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Abstract

Diamondback moth, Plutella xylostella Linnaeus (Lepidoptera: Plutellidae) is a globally distributed pest on brassicaceous crops. This study aimed to follow up with
aspects of earlier research, mainly to revisit the potential for overwintering of diamondback moth in the Ottawa area, to investigate present day population dynamics
using a life-table approach and to use next generation sequencing to describe the
diamondback moth microbiome. A review of the literature has reaffirmed that diamondback moth may not be capable of overwintering in Ottawa with populations
likely migrant-driven. The population dynamics and parasitoid community appear
to be unaltered after 65 years. The microbiome of diamondback moth larvae was
dominated by Enterococcaceae, a family of bacteria hypothesized to aid in resistance
and detoxification. These findings can provide opportunities for the introduction of
new biological control agents and tools for diamondback moth management in the
future.
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distance of observation units to their group centroid (or spatial median), defined in
the space identified by the chosen dissimilarity measure. A P-value is then obtained
by permuting appropriate residuals: either least squares residuals (in the case of
centroids) or least-absolute deviation residuals (in the case of spatial medians)
(Anderson et al., 2006).
Closed reference OTU picking: To obtain OTUs and taxonomy, reads are
compared to a reference database. Any reads not identified by the database will be
1

discarded.
Degree-days: The total amount of heat required, between the lower and upper
thresholds, for an organism to develop from one point to another in its life cycle.
Host: the organism in or on which a microorganism or parasitoid lives.
Hypervariable region: For the 16S rRNA gene in bacteria there are nine
hypervariable regions (V1-V9) where there is considerable sequence diversity
between species to accomplish taxonomic identification. These regions are flanked
with conservative sequences that allow for amplification of the target region by
universal primers. (Chakravorty et al., 2007)
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Microbiome: The combined genetic material of the microorganisms (bacteria) in
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Open reference OTU picking: To obtain OTUs and taxonomy, reads are
clustered against one another without external reference to obtain a representative
set of sequences. The representative sequences are then compared to a reference
database. Any representative sequences not identified by the database will be
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OTU Table: A matrix with the number of reads per OTU by sample ID with
taxonomic identification for the OTUs at the end of the table as determined by the

2

Greengenes 16S rRNA gene database.
Pharate: a transition between developmental stages where the insect has already
completed development to the following stage but has not emerged from their
previous stage. Often in reference before emerging from the egg or pupa.
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Chapter 1

General Introduction

As global climate change increases average yearly temperature and incidents of extreme weather events, the population dynamics of pest insects are predicted to change.
There are studies that suggest poleward expansion of insects in the face of climate
change and the ability to shift ranges away from the natural enemies that control
their populations (Parmesan, 2001; Furlong and Zalucki, 2017; Musolin, 2007). This
has major implications for agriculture as current management strategies are based on
population data from the past. The Central Experimental Farm in Ottawa, Ontario,
Canada was the location of a set of studies that took place over two decades starting
in 1951 (Harcourt, 1954, 1957, 1960a, 1963, 1986). These studies looked into the
biology and population dynamics of the diamondback moth.
Diamondback moth, Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae) is
a globally distributed pest of Brassica spp. (Brassicaceae) and other brassicaceous
crops (Furlong et al., 2013). In the Ottawa area, it has four to six generations during
the growing season (Harcourt, 1954) and arrives by migration from southerly areas
(Dosdall et al., 2001; Hopkinson and Soroka, 2010). It is not known to survive yearround beyond ≈ 36 ◦ N (Harcourt, 1957); however, there have been observations of
diamondback moth overwintering further North and into Canada (Smith and Sears,
1982; Harcourt, 1954; Talekar and Shelton, 1993).
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The literature on diamondback overwintering is not extensive and is disconnected
from physiological and molecular studies on diamondback moth cold tolerance. Much
of the historical and current work directly investigating diamondback moth overwintering does not originate from North America (e.g. Kim et al. 2014, 2015; Kimura
et al. 1987a,b,c). In addition, there is no consensus on the type of strategy the diamondback uses to pass periods of cold temperatures. Reviewing the literature to
provide definitive statements on cold tolerance and overwintering of diamondback
moth can provide a platform for the continuation of this important research. With
climate change, the boundary for diamondback moth overwintering can expand further North than initially believed. To better understand the implications of climate
change the parameters for cold weather survival by this species must be concisely
defined. This has implications in agriculture and the management of this pest species
in Canada.
If overwintering is possible it can provide early contributions to infestations of
economically important crops in Canada. To improve on modern management plans,
the major mortality factors that control diamondback moth populations should be revisited. This can be accomplished using a life table study. A life table is a summary
of statistics that give a detailed description of the mortality in a population from
various factors (Carey, 1993). For the Ottawa area, Harcourt’s studies (1954; 1957;
1960a; 1963; 1986) suggested that rain alongside three species of parasitoids: Diadegma insulare (Cresson) (Hymenoptera: Ichneumonidae), Diadromus subtilicornis
(Gravenhorst) (Hymenoptera: Ichneumonidae) and Microplitis plutellae (Muesbeck)
(Hymenoptera: Braconidae), were the factors that regulated diamondback moth populations in Ottawa (Harcourt, 1963). Climate change is shifting the weather dynamics
of the Ottawa area, potentially altering the mortality factors impacting diamondback
moth, including the associated parasitoid community. By describing the contribution
of major mortality factors at present day, management plans can target and augment

5

these factors to improve control of this pest species.
Diamondback moth is known to be resistant to all major classes of pesticides
(Furlong et al., 2013). Insect microbiomes have been hypothesized to facilitate pest
resistance (Gressel, 2018). By looking at the association of bacterial communities
among plants and in the herbivore, changes in the microbiome associated with diet
and environment can be accounted for when conducting microbiome studies looking
into changes in the microbiome associated with resistance. There is also the potential
for certain taxa to contribute to pest resistance. These can be identified though a
microbiome study. Bacteria in the insect microbiome can be a source of naturally
occurring mortality, and can be targets for manipulation to be used as a method of
biological control. This has implications in ecological studies where potential mortality in the field can be attributed to pathogens and can be a consideration in study
design and analysis such as in a life table study. In addition, bacteria associated with
this study system in the Ottawa area have yet to described.
The objectives and specific aims of the current study were as follows:
Objective 1: Synthesize the literature for data on overwintering and cold tolerance
of diamondback moth and discuss observations of potential overwintering in North
America.
Specific aim 1 - 1: Outline the limits for cold temperature survival of diamondback
moth at all stages of development through the literature.
Specific aim 1 - 2: Redefine and state the cold tolerance strategy used by the diamondback moth.
Specific aim 1 - 3: Discuss the observations from studies on diamondback moth
overwintering in North America using the newly synthesized limits for cold temperature survival.
Objective 2: Describe the mortality factors affecting diamondback moth populations
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in the Ottawa area through a life table study.
Specific aim 2 - 1: Determine if temperatures during the winter season in Ottawa,
Ontario are sufficient for diamondback moth overwintering.
Specific aim 2 - 2: Conduct a life table study on diamondback moth in the Ottawa
area comparing a contemporary method and the method used by Harcourt (1954).
Specific aim 2 - 3: Document the natural enemies of diamondback moth using parasitoid emergence and pitfall trapping.
Specific aim 2 - 4: Compare and contrast the current study with results and observations from Harcourt (1954, 1957, 1960a, 1963, 1986).
Objective 3: Evaluate the effect and contribution of the plant microbiome on late
instar diamondback moth larvae midgut bacterial communities.
Specific aim 3 - 1: Using next generation sequencing, compare bacterial community
structure and diversity within the midgut of diamondback moth larvae and the
leaves of specific plants that the larvae fed on.
Specific aim 3 - 2: Identify taxa that are hypothesized in the literature to contribute
to pesticide resistance or detoxification in the diamondback moth.
By revisiting and looking into new aspects of the biology and population dynamics of
the diamondback moth, modern strategies for management and biological control of
this species can progress using information gathered in these studies as a new baseline.
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Chapter 2

Elusively Overwintering: A review of diamondback
moth (Lepidoptera: Plutellidae) cold tolerance and
overwintering strategy1

2.1

Abstract

There is no consensus on the overwintering strategy used by the diamondback moth,
Plutella xylostella (Lepidoptera: Plutellidae). As a result, the topic of diamondback
moth overwintering in temperate climates remains controversial. However, there is
general agreement that the diamondback moth does not overwinter in diapause. This
review compiles data on low temperature survival to determine cold tolerance mechanisms and the cold tolerance strategy of the diamondback moth. According to
cold tolerance data and observations from key overwintering studies in eastern North
America, the diamondback moth likely overwinters in a quiescent state in no specific
overwintering stage and is chill susceptible. Observations from key overwintering studies suggest a northern overwintering limit for diamondback moth of approximately
≈ 43 ◦ N in eastern North America. Climate change is altering winter conditions in
1

Source: Elusively Overwintering: A review of diamondback moth (Lepidoptera: Plutellidae)

cold tolerance and overwintering strategy, 150(2), 156–173, The Canadian Entomologist, 2018. Reproduced with the permission of the Minister of Public Works and Government Services, 2018.

8

temperate climates, making temperate regions susceptible to potential diamondback
moth overwintering and recurring outbreaks.

2.2

Introduction

Insects are highly successful organisms with a global distribution that is aided by
their ability to survive seasonally cold or dry extremes. This is achieved through
evolved traits that promote survival in these extremes via dormancy and cold tolerance mechanisms, of which overwintering is a commonly discussed context. There has
been extensive work done on the natural history of invasive insect overwintering and
cold tolerance (e.g. Ward and Masters 2007; Bale and Hayward 2010; Morey et al.
2016).
Koštál (2006) defined two main subclassifications of dormancy: quiescence and
diapause. Quiescence is an immediate response to a change in a limiting factor, such
as temperature, above or below a threshold. Once the limiting factor returns to
favourable levels there is an equally immediate response for the resumption of normal
development. Diapause is a centrally regulated response that alters the developmental
programme during a specific phase in the life cycle. A series of physiological events
induce a diapause state as well as terminate the diapause state. The response precedes
the onset of unfavourable conditions and terminates once favourable conditions are
sufficient.
The diamondback moth, Plutella xylostella Linnaeus (Lepidoptera: Plutellidae),
is a globally distributed pest of brassicaceous (Brassicaceae) crops, causing economic
damage of up to US$ 5 billion annually (Zalucki et al., 2012; Zhang et al., 2015). In
western Canada, diamondback moth is an occasional pest of canola where crop losses
associated with outbreak years can be devastating (Dosdall et al., 2011), with losses
of up to CAD $67.0–77.5 million (calculated to 2017 dollars) (Western Committee on
Crop Pests, 1995). Diamondback moth is also resistant to all major classes of insecti9

cides and was one of the first species to develop resistance against Bacillus thuringiensis Berliner (Bacillaceae) in the field (Furlong et al., 2013). In equatorial climates, the
diamondback moth reproduces year-round, producing up to 20 generations when it
has continuous access to host plants (Dosdall et al., 2011). In temperate climates, the
diamondback moth has been documented to produce four to six generations; however,
the number of generations can increase due to increases in temperature, availability
of host plants, and seasonality (Harcourt, 1954; Harcourt and Cass, 1966). There is
general agreement that diamondback moth infestations in northern latitudes often
result from massive long-distance dispersal events originating in the more southerly
parts of its range (Honda, 1992; Honda et al., 1992; Dosdall et al., 2001; Hopkinson
and Soroka, 2010; Wei et al., 2013; Yang et al., 2015). However, there is controversy
in the literature about the ability of the diamondback moth to overwinter successfully
in climates typical of southern Canada and the northern United States of America
(Talekar and Shelton, 1993).
Although the diamondback moth persists year-round in the tropics and milder
temperate regions, the highest latitudes for overwintering have been estimated to be
36.0–38.5 ◦ N in Japan (Kimura et al., 1987a; Honda, 1992), 30.5–32.2 ◦ N in China
(Li et al., 2016), and 37.0–38.0 ◦ N in South Korea (Kim et al., 2015, 2014). Harcourt
(1957) approximated the limit of year-round persistence in North America to be 36
◦

N. This estimate was also demonstrated in the Climex model created by Zalucki et al.

(2012). Key overwintering studies (e.g., Marsh 1917; Dosdall et al. 2001) in North
America were conducted at higher latitudes, 38–53 ◦ N, with sporadic observations of
probable successful overwintering. These observations, beyond the year-round distribution of the diamondback moth, suggest that this species may have the potential to
overwinter in southern Canada and the northern United States of America.
In addition to climate, food and habitat availability are among the most important factors limiting insect distributions (Musolin, 2007). Canada is the one of the
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largest producers in the world of canola, Brassica napus Linnaeus and B. rapa Linnaeus (Brassicaceae) (United States Department of Agriculture, Foreign Agricultural
Service (FAS), 2017). Increasing demand for canola in the European Union, the
United States of America, and China for industrial, biodiesel, and food applications
(United States Department of Agriculture, Economic Research Service (ERS), 2017)
will ultimately lead to increased acreage. This will result in more land dedicated to
growing canola in Canada. An expansion of canola crop acreage will provide a vast resource of suitable host plant material for the diamondback moth in its northernmost
range. In parallel, climate change is altering the duration and severity of winters.
Gradual increases in mean annual temperatures could result in the range expansion
of diamondback moth into more northerly temperate regions, potentially increasing
incidence of outbreak years and the possibility for overwintering. To date, research
attempting to induce diapause or to determine the diapause stage of the diamondback
moth has been unsuccessful. Studies have largely concluded that the diamondback
moth does not overwinter in a diapause state, but only speculate as to its probable
overwintering strategy.
Our objective here is to review the literature and outline the limits and mechanisms of cold tolerance of the diamondback moth by summarising the available
literature. We further interpret the available data to provide a framework describing
the overwintering strategy used by the diamondback moth and the potential of this
global pest to survive year-round in northern temperate climates by overwintering.

2.3
2.3.1

Cold tolerance in the diamondback moth
Cold tolerance by life stage

Although numerous studies have addressed cold tolerance and the supercooling capacity of the diamondback moth, a consensus has never been reached with respect to
survivorship at colder temperatures. This is because past studies have used a variety
11

of methods to test for cold tolerance and overwintering capacity, leading to variable
results. The studies reviewed in this section focused on temperature treatments below the lower developmental threshold of the diamondback moth, estimated to be
between 7.0 ◦ C and 7.8 ◦ C (Umeya and Yamada, 1973; Butts and McEwen, 1981; Liu
et al., 2002; Golizadeh et al., 2007).
The earliest study on survivorship of diamondback moth eggs in cold temperatures
was done by Hardy (1938), who found that eggs remained viable after 14 days at 0
◦

C. Later studies assessing the number of days until 100 % mortality reported even

longer periods of viability of eggs at low temperatures (see Supplementary Material
for Dancau et al. 2018). Liu et al. (2002) found that eggs remained viable for up to
55 days at 4 ◦ C and 6 ◦ C, and Butts (1979) also reported evidence of development
after 42 days when eggs were kept at 2 ◦ C. When dissected after complete mortality
was reached, there was evidence of development that had occurred within the eggs
in the form of pharate (transitional stage preceding emergence) first instars (Liu
et al., 2002). Liu et al. (2002) also reported the development time of eggs at warmer
temperatures was reduced the longer they were exposed to 4 ◦ C or 6 ◦ C, providing
further evidence for development below the estimated lower developmental threshold.
Eggs of diamondback moth survive for about 55 days at temperatures at or slightly
above 0 ◦ C but only for 23 days at temperatures just below 0 ◦ C (Table 2.1).
There is also evidence of diamondback moth larvae continuing to develop at temperatures below the estimated lower developmental threshold (see Supplementary
Material for Dancau et al. 2018). On average, each instar took ≈ 28.9 days at 6 ◦ C
and 46.5 days at 4 ◦ C to develop into the next instar (Liu et al., 2002). Gu (2009) reported high survivorship in fourth instars beyond 60 days in temperatures alternating
between 0 ◦ C and 5 ◦ C, with a third of the individuals pupating. Consistently within
each study, fourth instars appear to survive the longest in cold conditions out of all
instars (see Supplementary Material for Dancau et al. 2018).These studies suggest
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that diamondback moth larvae can survive at 0 ◦ C for almost 80 days and for ≈ 19
days at sub-zero temperatures (Table 2.1).
Historically, the hypothesised overwintering stage of diamondback moth was thought
to have been the pupal stage (Kanervo, 1936; Hardy, 1938; Razumov, 1970). Under
the assumption that the diamondback moth overwintered in diapause, investigations
on pupal overwintering were led by Harcourt (1954) and Butts (1979). Outdoors
at ≈ 0 ◦ C, pupae survived for 80 days or more (Kimura and Fujimura, 1988) (see
Supplementary Material for Dancau et al. 2018). These authors reported that adults
emerging from pupae that had survived for 30 days at 0 ◦ C were relatively healthy
and could fly; however, adults emerging from pupae that had survived for 40 days
died soon after emerging. They also noted that mortality of pharate adults increased,
with fewer capable of eclosing, as their study continued. Liu et al. (2002) showed that
pre-pupae continued to develop into pupae at 4 ◦ C (12 days) and 6 ◦ C (9.8 days),
which are temperatures below the estimated lower developmental threshold. Pupae
survived for about 80 days at 0 ◦ C and ≈ 19 days at -5 ◦ C (Table 2.1).
The adult stage has also been proposed to be the overwintering stage of the
diamondback moth with both historical and contemporary support (Marsh, 1917;
Frost, 1949; Harcourt, 1954; Smith and Sears, 1982; Saito, 1994b). In conditions
alternating between 0 ◦ C and 5 ◦ C, Gu (2009) found that adults survived ≥ 60 days,
with mating observed (see Supplementary Material for Dancau et al. 2018). Adults
have also been observed to oviposit at 5 ◦ C (Ohtomo and Chiba, 2001). Adults that
had survived exposures at -5 ◦ C produced viable eggs after being placed in warmer
conditions (Saito, 1994b; Gu, 2009). Kimura and Fujimura (1988) reported that in
field conditions under snow cover, approximated to be 0 ◦ C, 50% of the adults survived
≥ 70 days with viable eggs. In laboratory conditions, Honda (1992) found that adults
can survive 60 days or more at 0 ◦ C; however, eggs were no longer viable in adults
that survived past 50 days. Adults survived ≥ 70 days at 0 ◦ C and for at least 20
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days at -5 ◦ C (Table 2.1).

