied nightly. Recently Onofre et al. (2018) reported field trials of nighttime
UV-C application supplying between ~90 and ~170 J/m 2 once or twice a week resulted
in powdery mildew suppression to levels equivalent with commonly used fertilizers
without visible signs of plant damage or changes in yield. All of the preceding studies,
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whether with UV-B or UV-C, found greater efficacy from the use of UV when
accompanied by an immediate dark period.

There is a challenge in comparing and reproducing studies with UV-B and UV-C
irradiation due to the level of detail described in experiments. The lack of
methodological details leaves open the question of how to apply doses from other
studies. UV-B lamps produce variable spectral distributions, with wide bands around
their peak (Fig. 1), which can prove challenging in the measurement of dose; an
accurate measurement of total energy requires calculating the light integral for the
relevant wavelength range and excluding others outside of this range. In comparison,
energy from UV-C lamps peaks around 254nm, and the peak is limited to a ~1nm band
(Mark Rea, personal communication). With the recent knowledge of action spectra for
many developmental stages in powdery mildews (Suthaparan et al., 2016a) the
inclusion of the spectral distribution of lights used in these studies is critical for
replication. Furthermore, though descriptions of lamps used in contemporary studies are
more detailed, especially in terms of spectral distribution, than some of the earlier UV
work (Buxton et al., 1957), publication works continue to rely on lighting manufacturers
to archive and make available this information as older models are phased out, rather
than incorporate these lamp specifications into publications directly.
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Figure 1 Spectral distribution of UV-B fluorescent tubes (Model UVB-313EL; Q-PANEL
Lab Products). Adapted from Suthaparan et al. (2014).

Often the challenge of including these methodological details stems from the
instrumentation needed for these kinds of studies. The spectroradiometry instruments
required for accurate measurements of UV can be prohibitively expensive (e.g.,
approximately $20,000 in 2018), require careful calibration, and operators should be
trained in their use (Bierman et al., 2017). For example, Suthaparan et al. (2012; 2014;
2016b) described data on the lighting system used in their studies extensively, but did
not report a dose based on irradiance and duration that could inform others trying to
reproduce their studies or vary their reported irradiance and times of exposure.
Unspecified distances of samples from lamp sources can also prevent the repetition of a
study, and inaccurate irradiance measurements may explain reports of aberrant low or
high doses needed for disease suppression (Janisiewicz et al. 2016a; 2016b). Currently
not all published studies of UV in pathogen control include the essential details (e.g.,
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spectral distribution, irradiance, duration of exposure) needed to reproduce these
studies (Suthaparan et al., 2012; 2014; 2016b; Janisiewicz et al. 2016a; 2016b; Austin
& Wilcox 2012; Willocquet et al., 1996).

In summary, prior work reporting the wavelengths of UV most inhibiting on powdery
mildew pathogens’ developmental stages means future work should focus on the range
between 250 and 280nm, which includes the spectral range of UV-C lamps. Reported
doses not associated with phytotoxic effects, but effective in controlling powdery mildew
species ranged from 12.36 J/m2 up to 600 J/m2. Thus to avoid any concerns of
phytotoxicity, future work with E. necator should work well below this upper dose limit.

SECTION 4 THE BUNSEN-ROSCOE PRINCIPLE IN MICROORGANISMS:
RECIPROCITY OF IRRADIANCE AND DURATION IN THE APPLICATION OF UV
DOSE
A dose of UV radiation is composed of two reciprocal components, irradiance and
duration of exposure. The Bunsen-Roscoe principle (hereafter referred to as “dose
reciprocity”) in the biological context describes how a specific dose of light or UV
radiation will produce the same biological response in an exposed organism regardless
of how intensely or slowly that dose is given (Sommer et al., 1996). Specifically, if UV
dose reciprocity is said to hold at a given dose for powdery mildews, then an irradiated
powdery mildew pathogen will respond equivalently to some low irradiance, long
duration or some high irradiance, short duration at that dose level. However in reality
many organisms show dose reciprocity up to a certain level of irradiance and duration of
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exposure. Thus we should determine the UV-C dose where powdery mildew
suppression is observed, and investigate whether dose reciprocity holds by
manipulating irradiance and durations of exposure in the application of that dose.

Water purification studies offer a foundation to explore where dose reciprocity has
broken down among microbes. Sommer et al. (1996) found survival rates of the bacteria
and virus, B. subtilis spores, E. coli ATCC 25922, and S. aureus phage, were
unaffected by the irradiance used (0.02, 0.2, and 2.0 W/m 2) to supply a dose within the
range of 20-500 J/m2. The survival of S. cerevisiae yeast strains, however, were more
negatively impacted by lower irradiances than higher irradiances at a given dose. This
phenomenon was only present in vegetative yeast cells (i.e., not in yeast spores), which
increased in magnitude as larger doses of UV-C were supplied. However, a follow-up
study, however, contradicted the E. coli ATCC 25922 findings, with survival rates
decreasing with higher irradiances between 80 and 100 J/m 2 (Sommer et al., 1998).
Despite an identical methodology, no explanation was provided by the authors to
explain this discrepancy. Zahl et al. (1939) reported that dose reciprocity held for A.
niger fungal spores on cellophane strips for an equivalent UV-C dose supplied with an
irradiance ranging from 0.88 W/m2 up to 14.1 W/m2 (one meter away from the light
source irradiance was reported as ~0.25 W/m2), whereas Taylor-Edmonds et al. (2015)
reported greater inactivation in this species under higher irradiance treatments (1.1 vs.
0.22 W/m2) beginning at 1.0 kJ/m2 UV-C (Fig 2).
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Figure 2 Taylor-Edmonds et al. (2015). A. niger spores did not behave in agreement
with dose reciprocity above 1 kJ/m2, where the higher irradiance (1.1 W/m2) treatment
resulted in a lower survival rate than the lower irradiance (0.22 W/m2) treatment.

