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Abstract

The mite pathogenic fungi Neozygites floridana is an important natural enemy to the polyphagus
two-spotted spider mite Tetranychus urticae. In order to increase the efficacy of N. floridana in
conservational biological control, two experiments on how direct and indirect light (light:dark
ratio, intensity/quantity and quality) affects sporulation of N. floridana on cadavers from its nat-
ural host T. urticae were conducted. Controlled climatic chambers gave the same ambient condi-
tions of 20 °C and 70 % RH. Two light regimes were used and went as follows: 12 h HPS 150
umol m?s™ for both treatments, 4h of Red LED 50 pmol m?s™ for the red light treatment and
parallel 4 h of white HPS 50 pmol m?s™ for white light treatment. Both treatments had darkness
for the proceeding 8 h. Indirect light effect was studied by placing two strawberry plants with 90
N. floridana infected T. urticae on each plant in light emitting tunnels with a 24 h spore catcher
in each light treatment. The freshly killed cadavers were left to sporulate during the 8 days of the
experiment with the tape on the spore catcher changed every 24 h. The difference between N.
floridana spores discharged in red and white light treatment proved to be time dependent
(P=0.00). Spore discharge started during the hours of red light treatment and continued through
the dark hours while under white light spore discharge did not start until the dark hours. It is dif-
ficult to say if the total number of spores discharged was affected by the different light regimes
(P=0.00) as the total number of spores discharged in the white regime varied considerably be-
tween the tunnels. The effect of 24 h direct light exposure from the two light treatments on N.
floridana killed T. urticae cadavers mounted on a coverslip with grid was not significantly dif-
ferent (P=0.256). The total number of spores discharged varied considerably within each light
treatment, resulting in large standard deviations. As the results from the indirect light experiment
show, the prolonged sporulation under red light could increase the performance of N. floridana

in biological control of T. urticae populations.

Key words: Tetranychus urticae, Neozygites floridana, light quality, trophic interactions, straw-

berry, mite pathogenic fungi; biological control.
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Introduction

1 Introduction

Agriculture may be viewed as a large system consisting of components such as the environment,
economic and social structures that all interact (Gliessmann, 2004). Through farming, human-
kind transforms natural ecosystems into human constructed ecosystems (Sastrapradja, 1988). In
natural ecosystems, flow of energy, nutrients and internal regulations take place through the ex-
istence and interactions between species of plants, animals and micro-organism. Biodiversity in
ecosystems play an important role in keeping the ecosystem sound as it provides several ecologi-
cal services such as recycling of nutrients, natural regulations of plant and animal populations
and controlling the local microclimate (Altieri, 1999). To describe the sustainability of an agri-
cultural system the production system may be viewed as an agroecosystem. Humans are an im-
portant part of the agroecosystem as we alternate and manipulate the structure and function of

the natural ecosystem in order to establish agricultural production (Gliessmann, 2004).

A sustainable agroecosystem and applied agroecology is defined by Gliessmann (2004) and
Sastrapradja (1988) as ecological principles and concepts applied to an agricultural system. Nat-
ural feedback loops will interact in the production system and maintain the balance within the
fluctuating boundaries of the agroecosystem (Lewis et al., 1997). The ecology of the entire food
system with the interactions between ecology, economy and social dimensions are also part of
the same definition (Francis et al., 2003). Key indicators of agroecosystem sustainability (energy
flow, nutrient cycling and population regulating mechanisms) will only manifest themselves
once all of the system components are organized (Gliessmann, 2004). The persistence of an
agroecosystems is dependent upon maintenance of biological diversity (Altieri, 1999) which is
challenging as disturbance such as tillage and harvesting of crops will interfere with the system’s
successional development (Gliessmann, 2007). The principles for sustainable agriculture have
been supported and reinsured through the report from International Assessment of Agriculture,
Knowledge, Science and Technology for Development (IAASTD, 2009) and by the United Na-
tions Special Rapporteur De Schutter (2010).

In today’s industrialized agriculture much of the balance between the previously mentioned
components has been lost (Gliessmann, 2004) as the production of food is concentrated around a
limited number of species in large scale monocultures (Oerke & Dehne, 2004). Through the
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Green Revolution in the 20™ century ecosystems and biodiversity have been simplified into sys-
tems that constantly require human regulation and intervention with external inputs such as fossil
fuels, fertilizers and pesticides (Altieri, 1999; Gliessmann, 2004; Oerke & Dehne, 2004), making
the system vulnerable, sometimes unstable and often with negative impacts on the resource base
and the environment. The widespread use of pesticides has lead to an increase in food produc-
tion, but with consequences such as damage to human health, loss and disruption of biodiversity,
residue buildup in soil, contamination of rivers and lakes, bioaccumulation, resistance towards
the chemicals used and outbreaks of secondary pests (Gomiero et al., 2011; Pimentel et al., 1992;
Wilson & Tisdell, 2001).

A holistic view and sustainable resolutions on plant protection is needed as today’s intensified
short-term relief through spraying has not managed to reduce the amounts of crops lost by pests
throughout the years (Gliessmann, 2007; Lewis et al., 1997; Oerke & Dehne, 1997; Oerke &
Dehne, 2004). Despite the increased use of pesticides and higher yields of most crops, there has
been an increase of 4-10% in the annual amount of crops such as wheat, potatoes, barley and rice
lost to pathogens, animal pest and weeds since 1965 (Oerke & Dehne, 1997; Oerke & Dehne,
2004). Changing of diet preference towards more meat and milk products increases the pressure
for more intensified farming. To be able to provide enough food and feed for the increasing pop-
ulation pest management is a major prerequisite (Oerke & Dehne, 2004). Plant protection sys-
tems designed to promote multitrophic interactions that enforce more natural control of pests

populations (Lewis et al., 1997) is an alternative to today’s chemically based pesticide strategy.