2.3.2

Cold tolerance strategy

Cold-tolerant insects can be broadly divided into freeze-tolerant and freeze-avoidant
species. Park and Kim (2014) concluded that the diamondback was a freeze-avoidant
species based on this dichotomous concept of cold tolerance. However, this division
has been widely criticised (Sinclair, 1999; Lee, 2010). Currently, there are three
recognised categories of insect cold-tolerance: freeze-tolerant, freeze-avoidant, and
chill-susceptible (Lee, 2010). Broadly, the categorisations correspond to susceptibility
to different types of cold injury—freezing injury, cold shock injury, and cumulative
chill injury (Nedvěd, 2000; Lee, 2010). To narrow down the cold-tolerance strategy of
diamondback moth the supercooling point, lower lethal temperature, and rapid cold
hardening must also be discussed.
Cold tolerance strategy can be inferred by using the supercooling point and lower
lethal temperature (Sinclair et al., 2015). Supercooling is the process whereby insects can avoid ice formation in their tissues, and thus survive being cooled to subzero temperatures by concentrating solutes (e.g., ions, amino acids, proteins) in their
hemolymph (Lee, 2010). The point at which ice spontaneously forms in their tissues
is known as the supercooling point or freezing point of the organism (Lee, 2010). The
lower lethal temperature is the temperature at which mortality occurs as a result
of cold-shock injury during brief exposures to sub-zero temperatures (Nedvěd, 2000;
Lee, 2010).
Three studies (Kimura and Fujimura, 1988; Kaneko, 1995; Park and Kim, 2014)
examined supercooling in the diamondback moth. The lowest supercooling point
values reported for each stage are shown in Table 2.1; however, there was variation
depending on treatment and study, with supercooling points ranging from -10.1 ◦ C
to -23.2 ◦ C (see Supplementary Material for Dancau et al. 2018). The lower lethal
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temperature was found to be -20 ◦ C for two-hour exposures (Nguyen et al., 2014)
using ecologically relevant cooling and thawing rates of 0.25 ◦ C/minute (Lee, 2010;
Sinclair et al., 2015). Generally, discrimination of cold tolerance strategy using supercooling point and lethal temperature where 50 % mortality occurs (LT50 ) involves the
relative difference between the two measurements (Bale, 1996; Sinclair, 1999; Nedvěd, 2000). However, this method becomes imprecise when the differences between
the supercooling point and lower lethal temperature are small (Sinclair et al., 2015).
For diamondback moth the measures of supercooling point from the literature are
highly variable, as a result the supercooling point is the same or lower than the LT50 .
This makes it difficult to discern the exact cold tolerance strategy using this method;
however, freeze tolerance can be excluded as a potential strategy as the lower lethal
temperature is not markedly lower than supercooling point in this species. Instead,
the diamondback moth is likely freeze avoidant or chill susceptible.
Cold shock injury and cumulative chill injury are additional measures used to narrow down cold tolerance strategy (Bale, 1996; Nedvěd, 2000). Accumulated chilling
injury occurs during extended periods of exposure (days to weeks) to temperatures
just below or above 0 ◦ C and cold shock injury occurs after a brief exposure to cold
temperatures. Both often result in mortality or decreased biological function if the
insect is susceptible (Lee, 2010).
Rapid cold hardening is an induced response that protects insects from nonfreezing injuries such as chilling injury or cold shock injury (Denlinger and Lee, 2010).
Although rapid cold hardening is a plastic trait documented in many insect groups
(Denlinger and Lee, 2010), chill injury and prolonged exposure to extreme temperatures can nevertheless result in mortality, even for insects with the capability to be
supercooled (Chown and Sinclair, 2010). To induce a rapid cold hardening response
in diamondback moth, exposure at 4 ◦ C need to be in excess of five hours (Park
and Kim, 2014). After induction of rapid cold hardening, fourth instar diamond-
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back moths can still experience fatal temperature exposures as warm as -10 ◦ C (Park
and Kim, 2014) despite having a supercooling point reported at -10 ◦ C or lower (see
Hayakawa et al. 1988; Kaneko 1995, Supplementary Material for Park and Kim 2014).
Nguyen et al. (2014) also reported that at temperatures below -10 ◦ C mortality of
adult diamondback moth increased at all exposure times (10–minute intervals) up to
two hours with decreasing survivorship approaching the lowest reported supercooling
point temperatures, indicating cold shock injury.
As noted in section 2.1, exposure to sub-zero temperatures near 0 ◦ C results in
mortality after less than one month of exposure and exposure at 0 ◦ C and 5 ◦ C
ultimately results in mortality occurring before completion of a winter season. In
addition, studies have reported reduction in fecundity of adult moths (Kimura and
Fujimura, 1988) and reduced eclosion rates from pupae (Honda, 1992) for individuals
surviving long exposures at 0 ◦ C; these are indicators of accumulating chill injury.
Chill injury and cold-shock injury result in mortality over short periods of time thus;
the diamondback moth is likely chill susceptible and therefore susceptible to all three
types of cold injury. With a chill susceptible strategy, supercooling point is not
an ecologically relevant indicator for cold temperature survival in the diamondback
moth. Instead, the lower lethal temperature may be a more informative measure of
low temperature survival (Sinclair et al., 2015). However, the exposure time used in
Nguyen et al. (2014) to determine lower lethal temperature was very brief (≤ two
hours). Data on survivorship under longer exposure times would be more ecologically
relevant.
Diamondback moth larvae can continue to develop and feed at temperatures below
the estimated lower development threshold, potentially incurring chill injury (Kimura
et al., 1987c; Saito, 1994b; Liu et al., 2002). Kimura et al. (1987c) removed second
instars from snow cover at 0 ◦ C and placed them at 20 ◦ C for a day before being
returned to snow cover developed to fourth instar and survived beyond 80 days.
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This suggests that diamondback moth can opportunistically use warm periods when
temperatures are fluctuating to potentially recover from cold shock or chill injury to
prolong survival (Koštál et al., 2007; Colinet et al., 2015). This ability only applies to
species that are freeze avoidant or chill susceptible (Colinet et al., 2015). Additional
testing is needed to confirm the cold tolerance strategy of the diamondback moth.

2.3.3

Cold tolerance mechanisms

Cryoprotectant synthesis in insects involves converting glycogen to polyols or sugars
(Storey and Storey, 2012). Glycerol, composed of two polyols, is one of the main
cryoprotective agents used by insects to increase cold hardiness (Leather et al., 1993).
Glycerol decreases the supercooling point in freeze-avoidant species and prevents the
formation of intracellular ice in freeze-tolerant species (Storey and Storey, 2012).
Glycerol was determined to be the main cryoprotective agent in the diamondback
moth, using a glycerol kinase and glycerol-3-phosphate biosynthesis pathway (Park
and Kim, 2014). Fourth instar diamondback moths that were induced with rapid
cold hardening had significantly increased glycerol concentrations in hemolymph as
well as increased survival at sub-zero temperatures than individuals without rapid
cold hardening. Injections of glycerol also significantly increased the survivorship of
fourth instars at sub-zero temperatures without prior rapid cold hardening, resulting
in a rapid-cold-hardening-like response (Park and Kim, 2014).
Heat shock proteins are molecular chaperones that protect cells from harmful
agents to help an organism maintain homeostasis under stress (Kregel, 2002; Sørensen
et al., 2003; King and MacRae, 2015). Many insect families exhibit increased expression of heat shock proteins during their overwintering and diapause stages and there
appears to be a relationship between heat shock protein expression and thermotolerance in insects (Denlinger, 2002; Rinehart et al., 2007; Choi et al., 2014; Wang et al.,
2017). Studies conducted on heat shock protein expression in diamondback moth
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have focused on heat shock treatments with HSP70 and HSC70 found to be highly
expressed in adult and larval stages (Sonoda et al., 2006; Sonoda and Tsumuki, 2008;
Bahar et al., 2013b). A few studies have been conducted on diamondback moth heat
shock proteins and their expression related to cold temperature exposures. Chen
and Zhang (2015) found that expression of 12 small heat shock proteins increased
when fourth instars underwent a cold shock treatment, with HSP22.1 being the most
prominently expressed. Comparison of basal expression of heat shock proteins among
developmental stages revealed that the majority of heat shock proteins were highly
expressed in the pupal and adult stages Chen and Zhang (2015). The expression
of these protective and restorative chaperones during different stages of development
could play a role in how diamondback moth prepares for, and recovers from, cold stress
and overwintering. Additional cold tolerance mechanisms have yet to be studied in
the diamondback moth.

2.4

Photoperiod

Changes in photoperiod can trigger physiological changes in insects to prepare, through
dormancy or migration, for upcoming unfavourable conditions (Hodkova and Hodek,
2004; Saunders, 2009). Studies of photoperiod control of insect dormancy have been
conducted on insects from many families and have revealed induction of rapid cold
hardening and diapause in some species (Jungreis, 1978; Hodkova and Hodek, 2004;
Koštál, 2006). As the growing season progresses and daylength shortens, diamondback moth females become less fecund, consistent with preparation for reproductive
diapause and migration (Harcourt and Cass, 1966). In a minimally replicated experiment (n = 2 replicates), Harcourt and Cass (1966) showed that fecundity was
reduced with shorter light regimes; the mean number of eggs laid per female in the
12-hour treatment was half the number laid in the 16-hour treatment. Atwal (1955)
and Shirai (1993) found that larval development was slower under shorter (9:15 hours,
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8:16-hour light:dark photoperiods, respectively) photoperiods compared with longer
(15:9, 16:8-hour photoperiods, respectively). Atwal (1955) noted female moths that
had developed slowly from winter simulations could not oviposit, but were full of
eggs when dissected. In a more recent study comparing life-history parameters under
five different photoperiods ranging from 8 to 16 hour light, Campos (2008) found
no effect of photoperiod on survival, development time, weight, adult size, or adult
fecundity in Brazilian populations of diamondback moth. He argued that because the
seasonal effects on development time and fecundity observed in the field appear to
accumulate over successive generations, photoperiod is likely affecting these parameters only indirectly. Seasonal changes in temperature, habitat, and host plants are
the more plausible explanations for decreased fecundity and increased development
time (Atwal, 1955; Campos, 2008). Although studies in the past have demonstrated
extended development time and decreased fecundity as a result of photoperiod, Campos (2008) proposed that indirect effects of photoperiod is the likeliest explanation for
these observations. In addition, there is the potential for the effects to be population
dependent; the effects of photoperiod should be revisited in the context of temperate
and tropical populations as well as, overwintering.

2.5

Population genetic work on temperate overwintering populations

Molecular genetics can reveal variation within and among populations that explains
traits that have been favoured by selection. Mild winters could favor adaptations
for overwintering and cold tolerance in this species. Kim et al. (2014, 2015) found
that winter conditions in South Korea in 2013–2014 were more than suitable for the
overwintering survival of the diamondback moth, with average winter temperatures
from 0.7 ◦ C to 1.6 ◦ C and an average of only 45 days below or at 0 ◦ C at the most
northern sample sites. In contrast, conditions in North American studies where dia19

mondback overwintering was reported were much colder, with average temperatures
from November to March at 0.0 ◦ C (Harcourt, 1954) in Ithaca, New York, United
States of America and -1.6 ◦ C (Idris and Grafius, 1996) in Lansing, Michigan, United
States of America, with 57 and 76 days at or below 0 ◦ C, respectively.
Consensus data from three markers using a random amplified polymorphic DNA
analysis demonstrated distinctive clustering by sampling region in South Korea of
individuals from the overwintering generation (Kim et al., 2014). This molecular
evidence demonstrated that populations of diamondback moth faced a genetic bottleneck before winter, resulting in genetically distinct regional groups. The genetic
distinction between groups became diluted during the following spring and summer,
likely due to mixing with migrant populations (Kim et al., 2015).
In contrast, Kim et al. (2000) analysed COI haplotypes in diamondback moth in
South Korea and found no differentiation among populations, as well as high gene
flow likely due to migration and dispersal. Endersby et al. (2006) found no genetic
differentiation among populations sampled in Australia and New Zealand, indicating
high genetic homogeneity. Juric et al. (2017) analysed COI haplotypes in diamondback moth worldwide, and found that samples from China, South Korea, and India
were grouped together, with no apparent differentiation among African, Asian, and
European samples. Furthermore, these authors found that differentiation among populations of diamondback moth was detected only over large distances, mainly among
populations from Africa/Asia/Europe, Australia/New Zealand, and North America
(Endersby et al., 2006; Juric et al., 2017). This lack of genetic differentiation at
smaller scales suggests a species characterised by high levels of gene flow through
migration, rather than one in which founder effects are common (Endersby et al.,
2006).
In the South Korean populations studied by Kim et al. (2015), there were also significantly different levels of resistance to insecticides when comparing regional groups
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with a laboratory control. The detectable genetic variability in the overwintering
population in South Korea indicates strong selection associated with both seasonal
variation and localised pesticide resistance. This resistance could potentially spread
via high gene flow, and persist in the population if insecticide use remains a constant
selection pressure (Talekar and Shelton, 1993; Endersby et al., 2006; Kim et al., 2015).
The persistence of pesticide resistance into the next growing season is an ultimate
consequence to successful overwintering of diamondback moth. This can have strong
implications on early season pest management and crop protection.

2.6

North American studies on diamondback moth overwintering

Cold tolerance literature on the diamondback moth can aid in placing several key
North American studies into a modern context (Fig. 2.1). In this section, we review
these studies and discuss observations of overwintering using weather data. Snow
cover would provide the best information about the probability for diamondback
moth overwintering; however, historically weather stations have not collected these
data routinely or reliably, if at all. Therefore, for comparing and discussing past
overwintering studies, the only data available and consistent across sites are daily air
temperature values, with the exception of Dosdall et al. (2001) where gaps in recording
from 1993 to 1995 were supplemented with data from a nearby station. Daily average
air temperatures were gathered from government weather stations as close as possible
to the study sites (see Supplementary Material for Dancau et al. 2018). Temperatures
from October to May were used, as this is the period of time when diamondback is
typically reported to no longer be in flight and potentially overwintering (Harcourt,
1957). The following sections have key studies roughly divided by climatic region and
ecozone. Calculations of accumulated degree days were made with an assumed lower
development threshold of 7.3 ◦ C (Butts and McEwen, 1981) to estimate potential
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diamondback moth development in spring assuming successful overwintering. Oneway analysis of variance tests were used to analyse daily winter temperatures across
study years and sites (Tables 2.2 and 2.3); all analyses were done in JMP 13 (SAS
Institute 2017).