In powdery mildew studies the question of dose reciprocity has been raised infrequently.
Willocquet et al. (1996) performed experiments with E. necator on leaf disks under
simulated natural conditions and found no difference in germination or mycelial length
between two irradiance treatments (280 – 320nm, 1.3 W/m2.over 4 hours vs 0.7 W/m2
over 8 hours) for a similar dose (dose was unreported, but calculated as 18.72 kJ/m 2
and 20.16 kJ/m2, respectively)(Fig 3). However this study used filters that blocked all
wavelengths shorter than 295nm, thus filtering out the majority of the key wavelengths
based on the reported action spectra for powdery mildew pathogens.
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Figure 3 Effects of UV dose (~18-20 kJ/m2) on E. necator at two irradiance levels.
Treatments were grouped by the number of days after inoculation that irradiation
treatments occurred (i.e., immediate, 24hrs, 48hrs post inoculation). Different letters
above bars within a single irradiation time indicate significant difference in the mean
values (P = 0.05). The effect of irradiance on germination (A) and maximum mycelial
length (B) were examined. Adapted from Willocquet et al. (1996).

Suthaparan et al. (2012) found a small, significant difference in germination of P.
pannosa on rose at a calculated dose of 720 J/m 2. Germination rate was higher when
using a higher irradiance (0.2 W/m2 for 1 hour; mean 3.5%) than a lower irradiance UV(0.1 W/m2 for 2 hours; mean 11.3%), but there was no difference in hyphal branching
(Table 4). Suthaparan et al. (2016b) expanded on this previous experiment by looking at

32

how breaking up UV-B treatments across multiple days or hours within a single night
affected the efficacy of powdery mildew control, but found dose reciprocity held in
powdery mildew foliar severity for irradiance treatments of 1.6 and 0.8 W/m 2 (calculated
cumulative dose/week 2016 J/m2, single exposure minimum 96 J/m2, maximum 864
J/m2); efficacy of UV-B treatments was not clearly affected by breaking up the dose into
various treatments (Fig 4).
Treatment

Calculated Dose

Germination (%)

Branched hyphae
(%)

No UV-B

0

33.3 ± 2.6 a

13.5 ± 1.8 a

1 hr * 0.1 W/m2

360

11.3 ± 1.9 b

2.0 ± 1.1 b

1 hr * 0.2 W/m2

720

3.5 ± 0.9 c

0.3 ± 0.2 b

2 hr * 0.1 W/m2

720

11.0 ± 1.5 b

1.3 ± 0.5 b

2 hr * 0.2 W/m2

1440

5.7 ± 0.7 bc

0.2 ± 0.2 b

Table 4 Impact of UV-B exposure on P. pannosa on rose plants. Different letters within
a column indicate significant difference in mean value (P = 0.05). Adapted from
Suthaparan et al. (2012).
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Figure 4 Impact of UV-B exposure across multiple application regimes. Severity was
reported for P. aphanis on strawberry (left) and G. biocellatus on rosemary (right).
Calculated UV doses applied were (1) 96 J/m2 3 times per night, (2) 288 J/m2 per night,
or (3) 864 J/m2 applied once every 3 nights. For one pathogen within an experiment,
different letters to the right of bars indicate significant differences in mean values (P =
0.05). Adapted from Suthaparan et al. (2016b).

It is assumed that powdery mildew pathogens are unable to rapidly adapt to increased
radiation. These pathogens have no demonstrated ability to migrate away from UV
radiation. Through normal radial growth on susceptible tissue, however, a powdery
mildew colony may extend into more shaded areas where pathogen growth is enhanced
(Austin & Wilcox, 2012). Additionally, pigmentation has only been documented for
powdery mildew species in the sexual fruiting bodies, thus the mycelium and conidia
should not be able to readily shield UV radiation.
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All of the studies in powdery mildews tested a maximum irradiance range approximating
a factor of 2. Among the microorganisms discussed above where dose reciprocity broke
within the inhibitory UV dose range, studies tested irradiance treatments varying by a
factor of 5 to 100. Due to the constraints of what field application of UV will require (i.e.,
faster speed of mobile UV units and shorter total application time required), future work
in E. necator should investigate whether dose reciprocity can be shown to break down
using a higher maximum irradiance value to evaluate whether UV doses in the field can
be lowered.
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CHAPTER 3 METHODOLOGY
SECTION 1 LIGHTING
In all experiments, two low-pressure Mercury discharge lamps (model: OSRAM HNS
G13 55W UV-C, peak 253.7 nm, FWHM << 5nm, Fig 5) were used to provide UV-C
doses. An enclosed tower was constructed, which consisted of a sample holding area
approximately 220 cm tall (Fig 6). Positioned between this holding area and the lamps
was a manual shutter mechanism, which could be opened and closed to attenuate UV
radiation reaching the samples. Elimination of all UV transmission was achieved with
the use of Petri lids over samples in conjunction with the shutter (determined
experimentally). Irradiance measurements were conducted by calculating the
radiometric value between 240 and 280 nm with a calibrated Giga-Hertz Optik UV
spectroradiometer (model: BTS2048-UV). The shutter remained closed during the 2.5
minute warm-up period prior to each experiment, and was manually opened to expose
samples.

The level of irradiance was controlled by two actions: (1) changing the sample’s
distance away from the lamps, and (2) layering non-reflective screening between the
lamps and shutter mechanism. In the first experiment across a range of doses, heights
were calibrated before the start of the first experiment (Table 5). Irradiance levels were
verified to be within 10% of the calibrated level without attenuation at a distance of
25cm from the lamp prior to each day’s experiments. In the second experiment
examining a dose of 120 or 210 J/m2, irradiance was measured as ~30 W/m2 without
attenuation and ~0.3 W/m2 with attenuation at a distance of 21.5cm from the lamp.
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Irradiance levels were verified to be within ~10% of the desired level prior to each day’s
experiments.

Height from lamps
(cm)

Calibrated irradiance
(W/m2)

15

50

25

25

45

10

85

4

165

1.5

220

1.0

Table 5 Calibrated irradiance values for the first experiment of germination.
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Figure 5 Spectral power distribution for OSRAM HNS G13 55W. Data obtained from
OSRAM. The lamps produced a near monochromatic peak centered on ~254nm.

38

Figure 6 Illustration of UV-C experimental tower. Two UV-C bulbs at the top of the tower
were separated from the sample holding area by a mechanical shutter. Samples were
placed at multiple distances away from the lamp to provide the UV dose range.
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SECTION 2 PLANTS
Leaf material was sourced from disease-free ‘Chardonnay’ grapevines grown either in a
greenhouse or at a nearby research vineyard from unsprayed panels early in the
growing season (May-June). Target temperatures for the greenhouse environment were
70F during the day and 65F during the night. Greenhouse vines were also irradiated
each night Monday through Friday with 6 minutes of UV-B at a mean irradiance of 1.70
± 0.06 W/m2 at bench level. This was sufficient to reduce issues associated with
accidental powdery mildew infections among clean plant stocks, while not producing
any visible negative effects in the plants.