An alternative strategy to pesticides is the use of biological control (or biocontrol) to regulate the
pest population. Biocontrol is defined by Eilenberg et al. (2001) as “the use of living organisms
to suppress the population density or impact of a specific pest organism, making it less abundant
or less damaging than it would otherwise be ”. Organisms used in biocontrol are natural enemies
of the pest and can be used in four different controlling strategies: 1) Classical biological control:
Control of an exotic pest. The biocontrol organism introduced is usually co-evolved with the
imported pest. Permanent establishment of the natural enemy will provide a long term, but not
always complete, control of the pest (Eilenberg et al., 2001; Pell et al., 2001). 2) A less perma-
nent effect is achieved through inoculation biological control. Low numbers of the natural enemy
is released, usually in the early production phase. The success of this approach is dependent on
the natural enemy’s ability to multiply after release, and thereby reducing the pest population, for

an extended period of time (e.g. one season) but not on a permanent basis (DeBach & Rosen,
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1991; Eilenberg et al., 2001; Pell et al., 2001). 3) In inundative biological control the pest control
is achieved exclusively through the (mass) release of the natural enemy, and not through its
progeny as in the inoculation biological control. Inundative biological control is a short term
biological control strategy (DeBach & Rosen, 1991; Eilenberg et al., 2001; Pell et al., 2001). 4)
Conservation biological control is obtained by modifying and manipulating the environment in
order to protect and enhance the already occurring natural enemies. Natural enemies are not re-
leased, but through protection and resource providing actions they are conserved and enhanced
in order to increase their controlling effect. Limited and selective use of pesticides are also in-
cluded in conservational biological practice (DeBach & Rosen, 1991; Eilenberg et al., 2001; Pell
etal., 2001).

The use of different biological control methods is an important part of Integrated Pest Manage-
ment (IPM). The Food and Agricultural Organization of the United Nations (FAO) defined in
1967 IPM as “a pest management system that in context of the associated environment and the
population dynamics of the pest species, utilizes all sustainable techniques and methods in as
compatible a manner as possible and maintains the pest populations at levels below those caus-
ing economic injury” (FAO, 1967). Dent (1995) later included the socioeconomic contexts of
farming systems as a part of the IPM definition. The general principles in IPM focuses on coping
with pests in agriculture through diverse actions such as knowledge of the plant and pest biology
and their interactions, frequent monitoring of the pest population, different measures keeping the
pest population below the economical threshold value. For pest control the use of non-chemical
methods such as biological control is preferred prior to the use of chemical pesticides (BiPRO,
2009; Hofsvang, 2010; Pell et al., 2001). The European Union (EU) has decided that all farms
must practice IPM by the 1% of January 2014 (BiPRO, 2009). Although IPM has been practiced
in Norway since 1960 (Hofsvang, 2010), the Norwegian government is now reinforcing IPM as a
part of the action plan towards reducing the risks associated with the use of pesticides in Norwe-
gian agriculture (Landbruks- og matdepartementet, 2009). In the Bioforsk project titled
“BERRYSYS —A system approach to biocontrol in organic and integrated strawberry produc-
tion” a holistic approach has been taken to study the interactions between several organisms at
several trophic levels in order to face the plant protection challenges in strawberry production.
Interactions between plants, plant pests and plant pathogens and their natural enemies have re-
sulted in an experimental approach based on conservation, inoculation and inundation biological

control.
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Strawberries are by far the largest berry production and the second largest horticulture product in
Norway (Statistisk sentralbyra, 2011). The season is short and intense, with a high economical
stake if the season fails. Strawberries are vulnerable to several pathogens, pest insects and mites
which stimulates a widespread use of pesticides. Out of all strawberry fields in Norway 94% are
sprayed with pesticides, out of this 81 % are sprayed with fungicides and 91 % with insecticides.
In general, there has been an increase over the years in the amount of land sprayed (Aarstad et
al., 2009). Pesticide residues were found both in Norwegian produced and imported strawberries
in 2010, but the amounts of residues did not exceed the maximum residual level (MRL) for pes-
ticides (Skretteberg et al., 2011).

An important pest of strawberries is the polyphagus two-spotted spidermite, Tetranychus urticae
(Acari: Tetranychidae). In hot and dry periods during the summer, the feeding of T. urticae re-
duces the plant’s rate of photosynthesis and transpiration, which again leads to reduced quality
and quantity of berries. Yield losses may reach 25 % especially after large infestation early in the
season, and severe infestation in one season can lead to low yields the following season (Cross et
al., 2001; Tomczyk & Kropczynska, 1985). The conventional way of controlling T. urticae is to
spray with chemical insecticides (Sato et al., 2007). It is challenging to control T. urticae by
spraying as they are located underneath the leaf surface, making it difficult to reach the target. T.
urticae has developed resistance against many chemical acaricides, and this makes it even more
challenging to control T. urticae populations (Cross et al., 2001; Sato et al., 2007; Wekesa et al.,
2011). Many acaricides are quite nonspecific and broad-ranging and hence they may kill insect
pests as well as their natural enemies (Kennedy & Smitley, 1988). Invasion of T. urticae is a
classic example of secondary pest outbreaks due to suppression of natural enemies from the use
acaricides to reduce the primary pest (Brandenburg & Kennedy, 1987; Klingen & Westrum,
2007; Prischmann et al., 2005).