2.6.1

Great Plains

Marsh (1917) at Rocky Ford, Colorado, United States of America (38.0 ◦ N, 103.7
◦

W) was the first to study overwintering of the diamondback moth in North Amer-

ica. Marsh (1917) noted adults surviving the winter in field debris. Average winter
temperature for Rocky Ford from 1914 to 1916 was 3.5 ±5.0 ◦ C (November to May).
In May, Marsh (1917) collected adult moths that he believed had emerged from overwintering. The average temperature in the preceding months (March–April) was 8.4
±4.1 ◦ C. Therefore, it is possible that overwintered moths emerged as early as March
rather than May. Average temperature in May (16.0 ±1.5 ◦ C) was warm enough for
moths to resume active flight (Goodwin and Danthanarayana, 1984), as well as mating
(Ohtomo and Chiba, 2001) and oviposition (Gu, 2009). The moths Marsh (1917) observed in the field could also have been migrants, as Colorado is close to the southern
parts of the United States of America where diamondback moth persists year-round
(36 ◦ N). Dosdall (1994) was the first to report apparent diamondback moth overwintering in western Canada, when he collected 13 adult moths from emergence traps
in late June to early July at Vegreville, Alberta (53.5 ◦ N, 112.1 ◦ W) after the winter
of 1991–1992. Follow-up studies over six years at sites in Vegreville, Alberta and
Saskatoon, Saskatchewan, Canada (52.1 ◦ N, 106.6 ◦ W) found no further evidence of
overwintering (Dosdall et al., 2001). Average winter temperatures decreased over the
period from 1991–1992 to 1997–1998, although the winter of 1991–1992 was one of the
warmer winters during this period (Table 2.2). One treatment in 1997–1998 provided
additional insulation via a styrofoam cover; however, there was no evidence that pop-
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ulations overwintered that year (Dosdall et al., 2001). It is possible the explanations
provided in Dosdall (1994) for successful overwintering in 1991–1992, such as timing
of first snowfall and life stage of the cohort in the field, were important determining factors for diamondback overwintering in Alberta. Winter conditions experienced
during 1991–1992 appear to be beyond the physiological tolerance of the diamondback
moth (see Cold tolerance by life stage). Average winter air temperatures for all years
in the studies by Dosdall (1994) and Dosdall et al. (2001) were significantly colder on
average (F(13,2957) = 39.1, P < 0.0001, data not shown) than temperatures associated
with observations of diamondback overwintering in the northeastern United States
of America (Table 2.3). Thus, the purported successful diamondback moth overwintering in Alberta and Saskatchewan in the above studies would have represented an
extremely rare event.

2.6.2

Great Lakes and St. Lawrence Basin

A cage study in Ithaca, New York, United States of America (42.5 ◦ N, 76.4 ◦ W) in
1953–1954, where diamondback moth was provided with plant material for shelter,
claimed that adults survived the winter in outdoor conditions (Harcourt, 1954). However, there was very little detail provided concerning the cage setup and observation.
Talekar and Shelton (1993) studied pupal overwintering in upstate New York in the
winter of 1990–1991 and found no evidence for overwintering. Average air temperature for the winter of 1990–1991 in Ithaca, New York was 3.1 ±7.5 ◦ C with 77 days at
or below 0 ◦ C and two days where minimum temperatures were at or below the lower
lethal temperature, similar to that of the winter of 1953–1954 (Table 2.3). Talekar
and Shelton (1993) also monitored adult activity using pheromone traps and reported
no adult catches in upstate New York. However, there were adults caught in traps
located on Long Island, New York during the same winter, where the average winter
air temperature was 6.8 ±6.4 ◦ C with 25 days at or below 0 ◦ C, with no daily minima
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approaching the lower lethal temperature during the winter.
In Ottawa, Ontario, Canada (45.4 ◦ N, 75.7 ◦ W), Harcourt (1954) found no evidence of pupae overwintering during the winter of 1951–1952 or 1952–1953. Other
studies have demonstrated that pupae survived up to 80 days at 0 ◦ C (e.g., Kimura
and Fujimura 1988), although successful eclosion of adults from pupae exposed beyond 80 days was unlikely (Kimura and Fujimura, 1988). Therefore, the conditions
during the Harcourt (1954) study were unsuitable for pupal survival with 122 and 95
days at or below 0 ◦ C during that two-year study. Based on air temperature alone
there may have been potential for larvae or adults to survive the winter of 1952–1953
in Ottawa; however, Harcourt (1954) did not include observations of those stages in
his original study.
At Cambridge, Ontario (43.4 ◦ N, 80.3 ◦ W), Butts (1979) placed 250 diamondback
moth pupae into an overwintering cage. Inadvertently, 40 % of the pupae emerged as
adults before the winter, some of which subsequently oviposited, thus the experiment
also included adult moths and eggs. The following spring there was no evidence for
successful overwintering of any stage, likely due to the number of days ≤ 0 ◦ C (123
days). However, Butts (1979) reported that 6.2 % of pupae kept at 2 ±1 ◦ C were
viable after six months, with adult moths successfully eclosing. This high survivorship
has never been replicated in studies since (see Supplementary Material for Dancau
et al. 2018). Smith and Sears (1982), working at the same site, used more individuals
in different life stages, and removed the cage after the first snowfall and replaced
it in early spring. Removal of the cage may have allowed snow to accumulate and
insulate the individuals placed in the field. Successful overwintering of one individual
out of 5000 was reported. Due to this low survivorship, coupled with the previous
results from Butts (1979), Smith and Sears (1982) hypothesised that Cambridge,
Ontario was near the northern limit for overwintering of the diamondback moth. Snow
cover in 1977–1978 was 126 days, whereas in 1980–1981 it was 82 days. Average air
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temperature during the study by Smith and Sears (1982) was significantly colder than
in other studies where diamondback moth overwintering was reported (Table 2.3).
Despite significantly colder average air temperatures, the accumulated degree days
and number of days at or below 0 ◦ C were similar to the conditions in studies where
diamondback moth overwintering was observed (Table 2.3). With only 82 days of
snow cover and rapidly warming spring temperatures, the potential for diamondback
moth to have overwintered in Cambridge in the study by Smith and Sears (1982) is
physiologically plausible.
The study of Idris and Grafius (1996) in Lansing, Michigan (42.7 ◦ N, 84.5 ◦ W),
provides a very compelling case for diamondback moth overwintering. They found
fourth instars in early May, although there was no evidence for survival of any other
stage of diamondback moth. These authors suggested that the number of accumulated degree days leading up to the discovery of fourth instars was insufficient for
development from egg to fourth instar if the observed larvae were the F1 generation
from overwintered adults (Table 2.3). They also noted that the accumulated degree
days were sufficient for pupation if fourth instars had overwintered. Poor food quality,
in the form of overwintered plant material, may have delayed further development of
fourth instars. Saito (1994b) noted risk of starvation increases at 0 ◦ C because frozen
plant material is inaccessible for larval feeding. The circumstances in the study by
Idris and Grafius (1996) could be an extreme case of overwintering or may involve
the influence of other variables to explain the observed larval survival.

2.7

Overwintering strategy

The consensus in the literature is that the diamondback moth does not overwinter
in diapause (Hardy, 1938; Frost, 1949; Atwal, 1955; Harcourt and Cass, 1966; Butts,
1979; Smith and Sears, 1982; Kimura et al., 1987a; Saito, 1994b; Campos, 2008;
Kim et al., 2015); instead it likely survives unfavourable conditions in a state of
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quiescence (Honda et al., 1992; Campos, 2008). This is demonstrated by: (1) the
slowing of development in response to decreasing temperature with no indication of
arrested development (Atwal, 1955; Liu et al., 2002); (2) the ability to become active
immediately when placed back in favourable conditions despite long durations at 0
◦

C (Kimura et al., 1987c); and 3) evidence of continual feeding at temperatures near

0 ◦ C (Kimura et al., 1987c; Saito, 1994b; Liu et al., 2002; Gu, 2009).
The diamondback moth is likely capable of overwintering in temperate climates via
plastic responses under particular abiotic conditions. Park and Kim (2014) demonstrated decreasing supercooling points after the induction of rapid cold hardening. In
addition, generations leading into the winter season had slightly lower supercooling
points (Hayakawa et al., 1988; Kaneko, 1995) this could represent an acute response
associated with rapid cold hardening (Sinclair and Roberts, 2005). However, the
ecological relevance of the supercooling point remains debatable in the diamondback
moth. Honda (1992) was the first to incorporate acclimation in the cold tolerance
study design; however, a constant temperature treatment was not used for comparison. Gu (2009) included a fluctuating temperature regime from 0 ◦ C to 5 ◦ C to
assess survival. This resulted in asynchronous development of individuals in a cohort,
where some developed into the next life stage while others did not. Unfortunately,
these individuals were not subjected to colder conditions to assess potential effects of
acclimation compared with individuals at constant temperatures. There is currently
no study or suite of studies that have explored the set of experiments suggested
by Sinclair et al. (2015) to detect phenotypic plasticity at low temperatures. This
includes treatments involving: induction of rapid cold hardening, acclimation, low
temperature development with a short photoperiod, and low temperature development with decreasing temperature and photoperiod. However, the induction of rapid
cold hardening and the associated changes in low temperature survivorship (Park and
Kim, 2014), changes in supercooling points (Hayakawa et al., 1988; Kaneko, 1995),
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and asynchronous development at cold temperatures (Atwal, 1955; Butts, 1979; Gu,
2009) can represent some evidence for plastic responses to cold. This could result in
survival by a portion of the population capable of passing short durations of extreme
temperatures until the return of more favourable conditions.
The observed overwintering stages of the diamondback moth include late instars
(Idris and Grafius, 1996), pupae (Kanervo, 1936; Hardy, 1938; Razumov, 1970), and
adults (Marsh, 1917; Harcourt, 1954; Frost, 1949; Smith and Sears, 1982). Our review
suggests that all the above observations likely involve overwintering in quiescence,
with the adult stage being the most capable of tolerating temperate winters. It
is conceivable that the diamondback moth can pass the entire duration of a short
and mild winter season in any of the three stages. The duration of cold conditions
appears to be an important factor, with stages of the insect generally experiencing
increased mortality only after about 40 days (Kimura and Fujimura, 1988) but with
the potential for some survivorship beyond 80 days in conditions near 0 ◦ C (see Cold
tolerance by life stage). In summary, favourable conditions for diamondback moth
overwintering include the following: (1) the moth should be in a later developmental
stage (fourth instar, pupa, adult) before the first snowfall and seek shelter in crop
debris (Marsh, 1917; Dosdall, 1994) or manufactured structures, such as greenhouses
(Razumov, 1970; Kimura et al., 1987b; Saito, 1994a; Kim et al., 2014); (2) the winter
would average 0 ◦ C with occasional dips into sub-zero temperatures or have consistent
snow cover; and (3) unfavourable conditions would not last longer than 50–80 days
(Kimura and Fujimura, 1988; Saito, 1994b).
Survivorship among different life stages of the diamondback moth in cold temperatures appears to vary (Table 2.1). However, with the lack of standardisation between
different cold tolerance studies, it is difficult to say if the variation seen reflects the
true physiology of the species or the variable physiology of geographically (and thus
genetically) distinct populations. In addition, a few authors have discussed how they
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evaluated mortality for each life stage. The literature does, however, support the
longstanding view that the adult stage of the diamondback moth is the most cold
tolerant and the most likely stage to overwinter successfully (Kimura and Fujimura,
1988; Honda, 1992; Honda et al., 1992; Saito, 1994b).

2.8

Discussion

Availability of crop or wild brassica plants early in the spring may play a role in
the overwintering success of the diamondback moth. Yellow rocket, Barbarea vulgaris
Aiton (Brassicaceae), is a native North American species that grows and flowers early
in the spring (April–May) that often provides the first evidence of diamondback moth
early in the season (Harcourt, 1957; Idris and Grafius, 1996). Canola is a commercial
oilseed Brassica, and is a major crop attacked by the diamondback moth (Dosdall,
1994). Fully commercial varieties of canola were released in the 1970s (Slinkard and
Knott, 1995) and production in Ontario only began in 1983 (Kulaserkera, 2014).
Overwintering studies before the 1980s focused on cruciferous vegetables. Since then,
canola has been planted at a large scale in Canada at 9 306 500 ha, with 18 200 ha
in the province of Ontario in 2017 (Statistics Canada, 2017), making canola a CAD
$26.7 billion industry in Canada (Canola Council of Canada, 2016). The significant
change in the crop landscape with the introduction of canola in Ontario and the
rest of Canada may provide a major annual food source for the diamondback moth,
increasing the magnitude of selective pressure on traits that improve overwintering
capacity. However, in the United States of America, canola is not grown at the same
scale, with only 874 525 ha planted in 2017 (United States Department of Agriculture,
National Agricultural Statistics Service (NASS), 2017). Canola can represent a large
food source for migrating populations of diamondback moth providing numerous opportunities for adaptation to Canadian winters. One such event may have resulted
in the Dosdall (1994) observation of diamondback overwintering in Alberta. Further
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study is required to examine the life history of the diamondback moth in Ontario and
western Canada due to the significant change in agricultural landscapes.
Observations of diamondback overwintering in north temperate North America
have been sporadic and tend to be associated with milder average temperatures and
rapidly warming spring temperatures. By considering the results of overwintering
studies conducted from 1953 to 1993 between 42.41 ◦ N and 45.38 ◦ N, the overwintering
limit for diamondback moth in eastern North America is ≈ 43 ◦ N. However, the
northern limit of diamondback moth in more central regions could exist at much
higher latitudes due to a continental climate. In addition, climate change has likely
affected the seasonality of these climatic regions that may result in the limit being
further north at present day. This could lead to earlier incidences of diamondback
moth infestation with the potential for pesticide-resistant populations establishing
from previous years.
Despite the potential for diamondback moth to overwinter in southeastern regions
of Canada, northern migration in the spring from southern climates is still the major
contributing factor of diamondback moth populations in Canada, as demonstrated by
Dosdall et al. (2001), Hopkinson and Soroka (2010), and to a certain extent by Smith
and Sears (1982). Air trajectory models can accurately predict incoming populations
of diamondback moth, with several studies demonstrating that the diamondback moth
can travel distances up to 3000 km (Chu, 1986; Talekar and Shelton, 1993; Chapman
et al., 2002; Coulson et al., 2002). Unfortunately, extensive regional scale molecular
genetic work on the diamondback moth has been conducted only in Asia and Australia
(Endersby et al., 2006; Wei et al., 2013; Kim et al., 2015; Yang et al., 2015) and has
yet to be done on a similar scale in North America. Studies that have examined
variation and gene flow among populations between continents or countries use North
American samples from select regions (Capriol and Tabashnik, 1992; Chang et al.,
1997; Roux et al., 2007; Juric et al., 2017). Unfortunately, samples were derived
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from one population representing each country or continent and may not provide
the best representation of the variation found in diamondback moth populations in
North America. Refining molecular genetic techniques and sampling to differentiate
diamondback moth populations in a meaningful way is critical. Molecular tools could
resolve the original source populations of migrants from southern regions of North
America, which is essential to future management of this pest species. In addition,
the ability to discriminate between regional and migrant populations in the field can
aid in determining whether populations have overwintered.