SECTION 3 INOCULUM
Clonal isolates of E. necator (“NY1-137” and “NY19”, described by Feechan et al.,
2015) were maintained on susceptible detached leaves of ‘Chardonnay’ grapevines in
growth chambers set to a 15-hr day length beginning at 0800 with 50% relative
humidity, and 23C. Inoculum was transferred to new detached leaves once every two
weeks in a sterilized transfer hood.

SECTION 4 GERMINATION OF ERYSIPHE NECATOR EXPOSED TO UV-C
Six UV-C doses ranging between 4 and 200 J/m 2 were applied to E. necator conidia by
placing samples at predetermined heights away from the UV lamps and exposing
samples for either 4 or 400 seconds (Table 6). These doses were selected based on the
lack of phytotoxic effects seen in previous studies described in Chapter 2, and what the
experimental apparatus would allow for. Samples were arranged to avoid overlap of
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slides holding the samples. In the first experiment, the 4-second treatments used
irradiance values of 1 - 50 W/m2, and the 400-second treatments used irradiance values
of 0.01 - 0.50 W/m2. These values were selected due to the minimum and maximum
allowable irradiance in the experimental apparatus. Each UV-C dose within this range
was tested on three ~1-cm areas marked on glass slides.
Dose
(J/m2)

Duration of Exposure
(sec)

200

4, 400

100

4, 400

40

4, 400

16

4, 400

6

4, 400

4

4, 400

Table 6 Summary of UV-C doses tested for two independent durations of exposure.

Subsequent experiments tested a single dose of either 120 J/m 2 or 210 J/m2, with
irradiance levels of 30 W/m2 or 0.3 W/m2 at a single distance away from the UV lamps
over 4 and 400 seconds, and 7 and 700 seconds, respectively. In these experiments 40
1-cm leaf disks were held across two 1% agar plates for each experimental treatment
and 20 1-cm leaf disks on agar plates for the non-exposed control treatment.

The proportion of germinated conidia was calculated on glass in the first experiments or
1-cm leaf disks in subsequent experiments. Spores were transferred from sporulating
colonies by gently touching the fungal colony with a sterilized, dry artist’s paintbrush.
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For the first experiment covering a range of doses in a single trial, treated samples were
placed in darkness for 24hrs before mounting with 50% glycerol or dH 2O and viewing
unstained. For subsequent experiments examining a single dose level, treated samples
were placed in darkness for 48 hrs before clearing the leaf disks with solution (3:1 95%
EtOH:glacial acetic acid), staining with 0.5% Chlorazol Black E in 80% lactic acid and
glycerol for 2.5hrs, and mounting with 50% glycerol.

In all experiments, spores were examined at 200X magnification under bright field
microscopy. Germination was defined as any spore that exhibited (a) germ tube greater
than or equal to the length of the spore, and/or (b) a lobed appressorium irrespective of
germ tube length. Counts included the first 30 to 100 spores within an observed
inoculation area (either a demarcated area on glass slides or leaf disk). Observations
began on the distal edge of an inoculated area. Experiments were repeated 3 times,
except experiments at 120 J/m2, which were repeated twice.

SECTION 5 COLONY EXPANSION IN ERYSIPHE NECATOR EXPOSED TO UV-C
The methodology was adapted from Gadoury & Pearson (1991). Inoculation was
performed as described in Section 4. Twelve leaves were placed into double Petri
containers with a reservoir of water, and randomly assigned to an irradiance or control
treatment. Each leaf was inoculated in several discrete areas to account for failed
infection caused by non-experimental factors; a maximum of 2 colonies was measured
per leaf. To avoid any effect from germination, irradiation was withheld until 48hrs after
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inoculation when colonies were irradiated with 210 J/m 2 UV-C once at either 0.3 or 30.0
W/m2 (700 and 7 seconds, respectively).

Fungal colony diameters were measured as the mean of a single vertical and horizontal
measurement (mm) using the Olympus cellSens Entry 1.17 digital measuring tool. Initial
measurements took place at 7 dpi, which coincided with colonies visible to the naked
eye, and were compared to final measurements at 14 dpi. Any final measurements,
which indicated negative growth were assumed to be caused by an error in initial
measurements and counted as zero growth. The mean daily growth rate was calculated
by dividing the difference in diameter between initial and final mean measurements by 7
days. This experiment was repeated 3 times.

Colonies that failed to germinate (n=2) or exhibited contamination on the final day of
measurements (n=1) by other microorganisms were removed from the analysis.

SECTION 6 LATENCY PERIOD OF ERYSIPHE NECATOR EXPOSED TO UV-C
Twelve detached leaves were placed into double Petri containers, inoculated as
described in Section 4, and assigned to a treatment group and irradiated as described
in Section 5.

McCann et al. (2013) showed a peak in E. necator conidia maturation (i.e., the capacity
to separate from the conidiophore) starting approximately 5 hours after light exposure.
To reflect the time requirement needed by the fungus to produce mature detachable
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conidia, colonies were inspected between 5 and 7 hours after light exposure began in
growth chambers once every two days under a dissecting microscope (magnification up
to 32X). Due to the mode of data collection every two days, any difference of less than 2
days would not be captured. These observations began at 7dpi based on the
appearance of a fungal colony visible with the naked eye.

All fungal colonies which had not produced spores by the final day of observations (13
dpi) were removed from the final colony count. This experiment was repeated 3 times.