The mite pathogenic fungus Neozygites floridana (Zygomycetes: Entomopthorales) is a natural
enemy of T. urticae and may cause epizootics in T. urticae populations, and hence reduce T.
urticae numbers to a level where the damages on the crop plants is unsubstantial (Kennedy &
Smitley, 1988; Oduor et al., 1996; Wekesa et al., 2011). N. floridana conidia are actively ejected
from N. floridana killed T. urticae cadavers to the surrounding environment and develop into the
infective capilliconidia (secondary conidia), ready to attach to new T. urticae host. Under favor-
able conditions, these conidia will form a germ tube and penetrate the hosts cuticle by enzymatic
and physical means (Nielsen, 2002). After entering T. urticae, N. floridana develops into hyphal

bodies and multiplies inside the host body through budding, causing physiological starvation.
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After killing T. urticae the fungus will penetrate through the cuticle and produce primary conidia
(spores) on conidiophores (spore bearing structures). A successful epizootic development of N.
floridana in a T. urticae population depends on important abiotic factors such as temperature,
relative humidity and light (Carner, 1976; Klingen & Westrum, 2007; Nielsen, 2002; Oduor et
al., 1996; Pell et al., 2001; Tanada & Kaya, 1993).

New knowledge on reduced efficacy of N. floridana if a crop is sprayed with certain fungicides
(Klingen & Westrum, 2007; Wekesa et al., 2008) must be taken into account when practicing
conservational biological control and integrated pest management. To obtain such knowledge is
important in order to succeed with biological control and integrated pest management. By bridg-
ing the gap between such knowledge and practice it might be possible to give the farmers the

right plant protection tools and information to choose the right actions at the right time.

In conservational biocontrol the production system is manipulated to favor the natural enemy of
the pest. In order to succeed with the conservation strategy it is important to understand the biol-
ogy and the interactions between the plant, the plants pest and the natural enemies of the pest to
know when to implement the most effective measures. One way of manipulating the system is to
control light quality, intensity and photoperiods. A previous study by Oduor et al. (1996) re-
vealed the importance of photoperiod on the production and release of N. floridana spores from
the natural host cassava green mite (Mononychellus tanajoa) mounted on slides. Castro et al.
(2010) also proved an effect of different photoperiods and light intensities on sporulation of N.
floridana killed T. urticae cadavers on slides. A few papers also present some studies on the ef-
fect of light quality on sporulation of Entomophthora spp from culture media plates (Callaghan,
1969; Ege, 1965; Wilding, 1970). A recent study with the plant pathogenic fungus Podosphaera
pannosa demonstrates a decrease in conidia release of under 18 h white light and 6 h red light
(575-675 nm) compared to 18 h white light and 6 h darkness. Also a brief illumination of 1 h of
red light during the dark period in 18 h white light and 6 h darkness regime showed a reduction
of released conidia. The study was conducted on whole rose plants (Rosa x hybrida) in a wind
tunnel (Suthaparan et al., 2010b). To our knowledge, no studies on the effects of light quality on
the sporulation biology of N. floridana from T. urticae cadavers have been conducted, however.
The aim of this study was therefore to gather information on how light quality affects the
sporulation of N. floridana from its natural host T. urticae. This was done by exposing 1) Whole
strawberry plants with N. floridana inoculated T. urticae and 2) N. floridana killed T. urticae

cadavers on cover slips to different light regimes.



Materials and Methods

2 Materials and Methods

2.1 T. urticae stock culture

T. urticae were kept on bean plants, Phaseolus vulgaris L (Masai), in a plexiglass cage in a cul-
ture room at 21 °C, 60% RH, and L18:D6. The plants were watered twice a week. Old and weak

plants were replaced when needed.

2.2 N. floridana isolate

The N. floridana isolate ESALQ 1420 used in these experiments was collected from its natural
host T. urticae on Jack bean, Canavalia ensifromis, in Piracicaba, Sao Paulo, Brazil (22°42' 30"
S, 47° 38' 00" W, Altitude: 546 m).

2.3 Cadaver production

N. floridana killed T. urticae cadavers were produced as follows: Leaf discs (1,8 cm in diameter)
from P. vulgaris, were placed with the underside up on 1,5% water agar in a Petri dish (5 cm in
diameter and 2 cm high). Three N. floridana killed T. urticae cadavers were placed with their
dorsal side up on a leaf nerve on the leaf disc. Petri dishes with cadavers on leaf disks were then
placed in a plastic box (22x16x7 cm) covered with aluminum foil for darkness, and incubated at
20 °C, 90% RH and L18:D6 for 24 h. Cadavers were checked for good sporulation and produc-
tion of capilla conidia after 24 h of incubation. If the development of capilla conidia was poor,
the samples were incubated for another 24 h. After satisfying development of capilla conidia was
observed, 30 T. urticae healthy females were placed on each leaf disc with cadavers, by the use
of a paint brush, for N. floridana infection. Water was added to the water agar surrounding the
leaf disk in the Petri dish to prevent the mites from leaving the leaf disk. T. urticae were then
incubated for 24 h under the same conditions as described above. Leaf discs with N. floridana
inoculated T. urticae were collected after 24 h and placed on fresh bean plants. The mites then
walked of the leaf disc and onto the fresh bean plant and stayed there until they died and mum-

mified. Pods and tendrils were removed to prevent the plant from dangling and the T. urticae
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from crawling of. Leaves that overlapped or grew close together were also cut off to ensure a
drier microclimate preventing the newly mummified cadavers from sporulating. Plants with N.
floridana inoculated T. urticae were kept under ambient laboratory conditions at 22-25 °C, RH
20-30 % and 24 h light. Dry, non-sporulating cadavers produced on the plant were collected after
7-10 days and kept in small, unbleached cotton cloth placed in 1,8 ml NUNC Cryo Tube™ vials
and stored in the fridge at 5 °C until used in the experiment. The procedure was repeated until the

amount of needed cadavers was produced.

2.4 Production of strawberry plants used in the experiment

The plants used in the experiment were two month old Fragaria x ananassa (Korona) grown
from runners at 24 °C, 60% RH day and 70% RH night and L16:D8 and 130 pmol m?s™. The
plants were fertilized with Yara NPK 11-5-18 mikro mixed in water to reach electrical conduc-
tivity (EC) of 1,9 ds m™. The fertilizer solution was given when needed.