2.9

Future directions

In future studies, recording parameters such as duration of snow cover, temperature
under the snow, and extreme temperature events would provide better indicators
of diamondback moth overwintering potential. Although these types of data are
not available from the past studies and across all study sites, there appears to be
a detectable trend when observing air temperature and the associated parameters
calculated from it such as degree days and the number of days minimum temperatures
reach the lower lethal temperature. Management strategies in the future should
include the duration and temperature of winters as part of their pest monitoring
programmes.
For overwintering experiments, the most important factor determining successful
overwintering and initiation of the subsequent spring generation is the viability of the
insect. This is usually reported as successful hatching, eclosion and, more critically,
the ability of adult females to lay eggs that are themselves viable. Future cold tolerance studies should be cautious in how they report physiological survivorship and
should distinguish between cold-period durations allowing viability to be maintained
and durations in which viability is no longer possible. In addition, winter conditions
can permit brassicaceous plant material to be suitable feeding material for larvae;
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however, early spring carbohydrate sources for overwintering adults in the field are
more of a challenge, although early flowering volunteer canola may provide such a
source. Measures of survivorship in the laboratory and field must consider energy
provisions available to adults in the wild to be applicable to real-world scenarios.
Physiological changes and phenotypic responses to seasonal cues in the diamondback moth must also be explored via investigations on the direct effects of photoperiod, dehydration/desiccation, low temperature energetics/metabolism, low temperature oxygen consumption, location of intracellular ice formation, upper and lower
limits of cold injury, identification of antifreeze proteins, role of ice-nucleating bacteria, and more in-depth assessments of developmental plasticity of generations leading
into winter. In addition, there is no consensus on the lower developmental threshold
for the diamondback moth. The lower developmental threshold was extrapolated from
data taken at higher temperatures (Umeya and Yamada, 1973; Butts and McEwen,
1981; Golizadeh et al., 2007) resulting in different values between studies. However,
Butts (1979) and Liu et al. (2002) have shown development continues to occur below these estimated thresholds indicating the reported values are likely inaccurate.
Future work should reassess the lower developmental threshold using a physiological
approach directly at these lower temperatures. The expression of additional heat
shock proteins during and after cold temperature exposures and including the induction of rapid cold hardening in the diamondback moth should also be examined. This
would aid in differentiating heat shock proteins that are involved in a thermotolerance role, which is critical to determining cold temperature survival and subsequent
ability to recover from potential chill injury. Equally important is the comparison
of responses to potential overwintering cues between tropical and temperate populations of diamondback moth. Gene flow and potential for insecticide resistance to
proliferate within suspected overwintering populations and migrant populations must
also be examined.
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Bioclimatic models can be useful to predict the world distribution, year-round
persistence and migration potential of the diamondback moth. These models rely
heavily on the parameters listed above and would benefit from additional assessment
of these parameters at low temperatures to improve predictive power. A model projecting potential overwintering ranges using cold tolerance data has yet to be developed. Diamondback moth overwintering limits in higher latitudes have been mainly
anecdotal. The aid of an overwintering model can predict areas of potential risk and
persistence of overwintered populations, and could further inform timing of outbreaks
and management action in at-risk areas.

2.10

Conclusion

With climate change, it is urgent that we obtain better knowledge on the overwintering ability of the diamondback moth. Climate change has been implicated as
the primary driver of poleward range expansion in butterflies (Parmesan, 2001) and
Heteropteran species (Musolin, 2007). A barrier that insects must overcome in the
context of range expansion due to climate change is the asynchrony in timing of seasonal development and overwintering (Musolin, 2007; Bale and Hayward, 2010). As
presented in this review, the diamondback moth is multivoltine, with the number
of annual generations determined by food availability and the length of the growing
season. It is potentially chill susceptible with the ability for rapid cold hardening to
increase cold tolerance. The diamondback moth likely overwinters in quiescence in
no specific stage, with the adult stage being the most capable of surviving short and
mild winter seasons. With the aid of new genetic tools, and rigorous temperature
data and tracking models, the set of parameters necessary for diamondback moth
overwintering may not remain elusive for much longer.
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Table 2.1: The longest reported number of days that various life stages of diamondback moth, Plutella xylostella, survived at 5 ◦ C, 0 ◦ C, and -5 ◦ C, including lowest
reported supercooling temperature for each life stage and lower lethal temperature.

Egg

Larvae

Pupae

Adult

5 ◦C

≤55 (1)

≤40 (4)

≤56 (6)

≤66 (3)

◦

0 C

≤50 (2)

≤80 (5)

≥80 (5)

≥70 (5)

-5 ◦ C

≤23 (3)

≥19 (7)

≥19 (7)

≥20 (4)

-15.8 ◦ C (8)

-20.6 ◦ C (9)

-23.2 ◦ C (10)

-22.4 ◦ C (10)

NA

NA

NA

-20 ◦ C (11)

Cold temperature survival

Supercooling Point
Lower Lethal Temperature

References: (1) Liu et al. (2002); (2) Honda (1992); (3) Saito (1994b); (4) Gu (2009); (5) Kimura and Fujimura
(1988); (6) Smith and Sears (1982); (7) Kim et al. (2014); (8) Supplementary material for Park and Kim (2014); (9)
Hayakawa et al. (1988); (10) Kaneko (1995); (11) Nguyen et al. (2014).
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May

deviation from October to

26.50
0.00
8.40
2.90
37.00

- 5.97 ±10.84 AB
- 6.48 ±9.40 AB
- 8.98 ±11.96 BC
- 9.76 ±11.42 C
- 4.59 ±9.64 A

1993–1994 (2001)

1994–1995 (2001)

1995–1996 (2001)

1996–1997 (2001)

1997–1998 (2001)
- 10.10 ±11.57 C

11.80

161

138

153

146

143

140

137

132

83

23

60

64

53

51

27

40

October to May

lower lethal temperature

minimum at or below

Number of days daily

† Year where overwintering of diamondback moth was reported.

and McEwen (1981).

* Daily accumulated degree days were calculated using the formula: Mean temperature – 7.3 ◦ C = degree days. Lower developmental threshold temperature used from Butts

the mean and standard deviation (F( 7, 1690)= 10.35, *P < 0.0001).

One-way analysis of variance was used and determined a significant difference in daily average winter temperature between study years denoted by different letters following

1996–1997 (2001)

Saskatoon Research and Development Centre, Saskatoon, Saskatchewan

58.40

- 4.13 ±8.94 A

- 5.66 ±10.52 A

1991–1992 (1994)†

1990–1991 (1994)

16.20

January to May

significance test post-hoc
(α=0.05) mean±standard

average at or below 0 ◦ C

above 7.3 ◦ C from

Tukey–Kramer honest
October to May

Number of days daily

Accumulated degree days*

Average temperature with

Alberta Environmental Centre, Vegreville, Alberta

Winter

back moth, Plutella xylostella, conducted by Dosdall (1994) and Dosdall et al. (2001).

Table 2.2: Comparison of daily average winter air temperatures across different years of the overwintering studies for diamond-
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77

- 2.22 ±8.00 C

- 1.53 ±9.08 C

-1.16 ±7.91 C

- 0.26 ±6.96 BC

1.22 ±6.70 AB

No

No

No

No

Yes

6.40

60.60

55.00

12.30

55.85

123

122

106

95

96

16

19

12

7

4

3

95.65

2.95 ±7.64 A

temperature

lethal

at or below lower

daily minimum

Number of days

October to May
Yes

October to May

or below 0

◦C

daily average at

Number of days

October to May

May

above 7.3

±standard deviation from

reference

significance test post-hoc

◦C

degree days*
from January to

overwintering by

Tukey–Kramer honest

Accumulated

(α = 0.05) mean

Conclusion of

Average temperature with

and McEwen (1981).

* Daily accumulated degree days were calculated using the formula: mean temperature – 7.3 ◦ C = degree days. Lower developmental threshold temperature used from Butts

mean and standard deviation (F( 5, 1267) = 13.22, *P < 0.0001).

One-way analysis of variance was used and determined a significant difference in daily average winter temperature between studies denoted by different letters following the

1977–1978

Butts (1979)

1951–1952

Harcourt (1954)

1980–1981

Smith and Sears (1982)

1952–1953

Harcourt (1954)

1992–1993

Idris and Grafius (1996)

1953–1954

Harcourt (1954)

Study and Winter

Plutella xylostella.

Table 2.3: Comparison of daily average winter air temperatures across different overwintering studies for diamondback moth,

Figure 2.1: Locations of key diamondback moth, Plutella xylostella, overwintering
studies in southeastern Canada and the northeastern United States of America. Symbols indicate status of overwintering as reported by respective authors; s = evidence
for successful diamondback moth overwintering; l = little to no evidence of diamondback moth overwintering. Butts (1979) and Smith and Sears (1982): Cambridge
Research Station, Cambridge, Ontario (43.4 ◦ N, 80.3 ◦ W). Harcourt (1954): Liddell
Field Station, Ithaca, New York (42.5 ◦ N, 76.4 ◦ W) and Merivale Research Station,
Ottawa, Ontario (45.4 ◦ N, 75.7 ◦ W). Idris and Grafius (1996): Michigan State University Collins Road Entomology Research Farm, Lansing, Michigan (42.7 ◦ N, 84.5
◦

W). The map was generated in QGIS v 2.18 (Quantum GIS Development Team

2017) using Natural Earth map data set.
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Chapter 3

Something old, something new: revisiting the
diamondback moth life table after 65 years

3.1

Abstract

Nearly 65 years ago, D.G. Harcourt developed the first comprehensive life table of
the diamondback moth, Plutella xylostella, on the Central Experimental Farm (CEF)
in Ottawa, Ontario, Canada. This work is continually cited when authors discuss
the life history of the diamondback moth and its parasitoids in Canada. Since Harcourt’s study, the techniques used in life tables and their analysis have changed. We
also know a great deal more about the ecology and biology of the diamondback moth.
Furthermore, since the original life table study, climate change, urbanization and crop
diversity may have altered the population dynamics of both the diamondback moth
and its natural enemy community. To follow up on Harcourt’s work, we developed a
contemporary life table for the diamondback moth. We used two approaches to build
life tables to describe mortality factors in the field and the natural enemies attacking diamondback moth in Ottawa. After 65 years, the primary parasitoids attacking
diamondback moth remain the same. Total mortality and parasitism levels also remain similar. Notably, parasitoid composition between the two life table techniques
differed. Overall, diamondback moth population dynamics remained similar after 65
years.
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3.2

Introduction

The diamondback moth Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae) is
a global pest of Brassica spp. (Brassicaceae) crops. In North America, the first
report of diamondback moth was in 1854 (Harcourt, 1954). Diamondback moth has
since become a major pest in Western Canada mainly attacking canola, Brassica
napus (Linnaeus) and B. rapa (Linnaeus) (Brassicaceae), commercial oilseed crops
developed in the 1970s (Slinkard and Knott, 1995). Canola is a large part of the
Canadian economy, contributing an estimated $26.7 billion dollars annually (Canola
Council of Canada, 2016). The main growing regions are the prairie provinces, where
98 % of Canada’s canola is grown (Statistics Canada, 2017). In Eastern Canada,
diamondback moth is an occasional pest of brassicaceous vegetable crops, although
canola acreage is increasing in these areas. The vulnerability to large outbreaks on
this relatively new crop type in Canada provides renewed interest in revisiting the
biology of the diamondback moth.
A factor that may influence the significance of diamondback moth in the future
is climate change, which has the potential to increase the frequency and severity of
diamondback moth outbreaks (Dosdall et al., 2006). In the Ottawa area, diamondback
moth is likely a seasonal migrant with no evidence of overwintering to date (Harcourt,
1954, 1963; Dancau et al., 2018). It arrives in early spring, and has overlapping
generations based on host plant availability and seasonal temperatures. There are
approximately 4–6 generations in Ottawa (Harcourt, 1954; Harcourt and Cass, 1966).
From 1951 to 1970, extensive research was conducted into the biology and population dynamics of diamondback moth on the Central Experimental Farm (CEF) in
Ottawa, Ontario, Canada (Harcourt, 1954, 1957, 1960b,a, 1963, 1986). Outcomes of
this research have been widely cited in publications on the dynamics and management of diamondback moth (e.g., Sarfraz et al. 2005; Nedorezov et al. 2008; Dosdall
and Mason 2010). However, to inform contemporary decision making on control ini38

tiatives, such as the potential release of exotic biological control agents, data from
past studies may not represent the population dynamics of this species in the modern
world.
The global average temperature has been increasing steadily since the time of Harcourt’s study in the 1950’s (Hansen et al., 2010; Rahmstorf et al., 2017). Increasing
average temperatures and extreme seasonality have been predicted to cause poleward
expansion and changes in the ranges of pests and their natural enemies (Hance et al.,
2007; Macfadyen et al., 2018; Olfert et al., 2016). Changes in efficacy of biological
control agents may occur due to phenological mismatches (Meineke et al., 2014; Wu
et al., 2016). For example, diamondback moth was found to tolerate higher temperatures than the larval parasitoids Diadegma insulare (Cresson) (Hymenoptera:
Ichneumonidae) (Bahar et al., 2012) and Cotesia vestalis (Haliday) (Hymenoptera:
Braconidae) (Machekano et al., 2017) in laboratory experiments. In addition, increases in average temperature can potentially cause a shift in host-parasitoid interactions for diamondback moth resulting in reduced biological control by the larval
parasitoid Diadegma semiclausum (Hellén) (Hymenoptera: Ichneumonidae) by the
year 2070 (Furlong and Zalucki, 2017).
Between 1954 and 1958, after Harcourt’s original study, the urban sprawl in the
Ottawa area began expanding into the western and southern borders of the CEF which
had previously been farmland (MacOdrum Library Aerial Photographs, 1958; University of Toronto Map and Data Library, 1954). Increasing urbanization in the areas
surrounding the CEF could have influenced the persistence of natural enemies through
habitat fragmentation, urban heat-island effects and increased pollution (McIntyre,
2000; Gagné and Fahrig, 2010). Additional stresses caused by urbanization on host
plants have the potential to benefit herbivorous pests (Dale and Frank, 2014; Gibb
and Hochuli, 2002) or disrupt trophic interactions (Christie et al., 2010; Fenoglio
et al., 2013; Nelson and Forbes, 2014).
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Because these changes in temperature, land use and crop type over the past 65
years have potentially altered diamondback moth population dynamics, our goal was
to gather new baseline data on diamondback moth and its natural enemies to inform
future control strategies. We did this using a life table approach, with two different
methods of building life tables. A life table of diamondback moth is indispensable in
integrated pest management, since it describes population-level impacts of mortality
factors in the field, with emphasis on mortality caused by parasitoids.
Our objective was to describe these population-level impacts and to describe the
present day parasitoid complex in the Ottawa area by generating contemporary life
tables. Life tables are rarely revisited, with the exception of those involving human
epidemiology or occupational safety (e.g. Jaddoe et al. 2010; Roscoe 1997; Ruder et al.
2006). They are also rarely revisited in conservation biology, due to the difficulty of
obtaining new data in the field. Follow-up on life tables of threatened species is often
undertaken using population modelling approaches (e.g. Cortés 2002; Heppell 1998;
Wisdom et al. 2000). A contemporary life table study on the CEF represents a unique
opportunity where a historical ecological study with extensive monitoring is revisited
at the same site at present day.
The data we obtained were qualitatively compared to those in various publications
by Harcourt (1954, 1957, 1960a, 1963, 1986) to interpret changes that may have
occurred over 65 years. As well, comparison of new and old life table techniques
can be made. The study objectives were: 1) to interpret temperature data to assess
overwintering potential of diamondback moth in the Ottawa area; 2) describe the
population dynamics of the diamondback moth through a static life table method
and an abridged life table; and 3) describe the natural enemy community associated
with diamondback moth.
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3.3
3.3.1

Materials and Methods
Field site

The life table study was conducted on the CEF (45 ◦ 23"N, 75 ◦ 43"W) from 2016–
2017. The experimental plot was 10 m x 10 m in size and was tilled prior to planting.
Cabbage seedlings, Brassica oleracea (Linnaeus) var. Adaptor (Brassicaceae) were
planted in May of each year, with plants spaced every 0.5 m in rows 1 m apart (Harcourt, 1954) to accommodate 200 plants. For the life table, 20 spots were randomly
selected and left unplanted to contain experimental plants within the plot. A buffer
zone, consisting of 44 plants were planted one meter from the plot edge and one
meter apart. Plants were watered accordingly based on seasonal temperatures and
rainfall. No chemical intervention was used, all plot maintenance was done manually.
The crop surrounding the experimental plot was barley (Hordeum vulgare (Linnaeus)
(Poaceae)) in 2016 and soybean (Glycine max (Linnaeus) (Fabaceae)) in 2017. Experimental plots of canola, as well as volunteer canola plants, were present nearby.
3.3.2

Overwintering potential

To determine the potential for diamondback overwintering in the cabbage plot over
the winter of 2016–2017, temperature above ground was taken with an air temperature
and humidity logger (Onset HOBO U23) located 1.5 m above the ground surface
contained in a solar radiation shield. Ground level temperature was recorded using a
soil probe (Tinytag TGP-4017) buried one centimeter below ground, with the sensor
at surface level. Snow depth data were retrieved from the National Climate Data
and Information Archive (Environment and Climate Change Canada (ECCC)) from
the weather station located on the CEF (Ottawa CDA RCS, World Meteorological
Organization Identifier: 71063).
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3.3.3

Abridged life table

An abridged life table is a modern technique for describing mortality factors experienced by organisms in the field. This approach integrates a mark-recapture technique
to control numbers of individuals entering a particular life stage and narrows down
the occurrence of mortality by stage over a complete cohort life table (Carey, 1993,
2001). Field mortality data were applied to a synthetic cohort by year with a starting
population of 1000 eggs (Carey, 1993).
Four discrete life stages were exposed in 2016: egg (E), first larval instar (L1),
second to fourth larval instar combined (L2/L3/L4), and pupa (P). In 2017 five
discrete life stages were exposed by separating the fourth larval instar (L4) as a
discrete stage and combining the second and third larval instars into one stage. Insects
were exposed on 3–6 week old plants (5–8 true leaves) for easier handling and host
acceptance (Moreira et al., 2016). To ensure sufficient numbers for analysis, data
were pooled over multiple runs consisting of two runs (July–August) in 2016 and four
runs (May–August) in 2017.
The multiple abiotic and biotic mortality factors involved at each stage of the diamondback moth life cycle can be analyzed using a multiple decrement life table, where
individuals can die from multiple mutually exclusive mortality factors (Carey, 1993).
Pooling data for a multivoltine species can limit the ability to discern seasonality
of mortality factors and potential density-dependent effects. However, our approach
was to explain the contribution of each mortality factor using the data available as a
general overview of the population dynamics of the diamondback moth in the Ottawa
area.