SECTION 7 STATISTICAL ANALYSIS
For all experiments that examined germination response, a Wald Chi-Square test was
conducted in R to determine the significant parameters for each dataset (P<0.05).
Latency and colony expansion experiments were analyzed using ANOVA and post-hoc
mean comparison was conducted using Tukey’s HSD at P = 0.05.
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CHAPTER 4 RESULTS
SECTION 1 GERMINATION
The first experiment examined a range of six UV-C doses across two exposure times, 4
and 400 seconds (Table 6). Within each treatment a large amount of variation was
observed across the three experimental repeats for doses under 100 J/m 2 however
experimental repeat was not found to be significant (P > 0.1). Among the possible
factors and interactions of experimental repeat, duration of exposure, and dose, only
dose was found to be significant (P < 0.01)(Table 7); increasing the UV-C dose
increased the odds of reduced germination (Fig 7; 8). This trend became apparent
above 16 J/m2. Spores germinating at higher doses (100 and 200 J/m 2) generally only
produced appressoria from extremely short germ tubes (i.e., less than half the length of
the spore), whereas spores germinating without any UV exposure and at lower UV
doses (<100 J/m2) were observed with appressoria arising from either shorter germ
tubes, as seen under higher doses, or from longer germ tubes that would fit the criteria
for germination (Fig 9).
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Response: Germination
Experimental Repeat
Duration of Exposure
Dose
Experimental Repeat * Duration of Exposure
Experimental Repeat * Dose
Duration of exposure * Dose
Experimental Repeat * Duration of Exposure * Dose

Wald Chi Square
LR
df
Pr(>Chisq)
Chisq
4.0016
2
0.14
0.3244
1
0.57
25.1544
6
<0.01
0.1537
2
0.93
1.2347
12
1.00
0.4160
6
1.00
0.5066
12
1.00

Table 7 Analysis of Deviance for germination proportion using GLM in R. Conidia of E.
necator were irradiated from 4 to 200 J/m2 of UV-C either over 4 or 400 seconds.
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Figure 7 Boxplots illustrating the response of E. necator spores to UV-C dose at two
different durations. The range of doses supplied over 4 seconds had irradiance values
ranging from 1 - 50 W/m2. The range of doses supplied over 400 seconds had
irradiance values ranging from 0.01 - 0.50 W/m2. Dose was found to be the only
significant factor (P < 0.01). This experiment was repeated 3 times.
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Duration
Coefficient
Coefficient
Standard
of
Standard
of
of
Deviation
Exposure Deviation
Variance
Variance
(sec)

Dose

Duration of
Exposure (sec)

0

4

0.16

37.0

400

0.1

21.5

4

4

0.16

37.8

400

0.11

32.7

6

4

0.18

40.8

400

0.15

45.5

16

4

0.13

39.1

400

0.2

56.4

40

4

0.12

77.7

400

0.09

85.3

100

4

0.02

137.2

400

0.01

63.18

200

4

0.01

282.8

400

0.01

300.0

Table 8 Standard deviation and coefficient of variance measurements across the tested
dose range.
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Figure 8 Summary of germination rates. Each symbol represents the mean of 3
experimental repeats at each dose within an exposure. Blue squares represent 4
second treatments; fitted curve, y = 0.39(-0.03x). Red rhombuses represent 400 second
treatments; fitted curve, y = 0.43(-0.03x). Error bars represent the standard error.
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Figure 9 (Left) Conidia not exposed to UV-C at 200X showing both long germination
tubes and appressoria. (Right) Conidium irradiated at 210 J/m 2 at 400X showing an
appressorium arising from a short germ tube.

Two subsequent experiments investigated the relationship between irradiance and
germination at a single dose (120 or 210 J/m2) using a larger sample size. At 120 J/m2
no significant factors were identified (Table 9, 10).

Dose (J/m2)

Duration of Exposure
(Sec)

Irradiance
(W/m2)

Mean Germination Proportion
(relative to Control)

120
4
30
0.11 ± 0.07
120
400
0.30
0.18 ± 0.09
Table 9 Mean germination proportion (+/- standard deviation) for two pooled
experiments at a dose of 120 J/m2 UV-C supplied via 30 or 0.30 W/m2 irradiance.
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Response: Germination
Experimental repeat
Irradiance
Experimental repeat * Irradiance

Wald Chi Square
LR Chisq
df
Pr(>Chisq)
0.05
1
0.82
1.47
1
0.22
0.33
1
0.47

Table 10 Analysis of Deviance for germination proportion using GLM in R. Conidia of E.
necator were irradiated with 120 J/m2 of UV-C at 0.3 or 30 W/m2.

Two isolates were examined at a UV dose of 210 J/m 2. Irradiance was the only
significant factor (P<0.05), with experimental repeat, isolate, and all interactions among
these factors non-significant (Fig 10)(Table 11).
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Figure 10 Mean germination success under 210 J/m 2 supplied at 30.0 or 0.30 W/m2
pooled across two isolates, each with 3 experimental repeats. Irradiance was significant
(P = 0.02), indicating the higher irradiance at this dose level inhibits germination more
than the lower irradiance.
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Response: Germination
Isolate
Experimental repeat
Irradiance
Isolate * Experimental repeat
Isolate * Irradiance
Experimental repeat * Irradiance
Isolate * Experimental repeat * Treatment

Wald Chi-Square
LR Chisq
df
Pr(>Chisq)
1.52
1
0.22
0.17
2
0.92
5.36
1
0.02
2.71
2
0.26
0.11
1
0.74
0.09
2
0.96
0.04
2
0.98

Table 11 Analysis of Deviance for germination proportion using GLM in R. Conidia of E.
necator were irradiated with 210 J/m2 of UV-C at 0.3 or 30 W/m2.

SECTION 2 COLONY EXPANSION
Initial colony measurements had a standard deviation of ~19% of the mean. The
interaction between experimental repeat and irradiance had a significant effect on the
daily mean growth of E. necator (P<0.01; Table 12). As a result experimental repeats
were analyzed individually. In the first experimental repeat both high and low irradiance
treatments were significantly different (P<0.01) from the control, but not significantly
different from one another (Table 13); in experimental repeats 2 and 3 the differences
among

the

three

treatments

was

non-significant.
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Response:
Mean Daily Growth
Irradiance
Experimental Repeat
Irradiance * Experimental Repeat
Residuals

df
2
2
4
60

Sum
Sq
0.45
0.95
0.93
2.86

ANOVA
Mean
Sq
0.23
0.48
0.23
0.05

F value

Pr(>F)

4.73
10.00
4.90

0.01
<0.01
<0.01

Table 12 ANOVA output for colony expansion rate of E. necator colonies exposed to
210 J/m2 UV-C 48hrs after inoculation.