2.5 Experimental setup

2.5.1 Number of spores discharged from cadavers on whole plants

To reveal whether sporulation of N. floridana from T. urticae cadavers on a whole strawberry
plant is affected by light quality during a 24 h cycle, a plant in tunnel experimental method was
used (Figure 1). The method was previously developed for experiments with plant pathogenic
fungi by Suthaparan et al. (2010a).



Materials and Methods
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Figure 1. Schematic illustration of the wind tunnel used in the experiment. (a) An electric wind fan with
manually adjustable speed control (b) Synthetic filter (c) Overflow orifice (29 mm in diameter) (d) Noz-
zle orifice, 27 by 2 mm (e) Rotating plastic bottle fixed to an electrical timer, 24 hr rotations (f) Melinex
microscope tape. (Suthaparan et al., 2010a)

The middle section of the tunnels was made out of a light transmitting Plexiglas tube (main tube:
500 mm in length, 250 mm in diameter, approximately 3 mm thick). Each end of the tunnel end-
ed in a funnel. A small electric fan, running at 9 V speed (Enermax UC-8FAB, China, manually
adjustable), was attached to one of the funnels. The intake air was drawn through a 2 cm thick
synthetic filter (FILTRAIR; Peregrine Industries Pvt. Ltd, Australia) to ensure cleaned air flow.
The opposite funnel had a small opening (27 by 2 mm), letting material blown by the fan to pass
through the tunnel and through the opening. Close to the opening a spore trap was placed on a 24
h rotating timer. Each spore traps consisted of Melinex microscope tape, 345 mm, fitted around 1
Y liter bottles. A solution of 9 gr clear vaselin, 1 gr fluid paraffin and 100 ml of Toulen was
heated in warm water and “painted” onto the tape with a paint brush. The Toulen solution en-
sured the spores would stick to the tape and be conserved until counting. In the center of each
tunnel, two pots of strawberry plants were placed with a distance of 10 cm (Figure 2). The plants

were thoroughly watered before the tunnels were sealed with duct tape.
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Figure 2. Tunnel with plants with N. floridana inoculated T. urticae and a spore trap.

Three leaf discs with 30 N. floridana inoculated T. urticae were placed on each of the two plants
in the tunnel giving 90 N. floridana inoculated T. urticae on each plant. The fan operated from
the second day of the experiment (third day of the N. floridana inoculation period), enabling

mites to settle on the plant and minimizing the chance off mites getting blown of the plant.

The tunnels were placed in climatic chambers at different light quality regimes, at the Center for
Plant Research in Controlled Climate (SKP), at the Norwegian University of Life Sciences, As.
See Table 1 for light, temperature and RH settings in the different treatments. In both treatments,
plants with N. floridana inoculated T. urticae were exposed to 8 h of darkness and 12 h of High
Pressure Sodium (HPS) light (MASTER SON-T Agro, Watt: 400W ). Treatment one was treated
with an additional 4 h of red light (598-671 nm) from two light emitting diodes (LED) (Producer
unknown, 162 W), while treatment two was kept as a control with low intensity HPS (MASTER
SON-T Agro, 400W) in the corresponding 4 hours. All light settings were measured with a
Quantum/Radiometer/Photometer (LI-COR. Model LI-250 Light Meter. Serial no. LMA-301,
U.S.A). The red light ratio inside the tunnel at plant height above and below the leaf surface of
the strawberry plants during the red light treatment was measured by using SKYE Instruments,
660/730 Sensor.
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Table 1. Average light intensity, temperature, RH and Red light ratio in the two treatments.

Hours Treatment 1: Red light treatment | Treatment 2: White light treatment

07:00-19:00 (12 h) | HPS 141,1 + 9,2umol m*s™ HPS 148,2 + 3,4 umol m*s™

19:00-23:00 (4 h) | Red LED 51,4 +2,9 umol m?s® | HPS 54,4 + 3,5 umol m*s™

23:00-07:00 (8 h) Darkness Darkness
Temperature °C 20,06 + 1,12 20,06 £ 1,12
RH % 70,34 +4,6 70,89 £ 3,87
Red light ratio 32:1,4+0,3 pmol m?s™

(above and below
strawberry leaf)

Every 24 h, at 18:00, the spore traps were changed in all four tunnels. The tape on each bottle
was removed, placed in plastic boxes and stored in a fridge at 5 °C until counting of spores. The
experiment was repeated 3 times. In the first repetition, cadavers stored in the freezer for up to
11 months were used, and in the next two repetitions freshly produced cadavers stored for two
days in the fridge were used.

2.5.2  Number of spores discharged from cadaver on microscope slides

To study whether cadavers exposed directly to the different light quality regimes mentioned
above were affected, the number of N. floridana spores discharges from mummified cadavers
were measured. This was done by placing a cadaver with the dorsal side up on the center (M9-
Ma and N9-Na) of a coverslip with grids (18x18 mm and a total of 520 squares: Photo-Etched
Coverslip, Electron Microscopy Science) as described by Nilsen (2007). Cadavers on slides were
then placed in a plastic box (22x16x7 cm) with moist filter paper and covered with a lid to en-
sure 100 % RH for sporulation (Figure 3). The cadavers mounted on slides were all given the
same climatic conditions and light treatments as given for the tunnel experiment. The experiment
was repeated with 19 cadavers for each light quality regime. In the first repetition, cadavers
stored in the freezer were used, and in the next two repetitions freshly produced cadavers stored

for a short time in the fridge were used.
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Filterpaper Spider mite

Figure 3. T. urticae cadaver with the dorsal side up mounted on a slide for sporulation in plastic box.
Figure from (Nilsen, 2007).