3.3.3.1

Insect rearing The insects used for the abridged life table were sourced

from a laboratory colony maintained at the CEF. The colony was founded in 2000
from a local wild population. To maintain genetic diversity, adults caught in the field
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were introduced into the rearing population annually. Insects were reared on canola
until May, 2016 when the host plant was changed to cabbage prior to commencing
the life table study to align with the methods of Harcourt (1954). Insects were reared
at 22 ±1 ◦ C degrees at 60 % RH, with 16h light. Adult moths were sustained with a
10 % honey-sucrose solution.

3.3.3.2

Egg An oviposition cage was created using a tall insect rearing cage

(BugDorm-4F3074, Megaview Science Co. Ltd.) modified with additional sleeved
entry holes (Figure 3.2). One individual leaf from each experimental plant was placed
through the entry hole to the inside of the cage and the sleeve was tied off. Adult
moths were introduced into the cage along with sucrose and left overnight for oviposition. The following day the leaves were removed through the sleeve. The eggs were
counted using a microscope light source and magnifying visors. The average number
per plant was 288 ±28.14 eggs (mean ±SE) (N = 60).

3.3.3.3

First instar Plants were exposed to adult moths using the same ovipo-

sition cages as for the egg stage (3.3.3.2). Eggs were left in the laboratory at ambient
temperature and relative humidity until hatching. First larval instars were counted
using a microscope light source and magnifying visors. Unhatched eggs were removed
with a paintbrush. The average number per plant was 75 ±8.0 larvae (N = 60).

3.3.3.4

Second to fourth instar In 2016, 20 plants were each infested with 30

second instar larvae before being transferred to the field plot, where they were left
until they had reached fourth instar. In 2017, 20 plants with 30 second instars were
left in the plots until they had reached third instar. A second set of 20 plants each
infested with 20 fourth instars was transferred to the plot and left until the larvae
had transformed into pre-pupae.
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3.3.3.5

Pupa Plants were artificially infested with 20 late fourth instars and left

in a laboratory setting at ambient temperature and relative humidity overnight until
pupation. Larvae that did not pupate were removed from the plants prior to counting.
Average number per plant was 17 ±0.52 pupae (N = 60).

3.3.3.6

Estimates of diamondback moth fecundity Pupae from one cohort

of the laboratory colony were kept individually in small petri plates until adult emergence. The adult moths were sexed and the females were placed singly in a container
with two males, sucrose and a clean cabbage leaf disk and kept in laboratory conditions (22 ±1 ◦ C degrees at 60 % RH, 16h light). Leaf discs were changed daily until
the female was no longer fecund or had died. Eggs oviposited on the leaf discs were
counted to calculate average fecundity for the females in the laboratory population
and used in the subsequent life table analyses.

3.3.3.7

Treatments and experimental procedure Plants were randomly as-

signed to one of two treatments, control (caged) or full exposure (uncaged). Cages
were constructed using a 45.72 cm diameter tomato cage fitted with an insect rearing
bag (DC3148, Megaview Science Co. Ltd.) similar to the total exclusion cage used
by Furlong et al. (2004b) (Figure 3.1). Plants in the control treatment were placed
into the cages using a zipper on the side of the bag, with the sleeve end securely tied
off. Plants were placed in randomly assigned unplanted experimental locations in the
plot regardless of treatment. The experimental plants were partially buried up to the
pot rim in a shallow hole. Plants were left in the field until insect individuals were
transitioning into the next life stage. This exposure period was determined using
temperature data from the air temperature logger in the experimental plot and a
modified degree day model for the diamondback moth (Butts and McEwen, 1981).
Plants were processed in the lab where all remaining individuals were counted and
moved into rearing containers to assess parasitism levels and additional mortality.
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3.3.3.8

Construction of the life tables and assessment of mortality factors

Due to the change in number of discrete life stages exposed, data from 2016 and 2017
were analyzed separately. All life tables began with a hypothetical cohort of 1000
eggs. The values for specific mortality factors were calculated indirectly from field
data. In most life table studies, a large number of individuals are killed by unknown
mortality factors or simply disappear. Rainfall is a notable source of mortality for
late-instars (Harcourt, 1954). In 2016, we attempted to measure mortality due to
rainfall by adding a rain shelter treatment consisting of a 62 cm x 62 cm transparent
corrugated plastic sheet on wooden stakes; however, this treatment failed to reveal
differences in mortality compared to treatments with no shelters (median percent
recovery, shelter exposed: 43.75, IQR = 65.76, exposed: 60, IQR = 62.14, N =
160, P < 0.33, Mann-Whitney-Wilcoxon rank sum test). Data from the rain shelter
treatment were excluded from further analyses and the treatment was discontinued
in 2017. Therefore, mortality by rain is included in abioitic and unknown mortality
(temperature, rain, wind, exposure, non-emergence, pathogens and mortality that
cannot be accounted for between the control and exposed treatments) in the life
table.
To avoid underestimating the impact of parasitism, we used a correction calculation which accounts for a combination of potential non-reproductive parasitoid induced mortality and density-dependence between the number of individuals exposed
and recovered (Abbott 1925; Bellows and Fisher 1999, Haye et al. unpublished)
(Equation 1):
(P arasitism = ((NP arasitoid /NM oth+P arasitoid )NRecovered )/NT otal ∗ 100%)

(1)

where N equals the number of individuals. The predation mortality factor was calculated by subtracting background mortality experienced in the control samples from
mortality attributed to individuals that were not recovered in the exposed treatments.
The abiotic and unknown mortality factor was calculated by adding the background
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mortality experienced in the control treatments to mortality of individuals that died
after being recovered from the field in the exposed treatments and subtracting the difference between the corrected parasitism rate and the directly calculated parasitism
rate. Infertility was a term given to eggs recovered from the exposed treatment that
appeared viable upon recovery but did not hatch. This was calculated directly as
a percent of all individuals that were exposed. Total mortality of each stage was a
summation of the percent mortality from these factors combined.
Mortality factors were then expressed as apparent mortality, killing power (k values) and generational mortality as defined in Bellows et al. (1992). Apparent
mortality by stage (qs ) is the proportion of individuals entering the stage (lx ) that
die in the same stage (ds ) calculated as qs = ds /lx . Apparent mortality by factor
(qx ) is the proportion of individuals from the beginning of the stage (lx ) that die by
each mortality factor (dx ) calculated as qx = dx /lx . Killing power (kx ) is an index
of mortality independent from numbers in a population (mx = 1 − ((1 − qs )(qx /qs ) )
calculated as kx = −log(1 − mx ). The k -value of each factor is shown as a proportion
of generational mortality (KG ). Population dynamics of the diamondback moth were
reported using the net reproductive rate (R0 ) as an indicator of whether a population
is growing (R0 > 1) or declining (R0 < 1) (Van Driesche et al., 2008) calculated
by dividing potential F1 progeny at the end of the generation by the number of
individuals at the beginning of the generation. Potential F1 progeny was calculated
using a 1:1 sex ratio (Harcourt, 1957) and the estimation of female fecundity was
obtained from the laboratory colony (Section 3.3.3.6).
3.3.4

Static life table

A static life table was the method employed by (Harcourt, 1954) where destructive
sampling was used as a cross-sectional examination of different cohorts and stages of
development at a single time point in the field. This method was used in the current
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study to facilitate comparisons with Harcourt (1954). Destructive sampling was conducted on mature cabbage plants that were planted inside the plot and separate from
the abridged life table. Sampling was done in July and late August of both years to
examine natural infestation rates of diamondback moth and to evaluate parasitism
in a crop setting. For each sampling period ≈ 70 plants were randomly harvested
and destructively processed. Sampled plants were replaced in the plot by replanting
with cabbage seedlings grown in the greenhouse. Number of individuals in each life
stage was recorded for each plant sample. The various stages of diamondback moth
recovered from these samples were kept in rearing containers and maintained in laboratory conditions (22 ±1 ◦ C degrees at 60 % RH, 16h light) to assess parasitism
levels. To confirm the presence of natural populations inside the plot, two delta traps
(Cooper Mill Ltd.) were set up on the north and south side of the plot. Direction
was determined by placing the openings of the traps to face plots of canola and other
Brassica. Traps were lined with a sticky card, and a diamondback moth pheromone
lure (Cooper Mill Ltd.) was suspended in the center of the trap. The liner was
changed weekly and the lure changed every two weeks. Traps were established on 11
May, 2016 and 5 April, 2017 and taken down at first snowfall: 23 November, 2016
and 19 November, 2017, respectively.
3.3.5

Natural enemies

Parasitoids that emerged from field-collected diamondback moth individuals placed in
rearing were immediately aspirated and stored in 70 % ethanol. Expert identification
of parasitoids was provided by taxonomists at the Canadian National Collection of
Insects, Arachnids and Nematodes in Ottawa, Ontario, Canada.
Pitfall traps were set up to gauge the ground predators inside the experimental
plot, which may identify species responsible for predation mortality. Pitfall traps
consisted of buried plastic cups (12 cm height, 9.5 cm diameter top, 6 cm diameter
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bottom) buried in the soil with the rim at ground level. Each trap was filled with
150 mL of ethylene glycol and protected with a wooden cover raised ≈ 10 cm off the
ground by nails. In 2016, there was a total of 12 pitfall traps set up in three groups of
four in a square formation at 4, 8 and 10 meters from the center of the plot. In 2017,
a total of 8 pitfall traps were set up in the experimental plot in a square formation at
4 and 8 meters from the center of the plot. The traps were set out twice throughout
the season in both years (July and August), exposed for one week in 2016 and for
two weeks during 2017. The traps were collected and their contents stored in 95 %
ethanol. Specimens were identified with numbers of each species recorded (Table 3.4).

3.4

Results

During the study, average summer temperature in 2016 was 16.5 ±8.0 ◦ C and in
2017 was 15.7 ±6.0 ◦ C. Total precipitation was 277 mm in 2016 and 573 mm in
2017 (ECCC) (Figure 3.3). The Canadian Drought Monitor program (Agriculture
and Agri-Food Canada) had Ottawa under severe drought conditions in 2016 (Figure
A2). In contrast, no drought warnings were issued for the summer of 2017, which was
instead characterized by wide-spread flooding as a result of spring melt and overall
high precipitation.
3.4.1

Overwintering potential

Winter temperature data were summarized similar to those in Chapter 2. There
were 141 days of snow cover where average daily temperature under the snow from 26
November, 2016 to 1 April, 2017 was 0.01 ±1.03 ◦ C. The average daily air temperature
from October 2016 to May 2017 was -0.22 ±8.23 ◦ C with 101 days where the average
temperature was at or below 0 ◦ C and 4 days where the daily minimum was at or
below the lower lethal temperature for diamondback moth adults (-20 ◦ C) (Nguyen
et al., 2014) (Figure 3.5).
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3.4.2

Abridged life table

The mean average lifetime fecundity of female diamondback moth from the laboratory
colony was 255 ±25 eggs (N = 9). This was used as the potential fecundity for female
moths in constructing the abridged life tables for each study year.
Recovery of diamondback moth was significantly different between fully exposed
and caged plant treatments (Kruskal-Wallis H = 118.4, 1 d.f., P < 0.0001). Mortality
at the egg stage was high and mainly due to abiotic and unknown factors in both
years, 69.8 % (2016) and 42.9 % (2017) (shown as apparent mortality in Tables 3.1
and 3.2). No egg parastioids were recovered in either year; parasitism noted at the
egg stage was likely due to a small portion of individuals developing past the first
instar before recovery from the field that were attacked by larval parasitoids.
Major mortality factors for first instars differed between years, with abiotic and
unknown factors accounting for 36.6 % of mortality in 2016 and predation accounting
for 36.2 % in 2017 (shown as apparent mortality in Table 3.1 and 3.2). Overall
mortality for first intars differed, being higher in 2016 (88.6 %) compared to 2017
(63.7 %).
In 2016, the major mortality factors for second to fourth instars were abiotic
and unknown factors at 54.6 % (Table 3.1) with parasitism by D. insulare being
low at 2.9 %. In 2017, the major mortality factor for second to third instars was
predation at 43.8 % (Table 3.2). Parasitism for the second to third instars was 15.8
% with parasitoid composition at 79.1 % D. insulare and 18.6 % Microplitis plutellae
(Muesbeck) (Hymenoptera: Braconidae). Predation (70.2 %) was the major mortality
factor of fourth instars. Parasitism for fourth instars was 8.1 %, of which 69.2 % was
from D. insulare and 15.3 % from M. plutellae.
For the pupal stage, predation was the major mortality factor in both years at 42.9
% (2016) and 45.8 % (2017) (Table 3.1 and 3.2). Parasitism of pupae by Diadromus
subtilicornis (Gravenhorst) (Hymenoptera: Ichneumonidae) was 10.4 % in 2016, and
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8.0 % in 2017.
Total mortality for the abridged life tables was 99.96 % in 2016, and 99.97 % in
2017 (Table 3.1 and 3.2). The net reproductive rates (R0 ) of 0.054 (2016) and 0.042
(2017) indicate declining populations in both years. In 2016, mortality in the second
to fourth instar stage was the largest contributor to generational mortality (28.1 %),
whereas, mortality at the fourth instar stage was the largest contributor to generational mortality in 2017 (27.9 %). Combined parasitism of all stages contributed to
11.1 % (2016) and 13.7 % (2017) of generational mortality. Parasitoid species composition was also very similar between years with the dominant species being ≈ 76 %
D. insulare followed by ≈ 17 % M. plutellae.
3.4.3

Static life table

In 2016, adult moths were already present in the field when the pheromone traps
were set up on 11 May and were no longer caught in traps after 4 November. In 2017
traps were setup much earlier, starting on 5 April. One moth was caught during the
first week of trapping. Overall, a total of 148 moths (2016) and 247 moths (2017)
were caught in the traps. Notably, in 2017, there was a sharp peak in trap catches
for the week of 15 May–24 May, where 61 moths were caught (Figure 3.4). Using the
pheromone trap data, temperature data and a degree day development model with a
developmental threshold of 7.3 ◦ C and 293 degree day accumulation for completion of
a generation (Butts and McEwen, 1981), we estimated there were 4 and 3 generations
of diamondback moth in 2016 and 2017, respectively. These findings were validated
using the bio-climatic model (DYMEX R ) presented in Dosdall et al. (2006) running
2016 and 2017 seasonal weather data from the National Climate Archive (ECCC)
(Figure A3).
For the static life table, a total of 677 diamondback moth individuals were collected
in 2016 and only 57 individuals were collected in 2017. Since there were so few
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individuals collected in 2017 the larval stages were pooled into early (L1 & L2) and
late instar (L3 & L4) stages. The most abundant life stages collected in 2016 were
the late instar stages at 45.0 % followed by the pupal stage at 34.7 %. In 2017, the
most abundant stage collected was the pupal stage at 54.4 % followed by the late
instar stages at 22.8 %.
Natural densities of life stages found in the static life table for 2016 were 0.1
egg per plant, 4.26 larvae per plant and 2.3 pupae per plant. For July 2017, there
were 0.37 larvae per plant and 0.44 pupae per plant with no eggs recovered. No life
stages were recovered in August 2017. The densities of exposed life stages used in
the abridged life table could potentially impose density-dependent effects on observed
mortality rates, since the number of individuals used in the abridged life tables were
much higher than the numbers collected in the static life tables.
In 2017, cumulative percent parasitism was 25.7 % due to the parasitoids D.
insulare and M. plutellae. Interestingly, in 2016 the corrected parasitism rate was
58.2 % with higher parasitoid species diversity, including hyperparasitoids (Table
3.3) although D. insulare and D. subtilicornis were still the most abundant species.
3.4.4