Daily Mean Growth (mm)
Treatment Experiment 1 Experiment 2 Experiment 3
High

0.29 ± 0.12a

0.50 ± 0.06a

0.67 ± 0.07a

Low

0.34 ± 0.04a

0.36 ± 0.11a

0.63 ± 0.07a

Control

0.80 ± 0.06b

0.34 ± 0.08a

0.75 ± 0.07a

Table 13 Daily mean growth (mm) ± standard error of E. necator colony diameters.
Fungal colonies were exposed once 48hrs post inoculation with a dose of 210 J/m2 at 30
W/m2 (“High”), 0.30 W/m2 (“Low”), or not exposed (“Control”). Different letters within an
experiment column indicate statistical difference at P = 0.05.
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SECTION 3 LATENCY
Experimental repeat and irradiance were both found to be significant (P<0.05; Table
14). As a result experimental repeats were analyzed individually. Among the first two
experimental repeats, no statistical difference was observed between either UV
treatment and the control for mean latency. In the third experimental repeat both high
and low irradiance treatments significantly differed from the non-exposed control leaves
(P<0.01), however the irradiance treatments were not statistically different from one
another (P = 0.62; Table 15).

Response:
Mean Daily Growth
Irradiance
Experimental Repeat
Irradiance * Experimental Repeat
Residuals

df
2
2
4
51

Sum
Sq
24.23
17.59
7.54
69.57

ANOVA
Mean
Sq
12.11
8.79
1.89
1.36

F value

Pr(>F)

8.88
6.45
1.38

<0.01
<0.01
0.25

Table 14 ANOVA output for Mean Daily Growth of E. necator colonies exposed to 210
J/m2 UV-C 48hrs after inoculation.
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Latency Period (Days)
Treatment Experiment 1 Experiment 2 Experiment 3
High

10a

10a

10a

Low

10a

11a

10a

Control

9a

10a

8b

Table 15 Mean latency period for E. necator colonies irradiated with a ~210 J/m2 dose.
Colonies were irradiated with 30 W/m2 (“High”), 0.3 W/m2 (“Low”), or were not exposed
(“Control”). Any colonies, which had not sporulated by the final day of observations were
not counted. The experiment was repeated three times. Different letters within a column
indicate statistical significance at P = 0.05

Out of 72 observed colonies among the three experimental repeats, 4 colonies failed to
germinate completely, while eight colonies showed only minor hyphal growth on the
final observation date (four from 30 W/m2 treatments, three from 0.3 W/m2 treatments,
and one from control treatments). These 12 colonies were excluded from the analysis.
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CHAPTER 5 DISCUSSION
SECTION 1 RECIPROCITY OF UV IRRADIANCE AND DURATION OF EXPOSURE
WITHIN A RANGE OF EFFECTIVE DOSE
The results presented here, while variable across experiments, suggest that dose
reciprocity may begin to break down above 100 J/m 2 when supplied at an irradiance of
30 W/m2. This phenomenon, however, was dependent on the aspect being measured
among germination, colony expansion, and latency. In all cases of statistical
significance and in most non-significant trends, higher irradiance was more damaging to
E. necator than lower irradiance at doses greater than 100 J/m2.

A range of six UV-C doses (4-200 J/m2) was applied to E. necator spores at an
irradiance ranging from 0.01 W/m2 up to 50 W/m2 to evaluate if UV-C dose reciprocity
held in this powdery mildew species for exposure lasting 4 and 400 seconds. This range
was selected to avoid phytotoxicity, as discussed in Chapter 2, and provide an
adequate level of disease suppression. Subsequent experiments exploring UV dose
reciprocity behavior in this fungus sought to further investigate the germination behavior
with an increased treatment sample size at the higher range of doses, through testing
two specific doses, 120 and 210 J/m2, at an irradiance of either 0.30 or 30 W/m2 for
germination. Additional experiments examined latency and colony expansion at this
higher dose to determine if dose reciprocity held at the same dose and irradiance levels
used in germination tests.
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The primary experiments testing a range of UV-C doses illustrated the effect of
increasing dose on germination rates of E. necator conidia. The data revealed a
threshold beginning above 16 J/m2 where germination rates decreased rapidly, although
with pronounced variability across the majority of the dose range tested (Fig 7). For
germination rates, the data show UV-C dose reciprocity held for doses up to 200 J/m 2
(with 3 leaf disks per treatment; Fig 7; Fig 8; Table 7). The coefficient of variance for
each dose increased as the dose level increased, in part due to the rapid decline in
germination to almost nil above 40 J/m2 (Table 8).

During subsequent experiments that tested if dose reciprocity held at the two highest
doses (with 40 leaf disks per treatment), however, dose reciprocity broke down at the
highest dose tested (210 J/m2; Fig 10). Specifically, the higher irradiance, shorter
duration treatment (30.0 W/m2 * 4 sec) was more effective (mean = 4%) than the lower
irradiance, longer duration treatment (0.30 W/m2 * 400 sec) (mean = 9%). This trend
held for both isolates of powdery mildew tested. It’s possible that reciprocity appears to
hold at lower doses because of a relationship between accumulated damage and the
rate of energy supplied. Similar to the current work, Taylor-Edmonds et al. (2015)
described a shoulder in their study of A. niger, specifically dose reciprocity held for
doses less than 1 kJ/m2.

Colony expansion rate was largely unaffected by UV exposure at 210 J/m 2. The lack of
consistent difference between exposed and control plants in colony expansion suggests
two possibilities: (1) a higher dose is required to suppress growth occurring after
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germination, or (2) colony expansion as a measurement does not adequately capture
the whole colony consequences of UV exposure at this dose. Measurements using this
method were difficult to record due to leaf topology and the challenge of illuminating
hyphal strands on the surface of the leaves. Additionally measuring the diameter of
fungal colonies likely does not capture the full impact of UV exposure; within an
irradiated colony, even if only a few spores survive and produce hyphae, the diameter
will increase overtime. Measurement variables which capture this difference should be
used in any future tests.