2.6 Data registration

2.6.1 Counting spores from cadavers on whole plant experiment

The Melinex tape from the tunnel experiment was cut into six equal 4.9 cm pieces representing
four hours on each piece of the 24 h cycle. Each piece of tape was held in placed by a drop of
glyserol on the microscope slides. Two drops of staining solution consisting of 0,075% Cotton
Blue in 50% lactic acid were added on top of each piece of tape. A cover slip was then placed on
top of this. The stained spores were counted under a phase contrast microscope (100 X) by mov-
ing the slide vertically for 2 mm (representing 10 min) in each reading, resulting in a total of 144

readings per day.

2.6.2 Counting spores from cadaver on slide experiment

To minimize the risk of spores drying up, counting of spores from the cadavers sporulating on
slides was done continuously as the experiment was running. Numbers of spores in each of the

520 squares was counted under a phase contrast microscope (100X). The development stages of
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the spores were registered either as primary conidia, germinating conidia or secondary conidia
(capilla conidia).

2.7 Statistic analysis

2.7.1 Number of spores from cadaver on whole plant experiment

A statistical analysis was done in order to test whether different light quality had an effect on the
total amount of spores discharged within each light regime. The total amount of spores dis-
charged each day under each light treatment were added up and converted to their natural loga-
rithmic equivalents. A General Regression Model (P < 0.05) was fitted (Minitab Inc, 2010). In
the same procedure it was also tested whether the time aspect of when the discharge happened
was a response to the different light treatments. Data from the red light treatment day one was
left out of the analysis due to high Cook’s distance numbers, making the influence of this one

observation disproportionate compared to the rest of the data material (Appendix I).

2.7.2 Number of spores form cadaver on slide experiment

To compare the total number of spores discharged from each cadaver on slides under different
light regimes an ANOVA General Linear Model (GLM) (P < 0.05) was used (Minitab Inc,
2010). The light treatment was the factor, while the amount of spores was set as the response.
The categories of the conidial development were pooled to obtain a total number of conidia dis-
charged. Slides with few spores discharged due to poor biological material were marked *. These
observations were left out of the statistical test, a total of four observations from each light
treatment, to avoid unnecessary noise of the data compared.
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3 Results

3.1 Number of spores discharged from cadavers on whole plants

Results from the experiment with cadavers on whole plants revealed that light quality had an
effect on the discharge pattern of N. floridana spores ejected from T. urticae cadavers. Cadavers
on plants in the red light treatment discharged high numbers of spores over a longer period of
time (6 days) than cadavers on plants in the white light treatment. Cadavers on plants in the red
light treatment started to discharge spores at day 3 and ended at day 8. Cadavers on plants in the
white light treatment discharged high numbers of spores over a shorter period of time (4 days),
starting at day 2 and almost ending at day 5 (Figure 4). When the total number of spores dis-
charged throughout the experiment is broken down to hourly discharge per day a clear difference
in discharge pattern between the two different light treatments was seen (Figure 5 a-h). Spores
discharged within the same light treatment follows the same discharge pattern but the pattern
varies between the different light treatments. The general pattern for sporulation in the red light
treatment starts at 21:00, two hours after the red light treatment is induced and ends at 06:00, one
hour before the full light is introduced. The spore discharge peak is mainly reached within the
red light hours (19:00-23:00). The general trend for sporulation under the white light treatment
shows that spores are discharged only in the dark hours of the experiment (23:00-07:00). The
peak is reached within the dark hours and with a sharp drop in discharge when full light is turned
on (07:00), or an hour after it is turned on (08:00). Tunnel White 3 at Day 4 differ radically from
the sporulation patter described above, however, by having two peaks and spores being dis-
charged after commence of full light. For both light treatments there seems to be a general de-
cline in discharge the last hours of the dark period, reaching a low discharge rate before 07:00
and then it completely stops by the start of full light (Appendix II).

Results from the experiment also showed that light quality had a significant effect on the total
amount of N. floridana spores discharged from T. urticae cadavers (P = 0.00). Cadavers under
red light treatment discharged a higher total number of more spores (49306) compared to the
white light treatment (34010). The total number of spores discharged in the white light regime
varied considerably between tunnels, however. Further, the difference between the spores dis-

charged in red and white light treatment was time dependent (P = 0.00).
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Figure 4. Neozygites floridana daily spore discharge from N. floridana killed Tetranychus urticae cadavers on strawberry plants exposed to two dif-

ferent light treatments (red and white as described in Table 1)
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Figure 5 a-h. Neozygites floridana hourly spore discharge from N. floridana killed Tetranychus urticae cadavers on bean plants exposed to two different
light treatments (red and white as described in Table 1). Note the varying y-axis values.
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3.2 Numbers of spores discharged from cadavers on slides

There was no significant difference (P = 0.256) between the total amount of spores discharged
when sporulating cadavers on a slide were directly exposed to the different light treatments
(Table 2). The total number of spores varied considerably within each treatment, however,
resulting in large standard deviations. The highest and lowest number of spores discharged under
red light treatment was 6695 and 854, and under the white light treatment it was 7135 and 1617
(Appendix I11).

Table 2. Mean numbers of Neozygites floridana spores discharged from N. floridana killed Tetranychus
urticae cadavers exposed on slides directly to the different light treatments (red and white as described in
Table 1). n=15.

Light Treatment | Number of spores (xStDev)?