Natural enemies

Over the two years of this study ten parasitoid species were associated with diamondback moth in the Ottawa area. Taxonomic names of the parasitoids in Harcourt
(1954, 1960a) have been updated to the current valid names. Voucher specimens
for this study have been deposited at the Canadian National Collection of Insects,
Arachnids and Nematodes in Ottawa, Ontario, Canada.
Parasitoids that were found in common between this study and the studies by Harcourt (1954, 1960a) were the larval parasitoids D. insulare and M. plutellae, the pupal
parasitoid D. subtilicornis, the larval-pupal parasitoid Oomyzus sokolowskii (Kurdjumov) (Hymenoptera: Eulophidae) and the facultative hyperparasitoid Conura alb-
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ifrons (Walsh) (Hymenoptera: Chalcididae).
Parasitoids reported by Harcourt (1954, 1960a) but not found in this study were
Dibrachys microgastri (Bouché) (Hymenoptera: Pteromalidae), Pteromalus phycidis
(Ashmead) (Hymenoptera: Pteromalidae), Trichomalopsis viridescens (Walsh) (Hymenoptera: Pteromalidae), Gelis tenellus (Say) (Hymenoptera: Ichneumonidae) and
Campoletis sp. (Hymenoptera: Ichneumonidae). These species are mostly generalists. These identifications may no longer be valid based on current species concepts;
for example, the genera Gelis and Pteromalus cannot be reliably identified to species
at present.
Parasitoids found in this study that were not previously reported on diamondback moth in the Ottawa area were Cotesia spp., Diolcogaster claritibia (Papp)
(Hymenoptera: Braconidae), Gelis sp. and Trichomalopsis dubia (Ashmead) (Hymenoptera: Pteromalidae). The Gelis sp. individuals found in this study were
wingless females and cannot be identified to species. However, wingless females indicate that these individuals are not G. tenellus (Bennet, personal communication)
previously reported by Harcourt (1954, 1960a), which are known to have winged females. Trichomalopsis dubia is a generalist facultative hyperparasitoid; this study
is the first to report a host association with diamondback moth or any of its known
parasitoids. There were also two distinct Cotesia species recovered. Both require additional resources for expert identification; one is likely Cotesia rubecula (Marshall)
(Hymenoptera: Braconidae) and the other is currently unknown.
Pitfall trapping determined that Coleoptera (primarily Carabidae) were the most
abundant ground predators in the experimental plot. Other predators were from
the orders Opiliones, Araneae, Hymenoptera, Trombidiformes, and Hemiptera, listed
from most to least abundant (Table 3.4). The most abundant species of beetles were
the native Harpalus pensylvanicus (DeGeer) (Coleoptera: Carabidae) and the adventive Pterostichus melanarius (Illiger) (Coleoptera: Carabidae). The most abundant
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arachnids in the traps were Opiliones. Harcourt (1960a) had previously reported
finding predatory mites belonging to the families Erythraeidae and Anystidae. Our
study identified mites from the families Anystidae and Parasitidae, which are also
predatory.

3.5

Discussion

With the passage of several decades since Harcourt’s life table studies on diamondback
moth (Harcourt, 1954, 1957, 1960b,a, 1963, 1986) there has been considerable urban
expansion (University of Toronto Map and Data Library, 1954; MacOdrum Library
Aerial Photographs, 1958), changing global climate (Hansen et al., 2010; Rahmstorf
et al., 2017) and the introduction of new crop types (Slinkard and Knott, 1995).
Despite this, the mortality factors and demography of this important pest of Brassica
appear to have remained consistent.
In the summers of 2016 and 2017, predation accounted for a large proportion
of generational mortality. The dominant parasitoid attacking diamondback moth
was still the larval parasitoid D. insulare. The larval parasitoid M. plutellae and
the pupal parasitoid D. subtilicornis were also present, with smaller contributions to
total mortality. The total mortality was found to be 99.96 % in 2016 and 99.97 %
in 2017. This was similar to that which Harcourt reported in his studies (Harcourt,
1963, 1986). Immigration from southern climates (Dosdall et al., 2001; Hopkinson and
Soroka, 2010; Smith and Sears, 1982; Harcourt, 1986) was likely the driver initiating
populations in the experimental plot due to winter conditions that were too harsh for
diamondback moth overwintering.
Overwintering of diamondback moth during this study was unlikely due to the
physiological tolerance of moths under the snow and the extended winter conditions
experienced in the Ottawa area during 2016–2017. Furthermore, it is unlikely any
stage of diamondback moth could survive 141 days at 0 ◦ C (Chapter 2). Figure
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3.5 shows that near the beginning of March 2017, spring freeze-thaw cycles likely
caused average temperatures under the snow to dip below 0 ◦ C for the duration of
March (average temperature -1.08 ±1.08 ◦ C). Sub-zero temperatures following a long
period at 0 ◦ C would be lethal to all stages of diamondback moth. Therefore, the
conditions at present day, for the winter of 2016–2017, still support the hypothesis of
diamondback moth being incapable of overwintering in the Ottawa area (Harcourt,
1954).
In both years, diamondback moth adults were detected in the field earlier in the
spring and later in the fall than reported by Harcourt (1957), where moths typically arrived in May and were no longer detected by October (Figure 3.4). The first
pheromone trap catch in the current study occurred during the week of 5 April to 12
April, 2017. Temperatures during the week were below the developmental threshold
for diamondback moth (7.3–7.5 ◦ C), which is too cold for flight (Goodwin and Danthanarayana, 1984), with the exception of 10 April, 2017, where the average temperature
rose to 14.8 ◦ C, which was warm enough for flight (Goodwin and Danthanarayana,
1984; Shirai, 1993). This is an extremely early record for diamondback moth trap
catches in the Ottawa area. This early catch is only rivaled by Smith and Sears (1982)
with a catch date of 9 April, 1981 in Cambridge, Ontario located ≈ 430 km southwest
of Ottawa.
Using the early catch date in 2017 and temperature data from the National Climate Data and Information Archive (ECCC), a reverse wind trajectory was generated
using the model in Dosdall et al. (2006). The model validated an arrival date of 10–
11 April, 2017, where the back trajectories at 2500 and 1500 meter above ground
traversed the states of Texas, New Mexico and Arizona (United States of America)
(Figure A1). These regions are historically believed to be the source of immigrant
populations of diamondback moth into Canada (Dosdall et al., 2001; Hopkinson and
Soroka, 2010; Dosdall et al., 2006; Harcourt, 1957). Furthermore, the spike in males
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caught in our traps in May 2017 (Figure 3.4) was also likely to be due to immigration, since the number of degree days that had accumulated prior to that date (151.1)
was below 293, the minimum number of degree days for development of a complete
diamondback moth generation (Butts and McEwen, 1981).
Following the immigration of moths from more southerly parts of the range, we
estimate that diamondback moth produced 4 generations in 2016 and 3 in 2017. The
pheromone trap counts show peaks that are separated by a degree day accumulation
sufficient to allow for the production of a new generation in the field. However, it
is not possible to determine the proportion of males in the traps that were locally
produced as opposed to immigrants. The low net reproductive rates from the life
tables (R0 < 1) suggest that the system is immigration-driven. However, there may
have been variation in R0 over the course of the season that we could not detect with
our single composite life table for each year; such variation could have allowed for
population growth to occur in situ for some of the generations.
By including a cage treatment that excluded predators while allowing rain to reach
the plants, we were able to assess the importance of predation as a mortality factor
for diamondback moth. Harcourt (1963) noted that larvae occasionally fell prey to
birds, syrphid flies, mites and spiders; however, he disregarded predation as an important source of mortality and did not include it as a factor in his life table analyses.
Undoubtedly, the rain mortality factor in his life tables, which was a mortality factor at the larval stage, included some predation (Harcourt, 1963, 1986). Rain and
predation may act in concert; when rain knocks larvae off the plants they become
available to ground-dwelling predators (Mauduit, 2012). In the present study, predation accounted for 33.26 % and 59.62 % of generational mortality in 2016 and 2017,
respectively, although these figures might be inflated somewhat due to wandering of
late-instar larvae, especially in 2017 when mortality of fourth instars was evaluated
separately. Pitfall trapping allowed us to identify 10 species of carabid beetles that
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were present in the plots, as well as arachnids, hemipterans and hymenopterans (Table
3.4). The taxonomic groups of predators abundant in our cabbage plot were similar
to those observed in Alberta canola fields (Mauduit, 2012), and in cabbage (Furlong
et al., 2004b) and broccoli (Hosseini et al., 2006) plots in Australia.
Harcourt constructed his static life tables based on destructive sampling of all
diamondback moth life stages on mature cabbage plants throughout the season. In
the present study, in addition to this static life table approach, we also constructed
an abridged life table, by inoculating cabbage plants in the lab with known numbers
of a given life stage and placing these plants in the field for the duration of that life
stage. Comparison of the two methods revealed important differences. The abridged
life tables identified three dominant parasitoid species in both years: D. insulare, D.
subtilicornis and M. plutellae. These parasitoids were the dominant species in Harcourt’s (1954; 1960a) studies and are also the main species found on diamondback
moth in the provinces of Prince Edward Island (Noronha and Bahar, 2018), Alberta
and Saskatchewan (Braun et al., 2004; Dosdall et al., 2011; Bahar et al., 2013a).
Sampling for the abridged life table detected only one individual of one other species
in 2017, D. claritibia, a larval parasitoid. The static life table, on the other hand,
revealed more parasitoid diversity; in addition to the three main parasitoids, D. claritibia and five other larval and pupal parasitoids were present in these samples (Table
3.3), but only in 2016, when diamondback moth was more abundant in the field. Four
of the additional species were hyperparasitoids, which may require diamondback moth
larvae or pupae that contain primary parasitoids at a specific stage of development.
The static life table technique, in which the diamondback moth hosts are exposed
for a longer period, may have facilitated the detection of hyperparasitoids and rarer
species in the system. Other possibilities include parasitoids being more sensitive
to herbivore-induced plant responses produced by younger plants (Mao et al., 2017)
or cues produced by cumulative attack of hosts and non-hosts (Bukovinszky et al.,
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2012). Crop plants were occasionally infested with Pieris rapae (Linnaeus) (Lepidoptera: Pieridae) and Trichoplusia ni (Hübner) (Lepidoptera: Noctuidae) in the
static life table (data not shown) and that of Harcourt (1954). The study by Putnam
(1978) showed M. plutellae is the only confirmed parasitoid capable of overwintering
in Canada. However, parasitoids have also been implicated to migrate along with
their adult host (Furlong et al., 2013; Dosdall and Mason, 2010). Since the diamondback moths examined in each life table are from different sources we cannot discount
the possibility that colony-reared diamondback moth may not be as attractive to parasitoids as diamondback moth from the field due to potential genetic or behavioural
differences.
Although the current study makes comparisons of historical and modern data,
the data for this study were collected over two years. This is a relatively small
data set compared to the data in the studies by Harcourt (1957, 1954, 1963, 1986,
1960a,b), which span nearly two decades. Population dynamics often fluctuate and
the conclusions drawn from our study may not represent the comprehensive dynamics
involved in the population at present day. Differing dynamics can be a result of
experimental host plant choice, climatically different field seasons between the two
years, and seasonally extreme weather patterns that could be a result of climate
change. Additional follow up would be beneficial in reinforcing the conclusions in this
study.
Comparing the two different methods of conducting life table studies, we found
that the abridged life table showed more consistent results between years and in
parasitoid composition, whereas the static life table was more capable of detecting
hyperparasitoids. Regardless of technique, both life tables showed decreasing or inconsistent populations compared to pheromone trap data. Despite changes in global
climate, local urbanization, and crop type, the parasitoid species attacking diamondback moth in Ottawa remains unchanged with D. insulare, D. subtilicornis and M.
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plutellae being the main species associated with diamondback moth. Our findings
may indicate that the three major parasitoid species attacking diamondback moth
are potentially robust to changes over the decades. This will require further examination. Both life table approaches showed high total mortality and would require
additional study to tease apart the source components. This study provides insight
into a system that appears to remain unaltered after 65 years. These findings could
aid management initiatives moving forward for introductions of new exotic biological
control agents for diamondback moth in Canada.
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Adults
Sex ratio (% females)
Adult females
Potential fecundity
Potential F1 progeny
R0
Total mortality = 99.96 %

Pupae

L2-L4

L1

Egg

Stage

Predation
Abiotic/Unknown
Parasitism

Predation
Abiotic/Unknown
Parasitism

Predation
Abiotic/Unknown
Parasitism

Predation
Abiotic/Unknown
Infertility
Parasitism

Factor

0.43
0.5
0.21
254.88
54.51
0.05

2.73

24.21

2.30

21.48

189.49

786.29

1000.00

213.71

ds

lx

Stage

1.17
0.85
0.29

7.51
13.23
0.75

63.04
78.22
48.23

76.20
698.00
11.10
0.99

dx

Factor

0.843

0.887

0.887

0.786

Stage qs

0.429
0.310
0.104

0.310
0.546
0.031

0.295
0.366
0.226

0.076
0.698
0.011
0.001

Factor qx

Apparent mortality

KG

0.805

0.948

0.946

0.670

Stage

3.369

0.410
0.296
0.100

0.331
0.583
0.033

0.315
0.390
0.241

0.065
0.595
0.009
0.001

Factor kx

k -value

12.158
8.785
2.959

9.829
17.319
0.983

9.340
11.588
7.146

1.928
17.660
0.281
0.025

% of generational
mortality 100kx /KG

Table 3.1: Abridged life table of diamondback moth, Plultella xylostella, on the Central Experimental Farm in Ottawa, Ontario
for 2016 on cabbage, Brassica oleracea
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Adults
Sex ratio (% females)
Adult females
Potential fecundity
Potential F1 progeny
R0
Total mortality = 99.97 %

Pupae

L4

L2-L3

L1

Egg

Stage

Predation
Abiotic/Unknown
Parasitism

Predation
Abiotic/Unknown
Parasitism

Predation
Abiotic/Unknown
Parasitism

Predation
Abiotic/Unknown
Parasitism

Predation
Abiotic/Unknown
Infertility
Parasitism

Factor

0.33
0.5
0.17
254.88
42.62
0.04

0.87

8.05

61.97

0.53

7.18

53.92

108.60

829.43

1000.00

170.57

ds

lx

Stage

0.40
0.06
0.07

5.65
0.88
0.65

27.16
16.98
9.78

61.81
9.79
37.00

329.10
429.00
45.93
25.40

dx

Factor

0.613

0.893

0.870

0.637

0.829

Stage qs

0.458
0.075
0.080

0.703
0.109
0.081

0.438
0.274
0.158

0.362
0.057
0.217

0.329
0.429
0.046
0.025

Factor qx

Apparent mortality

KG

0.413

0.969

0.886

0.440

0.768

Stage

3.476

0.308
0.051
0.054

0.762
0.118
0.088

0.447
0.279
0.161

0.250
0.040
0.150

0.305
0.397
0.043
0.024

Factor kx

k -value

8.867
1.454
1.556

21.935
3.403
2.529

12.847
8.031
4.625

7.201
1.141
4.310

8.769
11.430
1.224
0.677

% of generational
mortality 100kx /KG

Table 3.2: Abridged life table of diamondback moth, Plultella xylostella, on the Central Experimental Farm in Ottawa, Ontario
for 2017 on cabbage, Brassica oleracea

Table 3.3: Cumulative percent parasitism by parasitoids (Hymenoptera) in the
abridged and static life tables on diamondback moth, Plutella xylostella, in Ottawa,
Ontario. Numbers in brackets are number of parasitoid individuals.

Parasitoid

Stage

Abridged Life table
2016

Static Life table

2017

2016

2017

9.3 (109)

2.2 (11)

2.6 (1)

Braconidae
Microplitis plutellae (Muesbeck)

Larval

6.1 (39)

Cotesia spp.

Larval

-

-

4.0 (20)

-

Diolcogaster claritibia (Papp)

Larval

-

0.2 (1)

0.2 (1)

-

23.1 (9)

Ichneumonidae
Diadegma insulare (Cresson)

Larval

19.3 (162)

36.8 (495)

33.9 (168)

Diadromus subtilicornis (Gravenhorst)

Pupal

10.6 (12)

9.8 (44)

9.7 (48)

-

Gelis sp.

Hyperparasitoid

-

-

0.2 (1)

-

Oomyzus sokolwoskii (Kurdjumov)

Larval—Pupal

-

-

0.5 (271 )

-

Pteromalus sp.