The consequences of UV exposure on colony expansion is linked to the latent period for
a powdery mildew pathogen. Gadoury et al. (2011) showed that sporulation occurs in E.
necator once a threshold of vegetative growth is reached, thus if colony expansion is
not affected by the UV dose applied, it is unlikely that latency will be affected either.
Austin & Wilcox (2012) reported latency increasing linearly under UV-B irradiation at
doses starting at 64.8 kJ/m2, however, in the current study there was no effect of high or
low irradiance on latency at a dose of 210 J/m 2. The pathogen in this developmental
stage may exhibit greater resilience to UV exposure, and explain why Austin & Wilcox
(2012) observed increasing latency at much higher UV doses than that tested in this
work. Additionally, these results should be interpreted cautiously because data
collection was limited to every 2 days due to experimental constraints. E. necator
produces a single conidium per conidiophore per day, thus single day delays as a result
of UV treatments, may have occurred, but would have been obscured by the lack of
daily measurements.
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Figure 11 Germination data across two powdery mildew studies testing dual levels of
irradiance. Dashed lines represent the lower irradiance within each study, and solid
lines represent the higher irradiance within each study. Yellow lines describe data from
Suthaparan et al. (2012) on rose [0.1 W/m2 vs 0.2 W/m2]; black lines describe data in
the current study on grapes [0.3 W/m2 vs 30 W/m2].

Among the three previous studies that have examined dose reciprocity in powdery
mildew species, only one reported a small, but significant difference on germination
rates; Suthaparan et al. (2012) found for a calculated dose of 720 J/m 2, conidia
irradiated at a rate of 0.2 W/m2 had a mean germination of 3.5% while treatments
irradiated at 0.1 W/m2 had a mean germination of 11.3%; this study only examined this
single dose at two irradiance levels. This mirrors the germination results presented in
the current study in that the difference between a more suppressive higher irradiance
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treatment and a less suppressive lower irradiance treatment was less than 10%,
although our study allowed for much smaller UV doses. A comparison between
germination results for the current study and Suthaparan et al. (2012) can be seen in
Figure 11. Willocquet et al. (1996) reported no effect of irradiance on germination rates,
however the authors did not report the dose; computing the dose, however, shows it
could have varied between ~18 kJ/m2 in the higher irradiance treatment and ~20kJ/m 2
in the lower irradiance treatment. For measures other than germination, however, all
prior studies reported equivalent behavior under the different irradiance treatments at a
given dose tested within each experiment (e.g., hyphal branching, spore production,
foliar severity) (Willocquet et al., 1996; Suthaparan et al., 2012; Suthaparan et al.,
2016b).

The inactivation of repair systems during dormancy has been hypothesized as the
cause for why UV dose reciprocity holds only for specific tissues of specific organisms
within tested dose ranges (Sommer et al., 1996). This hypothesis likely does not apply
to actively growing powdery mildew colonies, however. I speculate that the cause for
dose reciprocity breaking down at higher irradiances in E. necator spores is due to an
overwhelming of the repair system, including but not limited to photolyase, and/or a
quantity of photoproducts which cannot be removed before cell death occurs. Prior work
in the fungus Neurospora crassa found acute UV exposure (i.e., short duration, high
irradiance) resulted in more mutations in conidia, and specifically more multigenic gene
deletions (compared to point mutations), than chronic UV exposure (i.e., long duration,
low irradiance) at the same dose (Stadler & Macleod, 1984; Stadler et al., 1987).
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The absence of appressoria originating from long germination tubes in UV-C doses at or
above 100 J/m2 may be demonstrative of sub-lethal damage to the conidium, which
enabled these few spores exposed to UV with appressoria to appear viable. Suthaparan
et al. (2016a) described how germination rates for O. neolycopersici spores were higher
for the wavelengths between 250nm and 290nm when dark incubation lasted 48hrs
instead of 24hrs at a UV dose of 60 μmol/m2 delivered over 1 minute; Zahl et al. (1939)
also discussed slowed germination after UV exposure in A. niger, however in that study
larger amounts of UV were associated with longer germination times. Future
experiments should investigate the long-term survival of E. necator spores at 100 J/m2
or higher to determine whether this small number of spores is capable of growth and
spreading the disease further. If these spores cannot spread the infection, then the dose
required for disease suppression could be lower.

The current study has built upon past work to expand the range of tested dose and
irradiance levels for UV treatment in powdery mildews, specifically for germination,
colony expansion, and latency. While previous studies provided the first indication of UV
dose reciprocity breaking down at higher irradiances in a powdery mildew species
(Suthaparan et al., 2012), this study in comparison used much smaller doses (≤210
J/m2 vs >700 J/m2) to avoid any possibility of undiscovered phytotoxic effects.
Additionally, the irradiance values tested in the current study are an order of magnitude
larger than those tested previously due to the necessity of shortened exposure times in
field application. With the exception of S. cerevisiae (Sommer et al., 1996), E. necator
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conidia, behave in the same manner as other tested microorganisms where dose
reciprocity breaks down at higher irradiance values.

SECTION 2 MANAGEMENT IMPLICATIONS
The question of UV dose reciprocity has special relevance in the application of UV in
the field, due to the mobile nature of application. Infected plants can only be under a UV
apparatus for the length of time it requires to drive over it. This means higher doses of
UV or faster mobile UV unit speeds will require more UV bulbs (i.e., to increase
irradiance). If however, higher irradiance exposure is more effective at suppressing a
plant pathogen, then ultimately a lower dose is needed and mobile UV unit speeds can
be further increased.

Mobile UV units require significant design and engineering expertise, along with
calibrated measurements of UV irradiance and calculations of speed needed to achieve
an effective dose (Bierman et al., 2017; Gadoury et al., 2017). Three tractor-drawn UV
units have been constructed for the purposes of understanding efficacy of UV in the
field for several crops, and their use has been shown to produce strong suppression of
powdery mildew (Gadoury et al., 2017; Onofre et al., 2017; Onofre et al., 2018). Tractor
ground speeds in these field trials are currently in the lower to middle range of possible
speeds that could safely be used, though other crops and terrain may influence the
range of possible safe speeds that could be used by a grower (David Gadoury, personal
communication). From the perspective of growers considering UV management of
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pathogens, speed is of critical importance for adoption to be considered; a technology
must be practical and an improvement for growers over existing control strategies.

The observation that E. necator conidia are more sensitive to higher irradiance (at least
30 W/m2) is beneficial for the improvement of field units. With additional studies it should
be possible to determine a lower UV dose needed when supplied via high irradiance to
adequately control powdery mildew species. Lowering the dose should be approached
cautiously because at the tested UV irradiance in this study only conidia were affected.
A field of susceptible plants will likely have a range of developmental stages distributed
across the area, so UV treatments need to be designed to control enough of the
pathogen population to avoid economic harm. Alternatively, if the dose cannot be
lowered, using a higher irradiance at the same dose will provide growers more effective
control of the pathogen’s germination, while still allowing for some increase in the
ground speed of mobile UV units to maintain that same dose level.