1: Red light 3240 (£ 2262)°

2 White light 4073 (% 1623)°

*Same letters in column denotes no significant differences (P<0.05) using ANOVA GLM.
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4 Discussion

4.1 Number of spores discharged from cadavers on whole plants

No studies have, to my knowledge, previously been conducted on the effect of light (light:dark
ratio, intensity/quantity or quality) on hourly and daily spore discharge of entomophthoralean
fungi on a natural host in whole plant experiments under controlled climatic conditions. The use
of tunnels with spore traps that catches spores released from N. floridana killed T. urticae cadav-
ers on whole strawberry plants on an hourly basis is therefore a novel method and gives us new
and interesting information. Our results showed that the red light treatment resulted in prolonged
sporulation both in hours and days compared to the white light treatment. Red light seemed to
stimulate sporulation within the red light hours and throughout the dark period, while in the
white light treatment the spore discharge only starts in the dark period. Previous studies on the
effect of the light:dark ratio and light intensity on sporulation of N. floridana from natural host
cadaver show a higher sporulation in complete darkness and in 12 h:12 h light:dark regime com-
pared to continuous light (Castro et al., 2010; Oduor et al., 1996). Castro et al. (2010) also
showed no effect of the photoperiod (12 and 24 h) on spore discharge under dim light conditions
(40 pmol m2s™). This supports my findings which show that spores are being discharged almost
only during the reduced light intensity period between 19:00 and 23:00 (Red LED 51,4 umol m™
s and White HPS 54,4 pmol m?s™) and during the dark period between 23:00-07:00 for both
the red and the white light treatments.

Older studies on the effects of light on sporulation by different entomophthoralean fungi have
given variable responses, however (Callaghan, 1969; Ege, 1965; Wilding, 1971). Also
Entomophthora thaxteriana (syn Entomophthora obscura) spores discharged from its natural
host pea aphid (Acyrthosiphon pisium) pr hour is much higer (2X) under continuous light for 48
h under 1250 Lux (corresponding to 17 pmol ms™) compared to complete darkness. Lux has
been converted to pumol ms™ by multiplying the Lux with the conversion factor for Cool White
Fluorescent Lamps: 0.0135 (Apogee Instruments). Even though the total number of spores dis-
charged under dark conditions was much lower compared to light conditions, the maximum dis-
charge was maintained for 10 h while in the light treatment the maximum discharge soon de-
clined after reaching its peak (Wilding, 1971). The effect of alternating photoperiods 12 h
light:12 h dark for 48 h on the rate of spores discharged from E. thaxteriana under the same light

intensity was also tested. Results show an increase in spore discharge 2 h after the admission of
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light and the discharge lasted throughout the light period. In the preceding dark hours, the
amount of spores discharged decreased by half 2 h after the exclusion of light. What Wilding call
light in the experiments is of much lower intensity compared to what is called dimmed light in
Castro et al. (2010) and my experiments, and could possibly support the results of sporulation
during the reduced light hours and in the dark. Ege (1965) show that Conidiobolus coronatus
(syn. Entomophthora coronata), Conidiobolus obscures (syn. Entomophthora virulent) and one
other Entomophthora species (presumably Entomophthora planchoniana) grown on Pepton-
Glucose-Agar discharges up to 10 times as many conidia in light than in dark when directly ex-
posed to a light source of 6500 Lux (87 umol m?s™) for 60 h. In darkness the lowest number of
spores was produced for all three species. Callaghan (1969) tested spore discharge from Petri
dish cultures of C. coronatus (syn: E. coronata) and the frog pathogen Basidiobolus ranarum in
light (1350 Lux = 18 pmol m?s™*and 1700 Lux = 23 pmol m?s™, respectively) and in complete
darkness for seven days. C. coronatus produced a higher amount of spores under light condi-
tions. The results from Ege and Callaghan’s studies could indicate that these entomophthoralean
species throw spores under other conditions than N. floridana. The low light intensities, direct
and continuous light exposure over a long period of time, makes our results, however, difficult to
compare. Also, the light quality used is not known and hence it could be a light source with a lot
of red light in it that might induce spore discharge. For conidia discharge in B. ranarum light had
a more marked effect compared to C. coronatus, with the vast majority of spores discharged un-
der light conditions. Callaghan also showed periodicity of spore discharge when cultures of C.
coronatus and B. ranarum got exposed to alternating 12:12 h of light (900 Lux = 12 umol m™s’
1) and darkness over 8-10 days. Spore discharge was increased for both cultures during the light

exposure hours and declined during the dark periods.

My study also shows that the spore discharge peak is mainly reached within the red light hours
(19:00-23:00) and that a sharp drop in conidial release follows when the full light is turned on at
07:00. Ege (1965) also showed that different light qualities might result in different amounts of
spores discharged from different species within the order Entomophthorales. In red light treat-
ment (580-720 nm, 1000 Lux = 13.5 pmol m™?s™) C. coronatus produced the largest amount of
spores (dry weight in mg) compared to the orange, green and blue light treatments, while the two
other cultures produced the lowest amount of spores in red light treatment. C. coronatus and E.
planchoniana produced equal amount of spores in orange (530-670 nm, 3800 Lux = 51.3 pumol
m™s™) and green (525 nm, 700 Lux = 9.45 umol m*s™) light, while more spores were produced
in blue light (700 nm, 700 Lux = 9.45 pmol m™s™). Experiments conducted by Callaghan (1969)
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also demonstrate an equally low response in spore discharge from B. ranarum under red light
(630 nm) and darkness, compared to blue (440 nm and 480 nm) and green (540 nm) light, all
intensities sett to 100 Lux (1.4 pmol m?s™). The light intensities used in the in Ege and Calla-
ghan’s studies are again much lower compared to the intensity of the dimmed light (red and
white) used in the tunnel experiment. The expectance is the intensity of the orange light in Ege’s
study, which can be compared to the intensity used for the dimmed light hours. Some of the in-
tensities almost resemble darkness, making the interesting results also here difficult to compare
to the results obtained from the tunnel experiment. Even if the intensities used in Ege and Calla-
ghan’s studies varied within and between the experiments, their findings showed how different
light qualities affect spore production and discharge of different Entomophthorales. This could
also be true for N. floridana and further studies on the effect of different light quality will reveal

new information which might expand the use of N. floridana in biological control.