Hyperparasitoid

-

-

1.0 (5)

-

Trichomalopsis dubia (Ashmead)

Pupal/Hyperparasitoid

-

-

1.2 (6)

-

Conura albifrons (Walsh)

Hyperparasitoid

-

-

5.3 (26)

-

36.0

56.1

58.2

25.7

Chalcidoidea

Total Cumulative Percent Parasitism
1 Number

of individuals divided by 10 for parasitism level per diamondback moth individual (Nakamura and Noda,

2002)
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Table 3.4: Predator species composition as total number of individuals in pitfall trap
samples collected in a cabbage, Brassica oleracea, plot on the Central Experimental
Farm, Ottawa, Ontario during the summer of 2016 (12 traps) and 2017 (8 traps)
with data on endemism (Bousquet et al., 2013) and predatory habits (Larochelle and
Larivière, 2003) for Carabidae.

Endemic

Habits

2016

Total

2017

individuals

July

August

July

August

Ground Dweller

77

230

590

1708

2605

Coleoptera: Carabidae
Harpalus pensylvanicus (DeGeer)

Yes

Pterostichus melanarius (Illiger)

No

Ground Dweller

73

52

73

477

675

Harpalus affinis (Schrank)

No

Ground Dweller

1

3

3

51

58

Poecilus chalcites (Say)

Yes

Ground Dweller

10

3

5

5

23

Anisodactylus sp.

Yes

Ground Dweller

1

0

1

5

7

Harpalus herbivagus (Say)

Yes

Ground Dweller

3

1

1

1

6

Agonum placidum (Say)

Yes

Ground Dweller

1

3

0

0

4

Amara sp.

Yes

Ground Dweller

0

1

1

0

2

Clivina fossor (Linnaeus)

No

Climber

1

0

0

1

2

Poecilus lucublandus (Say)

Yes

Ground Dweller

0

1

0

0

1

Aleochara curtula (Goesze)

Ground Dweller

0

0

1

8

9

Dinarea angustula (Thomson)

Ground Dweller

0

0

0

2

2

Philonthus varians (Paykull)

Ground Dweller

0

0

0

1

1

Coleoptera: Staphylinidae

Insecta
Hymenoptera
Formicidae

Climber

11

13

5

16

45

Vespidae

Aerial

0

1

0

1

2

Climber

1

0

0

6

7

Hemiptera
Orius sp.
Arachnida
Opiliones

Climber

19

28

23

32

102

Araneae

Climber

8

13

7

40

68

Trombidiformes

Climber

0

20

12

1

33

62

Figure 3.1: Image depicting control cage used in this study consisting of an upside
down tomato cage with bent legs, with an insect rearing bag covering it.
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Figure 3.2: Image depicting the oviposition cage used in this study with small access
holes on the side of the cage allowing a single leaf of each sample plant to be placed
inside the cage for moths to access and oviposit on. Based on a concept by D.R.
Gillespie.
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!

Figure 3.3: Average temperature and precipitation on the Central Experimental Farm,
Ottawa, Ontario during the summer of 2016 and 2017, precipitation data from the
National Climate Data and Information Archive (Environment and Climate Change
Canada).
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Figure 3.4: Total number of adult male diamondback moth, Plutella xylostella, caught
in two pheromone traps set up in a cabbage, Brassica oleracea, plot on the Central
Experimental Farm, Ottawa, Ontario.
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Figure 3.5: Average air temperature, average temperature under the snow and snow
depth on the Central Experimental Farm, Ottawa, Ontario during the winter of 20162017. Snow cover data provided by the National Climate Data and Information
Archive (Environment and Climate Change Canada).
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Chapter 4

Microbiome analysis of diamondback moth
(Lepidotpera: Plutellidae) midgut and associated
plants using 16S rRNA amplicon sequencing

4.1

Abstract

Various studies have investigated the diversity and composition of the microbiome of
diamondback moth, Plutella xylostella, and have characterized the effects of the microbiome in facilitating pesticide resistance and improving immune responses. However,
few studies have investigated the microbiome of this pest’s diet in the field. This
study explores the microbiome of canola leaves in the field, canola and cabbage leaves
in the lab and the associated microbiome found in midguts of late instar diamondback moth larvae. Using 16S rRNA sequencing, a total of 1070 OTUs were identified.
The midgut microbiota was consistent between diets with 99.3 % identified as belonging to the family Enterococcaceae, with no differences in community composition
of the genus Enterococcus between samples. The host in which the microbiome was
found (leaf or midgut) was the factor that best described changes in microbiome
composition. The core community in all leaf and gut samples was composed of eight
OTUs assigned to the families Enterobacteriaceae, Enterococcaceae and Comamonadaceae. We hypothesize that the midgut microbiota of diamondback moth larvae
highly favours Enterococcaceae and speculate that it may have a protective role for
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this pest.

4.2

Introduction

Herbivorous insects rely on microorganisms to aid in digesting plant material, detoxification and nutrient supplementation (Hammer et al., 2017; Chaturvedi et al., 2017).
Modes of a microbiome can span from being transient, pathogenic or beneficial to an
insect host (Hammer et al., 2017). Studies have noted that gut microbiomes have
measurable physiological benefits to insect herbivores (Xia et al., 2017, 2013; Paniagua Voirol et al., 2018; Rempoulakis et al., 2017; Ruokolainen et al., 2016). Some
examples include facilitating the breakdown of secondary plant metabolites (CejaNavarro et al., 2015; Pizzolante et al., 2017; Berasategui et al., 2017), aiding in insect
growth (Rempoulakis et al., 2017; Ruokolainen et al., 2016), insecticide resistance
(Kikuchi et al., 2012; Cheng et al., 2017), increased immunity (Ganley et al., 2018;
Zhang et al., 2016) and even the ability to break down abiotic material, such as mixed
plastics (Brandon et al., 2018).
Diamondback moth, Plutella xylostella L. (Lepidoptera: Plutellidae) is a global
pest of Brassicaceous crops causing damage up to US$ 5 billion annually (Zalucki
et al., 2012). It was the first species to develop resistance to Bt (Bacillus thuringiensis) and is field resistant to all major classes of insecticides (Furlong et al., 2013).
Despite the ability of the diamondback moth to consume various species of Brassicaceae, in the lab, its feeding behaviour can be best described as monophagous
(Mereghetti et al., 2017).
There has always been speculation that the microbiome of diamondback moth
aids in conferring insecticide resistance in this pest (Xia et al., 2013; Ramya et al.,
2016; Indiragandhi et al., 2007), which is a targeted interest for agricultural pest
management. Xia et al. (2013) found differences in gut microbiota in the diamondback
moth between pesticide resistant and susceptible populations in China. Follow up
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studies by Xia et al. (2017, 2018) described the functional group of major bacterial
species in the diamondback moth midgut. These species were involved with the
degradation of plant material and detoxification of plant chemicals and are thought to
potentially contribute to pesticide resistance. When inoculated with bacterial cultures
of Enterobacteriaceae, Serratia sp. and Enterococcus sp., diamondback larvae had
increased pesticide resistance and induced expression of immune response compounds
(Xia et al., 2018).
Lin et al. (2015) described the gut microbiome of the diamondback moth when
fed cabbage, artificial diet and five different antibiotics. Under concentrations of
antibiotics that were safe for the larvae, the majority of bacteria were removed from
larval midguts. However, certain bacteria could never be fully removed in antibiotic
treatments.
Studies often do not take proper control measures to disentangle the origin of the
bacterial community in microbiome studies (Paniagua Voirol et al., 2018). Studies on
the diamondback moth microbiome have been typically carried out in laboratory settings where the larvae may only consume one type of plant during their development.
Studies using specimens from the field often do not mention the plant the larvae were
feeding on. Generalizing the changes in microbial diversity and abundance when we
lack information on how diet and environment can influence the microbiome can leave
a gap in the interpretation of the results.
The microbiome found in diamondback moth larvae could be heavily dependent
on diet. By altering properties of the diet it might be possible to manipulate pesticide
resistance. The microbiome of the diet and the resulting microbiome found in the
larvae must first be characterized.
Our objective was to examine and describe differences in bacterial communities
in the larval midgut of the diamondback moth between diet (plant species), environment (field versus lab reared) and host (gut versus leaf). We also describe the leaf
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microbiome and the insect gut microbiome and characterize them taxonomically to
draw conclusions on the nature of the relationships between diet, environment and
host.

4.3
4.3.1

Materials and Methods
Insect Rearing

To describe the microbiome of diamondback moth larvae on canola Brassica napus
(Linnaeus) and B. rapa (Linnaeus) (Brassicaceae) in the field, canola plants were
artificially infested with diamondback moth eggs at the Central Experimental Farm
(CEF), Ottawa, Ontario, Canada (45 ◦ 23"N, 75 ◦ 43"W). Three to four volunteer
canola plants growing in a filler soybean Glycine max, (Linnaeus) (Fabaceae) crop
were fitted with insect rearing bags (DC3170 MegaView Science Co., Ltd.) to confine
the insects on the plants. Eggs were obtained by allowing laboratory-reared diamondback moth females to oviposit on canola leaves taken from other canola plants
growing in the soybean field. Approximately 500 eggs on three separate leaf discs
were pinned to the plants inside each rearing bag. The plants were infested with the
eggs on 18 August, 2017 and the resulting larvae were collected on 4 September, 2017
when they had reached fourth instar. Leaf material from inside the rearing bag, as
well as adjacent plants in the plot were collected for sequencing.
In the lab diamondback moth were reared on either greenhouse grown cabbage,
Brassica oleracea var. Adaptor (Linneaus) (Brassicaceae), or greenhouse grown canola
plants. The two greenhouse plant species were housed in separate environmental
chambers (Conviron Adaptis CMP6010) running the same environmental conditions
(30 ◦ C, 65 % RH on a 10h:14h L:D cycle). Eggs were obtained by allowing laboratoryreared females to oviposit on either greenhouse grown cabbage or greenhouse grown
canola leaves on 26 October, 2017. The leaves were cut into smaller leaf discs and
pinned on the plants in the cages. The resulting larvae were allowed to feed on
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the plants until they had reached fourth instar, at which time they were collected
for dissection on 3 November, 2017 for Canola and 4 November, 2017 for Cabbage.
Leaf material from inside the cages were also collected from the rearing plants for
sequencing.
4.3.2

Dissection

Larvae of either sex were surface sterilized with 95 % ethanol for 30 seconds to one
minute and then moved to sterile 1x Phosphate Buffer Solution (PBS) (pH 7.4) for an
additional 30 seconds to one minute (Hammer et al., 2015; Micchelli, 2014). A wax
dissection plate was made from a small petri dish lined with modelling wax. The wax
lined petri plate was sterilized with 20 % bleach for 10 minutes prior to dissections.
The dish was then rinsed with sterile 1x PBS solution. A small drop of 1x PBS was
placed into the center of the dish, along with the surface sterilized larva. Two #3
sized insect pins rinsed with 70 % ethanol were used to pin down the head and anus
of the larva with the ventral side facing up. The larva was dissected under a simple
stereo microscope with two pairs of fine forceps (Dumont #5 Forceps) sterilized in
20 % bleach solution between dissections. Forceps were used to grasp onto the first
pair of true legs or to the insect cuticle near the legs and then pulled away on both
sides shearing the insect integument. This was repeated until the integument was
sheared down the length of the larval body. The midgut was then pinched off near
the head and before the hindgut and pulled out of the body cavity using the forceps.
The malpighian tubules and the silk glands were removed if found attached. Midgut
extracts were pooled, three midguts per sample to eliminate individual variability.
This was determined to be the optimum number for detection using PCR.
Leaf material was sampled by cutting leaf discs using a 4 mm diameter cork borer
(Humboldt Mfg. Co.) sterilized in 20 % bleach solution. Leaf discs were retrieved
using sterile forceps and placed in sterile 1x PBS solution. Leaf extracts were pooled
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samples of three leaf discs per sample. Midgut and leaf disc samples were kept intact
in a 1:4 mixture of sterile 1x PBS and 50 % glycerol and stored at −20◦ C until further
analysis. Pins and the wax dissection plate were rinsed with 70 % ethanol between
specimens and the forceps were kept in 20 % bleach between dissections.
4.3.3

DNA extraction

All plant and larval midgut samples were centrifuged for one minute at 13,000 rpm.
The glycerol and PBS supernatant was disposed. Samples were provided with 200 µL
fresh sterile 1x PBS and homogenized using a sterile micropestle (Eppendorf AG).
Samples were then centrifuged for 12 minutes at 12,000 rpm until a pellet formed.
The pellet was then used for DNA extraction using One-4-All Genomic DNA kit (Bio
Basic Inc.) using the protocol for gram-positive bacteria. Additional steps included
the addition of 20 µL of Proteinase K and RNAse A, following the manufacturer’s
protocol. All samples were validated for PCR product prior to sequencing using 1.0
% agarose gel electrophoresis, resulting in a total of 39 midguts in 13 samples, and
51 leaf discs in 17 samples (N = 30).
Two hypervariable regions of the 16S rRNA gene were used for better detection of
the bacterial community in a phytophagous insect. The universal primer (V3–V4) can
also detect chloroplast 16S rRNA due to strong homology with bacterial 16S rRNA
(Hanshew et al., 2013). Although sequences can be filtered downstream, amplification
of chloroplast 16S rRNA could potentially reduce the detection of rarer bacterial taxa.
A second primer pair, for the V6 region, was also used because it does not amplify
chloroplast 16S rRNA and has specificity for the detection of microbiomes in plants
(Lebeis, 2017). The V6 primer chosen was previously used in another microbiome
study on diamondback moth (Xia et al., 2013). Thus, each sample was divided in
half for each of the two primers resulting in a total of 60 samples for sequencing.
PCR was carried out in a total volume of 10 µL: NEBNext Ultra II Q5 R Master
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Mix (New England Biolabs Inc.) 5.0 µL, DNA template 1.0 µL, forward primer 2.0 µL
and reverse primer 2.0 µL. Amplification targeted the V3–V4 and V6 hypervariable
regions of the 16S rRNA gene (Hanshew et al., 2013; Klindworth et al., 2013).
Universal primers for the V6 region, V6F: 5’-TCGTC GGCAG CGTCA GATGT
GTATA AGAGA CAGCA ACGCG ARGAA CCTTA CC -3’, V6R: 5’- GTCTC
GTGGG CTCGG AGATG TGTAT AAGAG ACACG ACAGC CATGC ASCAC
CT -3’ (Xia et al., 2013). After initial denaturation at 95 ◦ C for 5 min, amplification
was performed using 30 cycles of 30 sec at 95 ◦ C, 20 sec at 58 ◦ C, 6 sec at 72 ◦ C,
followed by a final extension at 72 ◦ C for 7 min (Xia et al., 2013).
Universal primers for the V3–V4 regions, 16S-F = 5’ - TCGTC GGCAG CGTCA
GATGT GTATA AGAGA CAGCC TACGG GNGGC WGCAG - 3’, 16S-R = 5’ GTCTC GTGGG CTCGG AGATG TGTAT AAGAG ACAGG ACTAC HVGGG
TATCT AATCC - 3’ (Klindworth et al., 2013). After initial denaturation at 95 ◦ C
for 3 min, amplification was performed using 25 cycles of 30 sec at 95 ◦ C, 30 sec at
55 ◦ C, 30 sec at 72 ◦ C, followed by a final extension at 72 ◦ C for 5 min (Klindworth
et al., 2013).
Samples were prepared for sequencing according to the Illumina MiSeq platform
system instructions (Illumina Inc.) (Amplicon et al., 2013). Samples were validated
after the first PCR clean-up by gel electrophoresis using randomly chosen samples.
The quantity and quality of the extracted DNA was determined by PicoGreen quantitation (Thermo Fisher Scientific Ltd.) and normalized for sample loading prior to
sequencing.
All reagents used, including glycerol, lysis buffer, PBS and the PBS-glycerol supernatant, were tested for contamination using the two primers. Any contamination
in the reagents was below the level of detection using gel electrophoresis.
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4.3.4
4.3.4.1

Sequence analysis
Closed reference V3 and V6 combined reads Paired-end reads from

16S rRNA amplicons were trimmed and merged separately using FLASH (v1.2.11)
(Magoč and Salzberg, 2011) (options V3:-m 100 -M 500, V6:-m 50 -M 150 ). Quality
checking was done by fastqc (Andrews, 2010) looking for acceptable quality scores and
read length. Sequences were concatenated into a single FASTA file. To compare nonoverlapping amplicons, OTUs were selected using the pick_closed_reference_otus.py
command in Qiime (v1.7) (Caporaso et al., 2010) clustered against Greengenes (v13.5)
reference database (DeSantis et al., 2006) (See Appendix B for parameters). Closed
reference OTU picking determines OTUs using a predefined taxonomy map, therefore
the use of FLASH was to assemble the longest and most complete contigs for OTU
picking since there is no de novo picking step (Caporaso et al., 2010). OTUs with
fewer than one observation were filtered out. Additional filtering removed OTUs
originating from mitochondria and chloroplasts.