Though this strategy is promising, the engineering and design requirements of the unit
for this setting are considerably more challenging than that required for controlled
agriculture, i.e., greenhouse, plastic tunnel production (Gadoury et al., 2017). Powdery
mildew are among the most routinely problematic and severe diseases in glasshouses
and plastic tunnel culture (Xiao et al., 2001; Burlakoti et al., 2013; Carisse et al., 2013;
Onofre et al., 2016, Onofre et al., 2017). This difference between powdery mildew under
protected culture versus the field has been attributed to changes in multiple
environmental conditions underneath plastic including the duration of leaf wetness,
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decreased light intensity, UV irradiance, changes in temperature, and to the spectral
distribution transmitted through these plastics (Jordan & Hunter, 1972; Elad 1997).
Manufactured plastics that allow the transmission of UV-B wavelengths have been
shown to decrease powdery mildew severity compared to traditional plastics (Onofre et
al., 2017; McCann, unpublished data). Farmers engaged in greenhouse production
should also be familiar with the installation of lamp fixtures for crop productivity, making
installation easier and adoption of UV more likely.

UV-based management in greenhouses has been implemented into two research
greenhouses at the Cornell University experiment station located in Geneva, NY, for the
control of powdery mildew. These systems were highly effective when applied up to 5
times per week along with secondary control measures (e.g., pruning, biocontrols,
horticultural oils, sulfur). At least one powdery mildew epidemic occurred in each
greenhouse in 2017-2018, but this was determined to be caused by the UV-B lamps not
turning on as programmed. Thus, current UV systems in research settings when left as
the only control strategy or applied late in the epidemic may fail to adequately manage
powdery mildew infection; however farmers are likely already engaged in a multifaceted
program to mitigate pathogen and pest damage more generally. Though it was not an
issue for these studies, consideration should also be given to the growing plant and its
changing distance from UV sources to avoid doses too low to suppress disease, or so
high that it causes damage to the plant (Aruppilai Suthaparan, Norwegian University of
Life Sciences, personal communication).
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The question of dose reciprocity may still be relevant in these stationary environments,
especially if robotic application units are used or UV lighting is attached to existing
mobile sprayers. (Suthaparan et al., 2016b; Stensvand et al., 2017). At present several
growers have taken these principles into action (Stensvand, 2018), and are reporting
success in pathogen control with UV systems. Preliminary reports also show UV
treatments are effective at controlling immature two-spotted spider mites and their eggs
(Johansen et al., 2017), leaving open the possibility that future interdisciplinary studies
could develop UV application schedules that manage multiple pathogens and pests
concurrently.

SECTION 3 UNKNOWN ECOLOGICAL CONSEQUENCES OF UV EXPOSURE
Reactions to this UV related work at annual conferences of the American
Phytopathological Society have included a focus on the unintended consequences of
UV exposure in agroecosystems, specifically on the infected plants and to the
phyllosphere. In Chapter 2 the evidence that UV exposure can cause damage to plants
was discussed and found to be minimal for many studies from the perspective of crop
productivity and yield. If phytotoxicity does occur, tests to split the dose into multiple test
periods may maintain pathogen control without causing further harm (Suthaparan et al.,
2016b). The possibility of greater sensitivity to higher irradiance by pathogens, may also
allow the total amount of UV needed to decrease.

As for organisms beyond the host and pathogen, UV-based pathogen management
could decrease off-target consequences and environmental risk. Unlike chemical
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fungicides, there is no lingering toxic compounds after UV exposure so re-entry by
farmworkers could occur immediately after exposure occurred. Additionally, the toxic
element of UV exposure is limited to the radiation originating from UV-bulbs, which can
be directed precisely and addressed the issue of spray drift. The development of an
effective UV-based tool could fit into an integrated pest management system that helps
to reduce the use of chemical fungicide to only those situations where it was deemed
absolutely necessary.

Plant microbiomes, composed of microbial communities in association with roots
(rhizosphere) and above ground plant parts (phyllosphere), are an emerging field of
plant science. Similar to how the human microbiome is described, some researchers
have characterized the plant microbiome as the plant’s “second genome” (Berg et al.,
2014). Currently the research has not reached the stage of large-scale community
manipulation for improved plant health. There are, however, a few examples that show
phyllosphere communities, especially fungal endophyte populations, are both highly
malleable by environmental stressors, including UV, (Kadivar et al., 2003; Gunasekara
& Paul, 2007; Jacobs & Sundin, 2001) and can impact the susceptibility of plants to
infection (Arnold et al., 2003; Johnson & Temple, 2013).

The current study maintains a focus on minimizing damage to the host, maximizing
damage to the fungal pathogen with UV exposure, and treating the environment as a
static space. Much like the burgeoning field of plant microbiomes, there is still much to
observe and understand about the efficacy of UV exposure for the purposes of
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pathogen control in crop production. At present concerns about disturbances to the
phyllosphere may be addressed by the re-incorporation of biocontrol agents onto plant
surfaces (Janisiewicz & Takeda, 2017). Future work should explore the interactions of
biological controls and existing phyllosphere community members under supplemental
UV exposure.

SECTION 4 EXPERIMENTAL LIMITATIONS
This research was limited by technical barriers, small treatment effects within a given
dose, large biological variation and initial experimental designs that did not account for
this variation. The initial UV sensor used for calculating UV irradiance became
uncalibrated midway through the first experiments, which did not affect the data
collection because the heights were kept constant, but it did preclude the testing of
additional levels outside this original range until a calibrated spectroradiometer could be
obtained. The original experimental apparatus while offering the potential for rapid data
collection across a range of doses was limited to small sample sizes per independent
experimental repeat (n=3), which proved problematic in the interpretation of data due to
the high variability between experimental repeats. This was resolved by testing single
doses (120 J/m2 or 210 J/m2) with sample sizes of 40 disks per experimental treatment.
Additionally, the shutter mechanism in this experimental apparatus limited the minimum
exposure duration possible for testing to approximately 4 seconds. A new shutter
mechanism has subsequently been built which reduced this time down to <1 second.
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Additionally, latency experiments should have reflected the biology of E. necator by
observing colonies once per day in the evening. E. necator sporulates once per
conidiophore per day, and while observations in the current work took place at the
predicted time of peak maturity of conidia (McCann et al., 2013) a more accurate sense
of conidiation could have been captured by waiting several hours after the expected
peak had occurred.