Even though a very variable total amount of spores are produced in the different tunnels in the
white light treatment, the prolonged spore discharge period for red light (6 Days) compared to
white light (4 Days) might lead to a higher sporulation. During dusk and dawn you find a higher
rate of red light (Corfidi, 2012) and based on my findings it might be suggested that sporulation
might increase in environments where N. floridana indirectly, through the plant and its host (T.
urticae), is exposed to red light conditions. My results from the dimmed light period (51,4 = 2,9
umol m?2s™) in the red light treatment indicates that sporulation may occur in the dim evening
and morning hours in the tropics and during the dim summer nights in temperate regions.
Wilding (1970) propose that together with humid air, the influence of light at sunrise resulted in
a peak in five different Entomophthora spp spores caught in spore traps at 06:00 hr in a park in
Berkshire, UK. | therefore suggest that in glasshouse productions the addition of red light might
increase and prolong the sporulation of N. floridana and hence increase the efficacy of N.

floridana as a control agent against T. urticae.

T. urticae live and feed on the underside of the leaf due to sensitivity against UV light (Sakai &
Osakabe, 2010; Suzuki et al., 2009; Tomczyk & Kropczynska, 1985) and the sporulating cadav-
ers are observed in the same location. Underneath the leave’s surface virtually none of the red
light emitted from the LED lamps will have a direct exposure effect on the living T. urticae nor
the cadavers (see Table 1 for comparison between red light intensity emitted above and below
strawberry leaf surface) since the leaf will absorb the red waves through the photoreceptors and

phytochromes Pr and Pfr located on the surface (Hopkins & Huner, 2009). Plants are affected by
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different light intensities, qualities and durations and this may alter the plant in many ways
(Sonsteby & Heide, 2006; Verheul et al., 2006; Verheul et al., 2007). Further, it is known that
plants directly or indirectly (through the insect/mite host) affect fungal entomopathogens (Cory
& Ericsson, 2010; Hajek & Stleger, 1994). Wekesa et al. (2011) showed that strawberry and jack
beans resulted in an increased conidia production and an overall greater performance of N.

floridana compared to other T. urticae host plants such as cotton and Gerbera.

Herbivore-induced plant volatiles (HIPV) are released from attacked plants in order to draw
predators and/or parasitoids to the pest. It is proved that when strawberries are fed upon by T.
urticae HIPV are released in order to attract the predatory mite Phytoseiulus macropilis (Fadini
et al., 2010). A few recent studies have tried to locate a connection between HIPV and sporula-
tion of Neozygites from host cadavers. Hountondji et al. (2005) suggest that plant volatiles sup-
press germination of N. tanajoae in the absence of the herbivore mite Mononychellus tanajoa.
As mites started to feed on the cassava plant, plant volatiles emitted from herbivory triggered
sporulation from previous developed cadavers. It is proposed that cadavers may adsorb the in-
creased emitted volatiles and thereby induced the release of N. tanajoae conidia (Hountond;ji et
al., 2006).

For sporulation of N. floridana from T. urticae cadavers the abiotic conditions of RH >90% and
temperatures of 15-26°C must be present, where RH is a more important factor than temperature
(Carner, 1976; Kennedy & Smitley, 1988; Oduor et al., 1996; Smitley et al., 1986). Due to the
prolonged sporulation under red light treatment it is tempting to propose that red light can have a
physiological effect on the plant that alters the abiotic factors in the plants microclimate, making
the conditions optimal for sporulation. Studies have shown how red light can reset the circadian
rhythm in plants (Sonsteby, pers. comm., 2012) which might have influenced the time of spore

discharge in the red light treatment.

4.2 Numbers of spores discharged from cadavers on slide

In this study direct exposure of cadavers on slides to the different light regimes (red and white)
did not have an effect on the total amount of spores discharged. It would have been interesting,
however, to study whether the effect of direct light exposure from the different light regimes also
resulted in hourly difference in spore discharge during a 24 h cycle as shown for the whole plant

experiment. As there are no data for hourly discharge in the slide experiment the results on
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light:dark ratio for N. floridana sporulation from the previously mentioned Castro et al. (2010)

and Oduor et al. (1996) should also be considered here.

4.3 Outlook

The aim of this study was to gather new knowledge on the response of N. floridana to different
light quality regimes for the potential use of N. floridana as a biocontrol agent against T. urticae.
With the increased focus on IPM and the negative non-target effects of pesticides biocontrol is
an interesting alternative pest control strategy in agricultural production systems. Regardless of
the positive and sustainable approach of using biological control, in order for farmers to use bio-
logical control strategies to control pest populations, the cost and effect from the use must be
equal or better than the (short-term) benefits from using insecticides. Biological control has
proven to be effective in Norwegian glass house vegetable production as over 67 % of all pro-
ducers use biological control to control pests (Statistisk sentralbyra, 2010). As previously men-
tioned, T. urticae quickly develop resistance towards insecticides. The potential for resistance
development should be kept in mind even when controlling insect pest population through the
use of biocontrol. How likely for this issue to occur is not certain as the pathogenic fungi and the
herbivore will continue their co-evolution, adapting to each other through time.