The phytotoxicity of the treatments used in this study are unknown in grapevine. This
was accommodated by looking to other studies for a lower range of UV doses needed
to suppress powdery mildew, and assuming field studies of other crops can be related
to grapevine. Future work should include measurements of phytotoxicity to accompany
any reports of successful pathogen suppression with UV.
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CHAPTER 6 CONCLUSION
SECTION 1 CALIBRATED UV-C DOSE IS A POTENTIAL TOOL AGAINST POWDERY
MILDEW
Erysiphe necator is a ubiquitous pathogen of grapevine found consistently across years,
varieties of grape, and geographic locations. Currently, grape growers rely heavily on
the use of fungicide sprays to minimize damage from this pathogen and maintain high
yields, but this places many fungicides at a greater risk of failure due to the evolution of
fungicide resistance by pathogens. There is a growing interest in the use of pre-harvest
protection with UV against pathogens, particularly wavelengths comprising UV-B and
UV-C. Dose reciprocity predicts that the total dose provided determines the
photochemical reaction, not the rate of energy or duration used to supply that dose.
Using E. necator as a case study, I evaluated the impact that a 100x difference in UV-C
irradiance would have on germination rates, colony expansion, and latency across a
range of doses that should avoid any phytotoxicity. Though dose reciprocity held for
colony expansion rates and latency, germination of E. necator was lower when UV was
supplied with 30 W/m2 compared to 0.3 W/m2 at a dose of 210 J/m2. Greater sensitivity
to UV when supplied at higher UV irradiance should inform the implementation of field
units and allow for faster ground speeds and less time to apply a treatment.
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APPENDIX
FUTURE EXPERIMENTS
Future investigations of the behavior of powdery mildew pathogens under a larger
number of irradiance values and a larger range of UV-C doses should attempt to
overcome the challenges described in Chapter 5 Section 4. This would require
experiments that allow for larger numbers of samples to be observed in a shorter
amount of time than required in the current study. Any investigations into latency in E.
necator should measure samples once at the end of the day, instead of at the expected
time for peak spore maturation; observations should occur once every 24 hours, rather
than 48hrs, to match the biological process of conidiation in this fungus.

Field trials in vineyards are needed to determine whether the comparisons made in this
work to other crops in regards to phytotoxicity and yield effects are appropriate. Based
on the finding that ~200 J/m2 strongly inhibited germination of E. necator conidia, this
dose could be applied in the field over a growing season. Onofre et al. (2018) reported a
level of disease suppression equivalent to fungicide treatments by UV-C mobile
application at a dose between ~90 and ~170 J/m 2 when applied twice weekly in infected
strawberry plants. This could serve as a starting point for connecting laboratory findings
of disease suppression to the more complex environment in the field, and allow yield
comparisons between chemical fungicide treated, UV treated, and untreated
grapevines. Also, the inclusion of at least two irradiance levels derived from the
maximum ground speed allowable for a mobile UV unit in a vineyard would provide
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information about the biological relevance of dose reciprocity breaking down for the
tested dose in regards to disease suppression.

Grapevines may also be affected by different levels of irradiance of supplemental UV,
but this was assumed in the current study to be negligible. Using the UV-C experimental
apparatus from the current study, potted grapevines could be evaluated for UV
sensitivity in terms of photosynthetic efficiency (e.g., Janisiewicz et al., 2016a; 2016b;
Suthaparan et al., 2012) across the dose range and irradiance levels used in this study.
Multiple cultivars (e.g. American vs European origin) should be used to evaluate
whether differences in UV sensitivity exist across cultivars (see: Teranishi et al., 2004).
Additionally, measurements should be taken at time points occurring 0, 24, and 48hrs
post-irradiation to observe whether short-term inhibition of photosynthesis occurs (see:
Darras et al., 2015), as well as over the course of several weeks (approximating the
length of tissue susceptibility in the field) to observe whether an inhibition of
photosynthesis occurs after chronic exposure (see: Oliveira et al., 2016).

Briefly mentioned above, E. necator colonies should be measured in terms other than
diameter expansion over time to capture the full effect of UV treatments. One possibility
would be to utilize imaging software to analyze how the density of colonies changes
over time. This could be accomplished either through the use of automated imaging,
such as those currently used in the USDA project “VitisGen2” (Cadle-Davidson,
unpublished data), and/or through the use of fluorescent dyes (e.g., fluorescein
diacetate [Moyer et al., 2010] and propidium iodide [Jones et al., 2016]) to illustrate the
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survival of fungal colony hyphae. The benefit of using automated imaging is the
potential to reduce the time required to make measurements over many more samples.
Alternatively, conducting experiments that count the number of conidia, among those
that have formed a germ tube, which exhibit hyphal branching (see: Suthaparan et al.,
2016a; 2016b) would be a more time-intensive path to determine whether the small
number of conidia that appeared to germinate at doses >40 J/m 2, are able to continue
on to reproduce, or are instead representative of delayed lethality. Additionally UV
doses at 210 J/m2 did not show consistent differences between exposed and nonexposed samples for either colony expansion or latency; future studies should test
doses greater than those included in this study (e.g. 250, 300, 400, 500 J/m 2) to find
where a consistent level of suppression is achieved in terms of colony density (as
described above) or latency.

In addition to greater experimentation and optimization of UV mobile application and
biological effects, outreach with growers about the possibility of using UV for disease
management should be considered. Several companies in Europe have already taken
up mobile UV systems in protected environments (see: Stensvand, 2018). In the US,
the research group collaborates with a large grower in Florida to test the efficacy of UV
treatments on strawberry. Surveys with growers should investigate a number of factors
including: (1) the level of understanding of UV as a tool in agriculture, (2) safety
concerns regarding its use for farm workers and consumers, (3) barriers to future
implementation (e.g., cost of application, physical/topological limitations, efficacy
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studies) across different crops and farm size. Ideally this work could assist in the design
of future mobile UV units to ensure the greatest utility possible for farmers.
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