It is important to reflect around the question “Why has T. urticae become a pest?” when trying to
solve the pest problem. Have we pushed the genetics of strawberries and the production system
too far that it backfires with high infestation rate of pests? Monoculture production systems with
widespread use of chemical pesticides will increase pest invasions as the limited biodiversity
will not favor natural enemies to regulate the pest populations (Brandenburg & Kennedy, 1987;
Klingen & Westrum, 2007; Prischmann et al., 2005). By implementing different biocontrol strat-
egies to manage T. urticae population in monoculture productions we only prolong the unsus-
tainable production system through patching up punctures in a system with holes. Maybe a rede-
sign of the production methods, making it less dependent on chemical inputs, should have a
stronger focus and not just methods to fix the wrong. A redesign will have its cost as there are
biological and ecological restrictions on how far a system can be changed and still be able to
produce strawberries to an affordable price. Have we gotten used to too cheap strawberries at the

cost of produce quality with pesticide residues and negative effects on the biological system?
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5 Conclusion

The two experiments in controlled climatic chambers revealed new knowledge on the response
of N. floridana to different light quality regimes. In the whole plant experiment N. floridana
showed a prolonged sporulation from its host T. urticae both in hours and days under red light
treatment. White light treatment sporulation started only during the hours of darkness, which
corresponds to previous findings. Direct light exposure in the slide experiment showed no differ-
ence in the total amount of spores discharged between the two light regimes. The results from
these studies strengthen the theory that red light affects N. floridana sporulation indirectly
through multitrophic interactions between the plant (strawberry), the herbivore (T. urticae) and
the beneficial fungus (N. floridana). To reveal the mechanisms involved further studies are
needed. If red light increases N. floridana performance, adding N. floridana and red light to con-

trol T. urticae in glasshouses might be an idea.
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7 Appendix

Appendix I: Fitted General Regression Model with and without the observed data from the red tunnels day

one.

Appendix Il: Number of Neozygites floridana spores discharged from N. floridana killed Tetranychus

urticae cadavers on whole plants under the different light treatments.

Appendix 111: Numbers of Neozygites floridana spores discharged from N. floridana killed Tetranychus

urticae cadavers on slides under the different light treatments.
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Appendix |

Fitted General Regression Model with and without the observed data from the red tunnels day one.

Scatterplot with fitted models: with and without Red tunnel Day 1
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Bold lines: amount of spores discharged from Red and White tunnel every day.
Thin solid line: fitted model for Red and White tunnels without Red tunnel Day 1.

Dotted line: fitted model for Red and White tunnels with Red tunnel Day 1.
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Appendix 11

Number of Neozygites floridana spores discharged from N. floridana killed Tetranychus urticae cadavers on whole plants under the different
light treatments (white and red as described in Table 1)

HPS 150 pmol m2s | Red/White 50 pmol m?s™ Darkness HPS 150 pmol m?s™

Hours 18 19 | 20 | 21| 22 | 23] 00 | 01 |02 03 | 04|05 | 06| 07 |08 ]oo] 10 |12]12]13]14] 15 |16] 17 | Tota
Day 1

R1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0
R2 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 O 0 0 0 0 0 0 0 O 0
R3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0
w1 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 O 0 0 0 0 0 0 0 O 0
W2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0
W3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0
Day 2

R1 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 O 0 0 0 0 0 0 0 O 0
R2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0
R3 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 O 0 0 0 0 0 0 0 O 0
w1 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 O 0 0 0 0 0 0 0 O 0
W2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0
W3 0 0 0 0 0 0 1 23 36 41 19 36 26| O 0 O 0 0 0 0 0 0 0 O 182
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Day 3
RL 0|0 O 0 0 0 0 0 0 0 5 9 1 4 4 1 0 0 0O 0 0 4 0 O 28
R2 0|0 O 0 0 3 76 327 263 148 155 29 0 0 0 0 0 0 0 0 0 0 0 O 1001
R3 0|0 O 0 4 6 1 0 6 31 11 0 0 1 2 0 0 0 0 0 0 0 0 O 62
wi 0|0 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0
w2 0|0 0 O 10 187 320 360 555 377 142 347 586 | 800 351 52 0 0 0 0 1 0o 3 1 4092
w3 0|0 0 O 1 43 192 811 660 2042 2085 2854 2411 | 1152 196 0 0 2 0 0 9 17 6 2| 12483
Day 4
RL 0|0 O 0 0 8 43 13 0 13 19 7 9 0 0 0 0 0 0 0 0 0 O 112
R2 0|1 0 13 1187 | 2201 2708 1902 998 1077 770 197 44 0 0 0 0 0 0 0 O O 0] 11104
R3 212 7 156 78 27 40 84 172 251 174 74 51 28 1 0 0 0 0 0 2 0 0 O 1149
wi 0|0 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0
w2 0|0 0 3 117 97 53 2 13 3 0 0 6 4 0 0 0 0 0 0 0 0 0 O 330
W3 0|0 O 1 0 0 0 0 93 941 2193 983 | 1910 1721 1167 672 417 38 37 3 27 14 0| 10217
Day 5
RIL 0|0 O 0 3 18 42 65 3 3 0 36 32 4 8 0 0 0 0 0 0 0 0 O 214
R2 0| 0 21 281 2756|3999 3321 3255 3031 2229 2158 1371 190 48 10 0 0 0 0 0 0 0O 0 0] 22670
R3 0|18 67 263 923 | 559 804 993 67 114 551 403 335 50 8 0 0 0 0 0 0 0 0 O 5155
wi 0|0 0 O 0 0 0 0 0 0 0 0 0 0 0 0 5 5 5 0 6 1 O 22
w2 0|0 O 9 13 5 18 57 43 38 13 7 11 4 0 0 0 0 0 0 0 0 O 225
W3 0|5 4 12 20 176 276 373 712 631 503 690 599 60 3 0 0 0 0 0 0 0 0 O 4064
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Appendix 11

Numbers of Neozygites floridana spores discharged from N. floridana killed Tetranychus urticae cadav-
ers on slides under the different light treatments (white and red as described in Table 1)

Total number of spores discharged pr cadaver
Mite no | 1: Red light treatment | 2: White light treatment

1 * 4649
2 6350 5604
3 6375 7135
4 6695 5804
5 7215 *

6 * 2630
7 1596 3233
8 3762 *

9 1328 1617
10 2281 3803
11 3007 4408
12 1411 5812
13 1311 3964
14 1680 *

15 854 4843
16 * *

17 2581 1913
18 * 1974
19 2153 3711

* indicates poor sporulation and is not included in the statistical analysis.
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