4.3.4.2

Open reference V6 reads Paired-end reads from 16S rRNA amplicons

were quality filtered using Trimmomatic (v0.32) (Bolger et al., 2014) (options LEADING:25 TRAILING:25 SLIDINGWINDOW:25:25 MINLEN:50 AVGQUAL:25 ).
Reads were then merged using fastq-join (Aronesty, 2011) with a minimum overlap
of 50 bp. All filtered and overlapped sequences were then clustered into OTUs at 97
% sequence similarity using the clustering method by cd-hit (Li and Godzik, 2006)
through the pick_otus.py command in Qiime. Sequences were de-replicated using
the command pick_rep_set.py in Qiime followed by two rounds of referenced-based
chimera filtering using uchime (Edgar et al., 2011) (ChimeraSlayer gold.fa database).
Representative OTUs were then aligned to the Greengenes reference database using
the command pick_open_reference_otus.py in Qiime (option -s 1 ). Open reference
OTU picking uses a de novo picking step and representative sample picking to as-
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sign taxonomy. This picking method can allow for the discovery of new and rare
OTUs (Caporaso et al., 2010). Rare OTUs that were observed fewer than two times
(Singletons) were filtered out. Additional filtering removed OTUs originating from
mitochondria and chloroplasts.
We used oligotyping analysis to explore differences in the community of the genus
Enterococcus using the oligotyping pipeline (v2.1) (Eren et al., 2013). Oligotyping
utilizes entropy analysis to reveal variable sites to identify highly refined taxonomic
units. For oligotyping we used the quality-controlled open reference V6 reads. The
reads for each Enterococcus OTU were filtered from the raw FASTA file using the
q2oligo.py script (https://github.com/jfmeadow/q2oligo) and the filter_fasta.py command in Qiime. To make partial alignment reads of equal length they were first
padded (o-pad-with-gaps) and then trimmed to an equal length (o-smart-trim) of 98
bp. Oligotyping was performed using the identified high entropy positions (options
-c 2 -M 5000 ).
4.3.5

Data analysis

Reads in the closed reference combined dataset were filtered for singletons. The
community was then rarefied using the vegan package (v2.5-1) in R (v3.4) (Oksanen
et al., 2018; R Core Team, 2017). Rarefaction curves to determine species richness were generated using the BiodiversityR package (v2.9-2) (Kindt and Coe, 2005).
Alpha-diversity was assessed between factors (diet, environment and host) using the
Shannon-Wiener diversity index, which accounts for species abundance and evenness,
through the OTU.diversity command in the RAM package (v1.2.1.3) (Chen et al.,
2016).
To assess beta-diversity the relative abundance was transformed through beta
dispersion to detect the average dissimilarity between variables using Bray-Curtis
dissimilarity index. Pairwise differences in dispersion were tested using betadisper and
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permutest in the vegan package. If there was homogeneous dispersion, the comparison
was further tested for significance using an Analysis of Similarities (ANOSIM).

4.4

Results

The taxonomic composition of the closed reference and open reference methods are
summarized in Table 4.1, after removing chloroplasts, mitochondria and samples with
low numbers of reads. For the open reference method there was a similar number of
OTUs with a Greengene ID compared to the closed reference method (Table 4.1).
However, there were an additional 3026 new reference OTUs in the open reference
method making it the larger dataset. This is not surprising since there is a de novo
picking step in pick_open_reference_otus.py. Detection of major families between
the two methods were similar, where over 99 % of reads from the gut were idenified
as Enterococcaceae. Detection of Enterobacteriaceae in the leaves did differ between
the two methods with the open reference dataset detecting higher percent abundance
(Table 4.1).
Rarefaction curves were used to detect the species richness in all samples. This
determines if coverage of the bacterial community in each sample was sufficient.
Rarefaction curves before rarefying showed that most of the samples had reached
a plateau; however, some samples had not reached a plateau meaning that coverage
of the bacterial community for those samples was insufficient (Figure A4). Median
number of OTUs per sample was 91 (IQR = 69) with a median sampling depth of
56 259 reads (IQR = 117 039). Samples were rarefied so the sum of OTUs in each
sample was equal to the sample with the lowest number of reads (1054 reads). The
resulting rarefaction curves showed that most samples had reached a plateau after
rarefying (Figure 4.1).
The alpha-diversity of the bacterial community in the closed reference combined
dataset, measured by the Shannon-Wiener index, was significantly higher in the leaf
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samples compared to gut samples (Table 4.2). There was no significant difference in
alpha-diversity between diet type within the gut and leaf samples (Figure 4.3). There
was also much higher species richness in the leaf samples compared to gut samples
(Figure 4.2). Alpha-diversity in field samples were also found to be significantly higher
than lab samples (Median Shannon-Wiener index, field: 2.10, IQR = 2.06, lab: 0.75,
IQR = 1.0, N = 60, P = 0.013, Mann-Whitney-Wilcoxon rank sum test).
To determine variability in the bacterial community through beta-diversity, we
used beta dispersions to compare between different factors. This involves detecting
the average dissimilarity of samples to their group centroid in multivariate space using Bray-Curtis dissimilarity measure (Anderson et al., 2006; Anderson, 2006; Levene,
1960). For sample type, the microbiome on leaves had higher community variability
than the gut microbiome (permutest, F = 102.67, P < 0.01) (Figure 4.2a). Samples from the field also had higher community variability than samples from the lab
(permutest, F = 10.07, P < 0.01) (Figure 4.2b).
There was no significant difference in the alpha-diversity between the hypervariable regions within the closed reference dataset. However, there was a significant
difference in beta-diversity for both the bacterial community and community composition (ANOSIM R = 0.961, P = 0.001). This may be due to the sensitivities of
each region to the detection of different taxa since there was consistent detection of
certain taxa by hypervariable region.
Comparison of the two sequence processing methods using only the V6 reads, the
differences in the bacterial community (Greengene ID) was larger within the open and
closed reference datasets than between the datasets (ANOSIM: R = 0.33, P < 0.001).
Between the two methods, there were eight core OTUs identified in all samples in
both datasets (Table 4.3).
Since the genus Enterococcus was over 90 % composition of the midgut microbiome, we further described the community by detecting more subtle variation within
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the OTUs. To look into community composition of Enterococcus, we performed oligotyping on the open reference V6 reads. The total set for oligotyping included
2 534 316 Enterococcus reads from all 30 samples with an average of 179 332 reads for
gut samples and 11 826 reads for leaf samples. Shannon entropy analysis found two
variable sites with high entropy at read positions 8 and 84 (Figure 4.4). Oligotyping
revealed 14 oligotypes for Enterococcus; however, after a minimum substantive abundance of 5000 reads, only four oligotypes remained. The four oligotypes represented
99.92 % of all reads with a purity score of 1.00 (Figure 4.5). Percent representation
of each of the four oligotypes was consistent across all samples (mean ±SD, GC 44.5
±2.9 %, AC 28.5 ±1.7 %, GG 15.3 ±2.4 %, AG 11.4 ±1.4 %).

4.5

Discussion

The microbiome of the diamondback moth midgut is mainly characterized by the
bacterial family Enterococcaceae, at over 98 % relative abundance and the genus
Enterococcus, at over 90 % relative abundance. There was no effect of diet (plant
species) on gut microbiome (Figure 4.3); this was predicted since many other studies
have detected consistent microbiomes within a species (e.g. Robinson et al. 2010;
Wong et al. 2015). We also detected families that have been previously identified in
microbiome studies on diamondback moth and other Lepidoptera (e.g. Enterobacteriaceae, Lactobacillaceae, Vibrionaceae, Pseudomonadaceae, Xanthomonadaceae)
(Chaturvedi et al., 2017; Hammer et al., 2017; Xia et al., 2013, 2017). We detected
significant differences between lab and field samples, with field samples having higher
alpha and beta diversity. However, the most markedly different bacterial community
structures came from significant differences between the hosts (gut and leaf samples).
There was no significant difference in the bacterial community structure of the
midgut between plant treatments. The family Enterocccaceae had the highest relative
abundance with 99.6 % in larvae fed with greenhouse grown plants and 98.5 % in
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larvae fed field canola. The next most abundant families were Comamonadaceae at
0.19 %, 0.17 % and 0.48 %, Enterobacteriaceae at 0.07 %, 0.09 % and 0.34 %, and
Xanthomonadaceae at 0.07 %, 0.07 % and 0.33 %, for larvae that fed on greenhouse
cabbage, greenhouse canola and field canola, respectively.
We also detected a significant difference in the bacterial community in the leaves
between plant treatments. For both greenhouse cabbage and canola the most abundant family was Enterococcaceae at 89.9 % and 47.0 %, respectively. For field canola
the major families with highest relative abundance were Xanthomonadaceae (37.8
%), Pseudomonadaceae (14.4 %), and Enterobacteriaceae (11.2 %). Enterococcaceae
comprised of 5.3 % of reads in field canola leaves; however, in the midguts of larvae that fed in the field, Enterococcaceae was the most abundant family at 98.5 %
of reads. It appears that the midgut of the late instar larvae was potentially an
environment that was not suitable to the majority of bacterial families resulting in
Enterococcaceae proliferating. There was no detectable difference in alpha diversity
in midgut samples regardless of which plant treatment the larvae fed on.
Oligotyping analysis identified 4 oligotypes for Enterococcus. The oligotypes were
generally consistent in proportional abundance in all samples. There were no notable
differences of oligotypes between samples. This can indicate that the Enterococcus
community on the leaves represents the community that can be found in the larval
midgut of diamondback moth, with the midgut being a preferential environment for
this genus. In addition, since there were no notable differences between field and lab
plants, the proportion of Enterococcus populations appears to be consistent across
environments.
The disproportionate amount of Enterococcaceae found in the midgut samples of
the field larvae on canola is quite striking compared to the amount of Enterococcaceae
detected in the leaves in the field (Figure A5). One possible explanation for this
could be contamination from anthropogenic sources (Staudacher et al., 2016; Van
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Der Horst et al., 2013). The study by Staudacher et al. (2016) suggested the presence
of Enterococcus in only lab associated samples was likely due to contamination as a
result of handling. However, the canola plants used in the field were volunteer, thus
were not planted or maintained. The only routes of contamination would occur from
the insect bag covering the plant or carried over on the egg surface after oviposition.
The control samples from untouched adjacent plants were not significantly different
from samples of leaves within the rearing bags (Shannon Wiener index, P = 0.33,
Mann-Whitney-Wilcoxon rank sum test). Contamination from anthropogenic sources
of Enterococcus is possible but unlikely. Environmental stresses such as antibiotics or
anoxia of the larval midgut can also lead to the dominance of Enterococcus sp. (Lin
et al., 2015; Berman et al., 2018).
Other studies revealed more than 97 % of midgut bacteria in diamondback moth
were from the orders Enterobacteriales, Vibrionales and Lactobacillales (Lin et al.,
2015; Xia et al., 2013, 2017). However, in the current study Enterococcaceae (Lactobacillales) represented 99.3 % of the reads for midgut bacteria alone, followed by
Carnobacteriaceae (Lactobacillales) at 0.27 % and Enterobacteriaceae (Enterobacteriales) at 0.15 % of the abundance. The family Carnobacteriaceae contains a potential
gut symbiont of diamondback moth Carnobacterium sp. (Lin et al., 2015; Xia et al.,
2017; Berman et al., 2018). Our study however, did not identify any OTUs to that
genus, only one genus of Carnobacteriaceae was identified, belonging to Desemiza.
The function of Enterococcaceae in the gut microbiome of organisms has been
suggested as a detoxifying agent through metabolizing pesticides or degradation of
secondary metabolites. This has been found in Spodoptera exigua Hübner, Spodoptera
littoralis Boisduval (Lepidoptera: Noctuidae) (Shao et al., 2011), Hyles euphorbiae
Linnaeus (Lepidoptera: Sphingidae) and Brithys crini Fabricius (Lepidoptera: Noctuidae) (Vilanova et al., 2016). Enterococcaceae has also been suggested to have a
direct influence on the immune system through inducing the expression of antimi-
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crobial peptides. This immune response was demonstrated for the greater wax moth
(Galleria mellonella, Linnaeus, Lepidoptera: Pyralidae) (Krams et al., 2017), S. exigua (Hernández-Martínez et al., 2010) and even in rainbow trout (Oncorhynchus
mykiss, Walbaum, Salmoniformes: Salmonidae) (Safari et al., 2016). The studies by
Xia et al. (2017, 2018) and Raymond et al. (2009) do suggest that the diamondback
moth microbiome has a detoxification and an immunity boosting role. However, in
Xia et al. (2017) the detoxification was mainly attributed to Enterobacteriaceae which
was the major family of bacteria found in diamondback moth in that study.
Our study found that the differences in microbiome were mainly driven by host
(gut versus leaf) rather than by diet (plant species) or environment (field versus
lab reared). The major differences were generated by the family Enterococcaceae
and specifically the genus Enterococcus. Studies have narrowed down the function of
Enterococcus spp. to potentially aid in insect immunity and pesticide resistance (Xia
et al., 2017, 2018; Raymond et al., 2009). Disentangling the effect of this genus in the
biology of the diamondback moth could be a potential route for improved biological
control of this pest in the future.
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4 294 889

5 526 633

Open Reference

Total

Closed Reference

Method
Sample

1070
3625

190 574 ±74 586

Total

944

100

Sample

OTUs

73 244 ±77 230

(mean ±SD)

Reads

556

605

V6 Region OTUs
with Greengene ID

68.9

55.8

99.7

99.3

5.08

12.4

0.05

0.15

Enterococcaceae Enterobacteriaceae
Leaf
Gut
Leaf
Gut
%
%
%
%

Major families

11.8

12.3

0.09

0.14

Xanthomondaceae
Leaf
Gut
%
%

Table 4.1: Summary of data in the generation of OTUs from open reference and close reference sequence preparation methods.

Table 4.2: Summary of alpha-diversity between leaf and gut samples on different
plant types.
Median Shannon-Wiener
Index ±IQR

Plant

Sample Type

N

Total OTUs

Cabbage

Gut
Leaf

10
9

285
448

1 153 508
584 385

0.70 ±0.10
1.74 ±0.91

Canola

Gut
Leaf

10
9

292
383

1 159 220
305 425

0.69 ±0.08
1.87 ±0.57

Canola
Field

Gut
Leaf
Control Leaf

6
8
5

436
642
343

747 730
325 823
18 798

0.76 ±0.16
2.89 ±0.65
2.49 ±0.80

84

Total Reads

Table 4.3: The eight core OTUs found in all samples and across both open and
closed V6 only datasets with rarefied relative abundance normalized using a Hellinger
transformation (abundance ranges from 0 to 1).
Taxonomy

Relative abundance (mean ±SD)

Greengene ID

Open reference
Leaf
Gut

Closed reference
Leaf
Gut

Enterococcus casseliflavus

759349
1033413

0.08 ±0.10
0.09 ±0.10

0.46 ±0.04
0.49 ±0.03

0.32 ±0.22
0.34 ±0.23

0.67 ±0.012
0.73 ±0.01

Salmonella enterica

1951826

0.02 ±0.009

0.01 ±0.009

0.09 ±0.06

0.02 ±0.01

Varivorax paradoxus

4456068

0.03 ±0.01

0.01±0.005

0.15 ±0.1

0.02 ±0.01

Acidovorax spp.

4391287
7046
339185

0.01 ±0.009
0.02 ±0.01
0.02 ±0.01

0.007 ±0.003 0.08 ±0.05
0.01 ±0.005 0.11 ±0.08
0.01 ±0.005 0.13 ±0.08

0.01 ±0.006
0.15 ±0.009
0.02 ±0.011

Xanthomonadaceae

34580

0.02 ±0.02

85

0.02 ±0.007

0.14 ±0.11

0.02 ±0.01
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Figure 4.1: Rarefaction curve of all samples after rarefying to a sampling depth of 1054 for closed reference dataset.

Figure 4.2: Variability in bacterial community using beta dispersion through BrayCurtis dissimilarity for a) host type; b) environment.

87

Figure 4.3: Plot comparing Shannon-Wiener index of OTUs in gut and leaves by
plant type using the closed reference dataset.
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Figure 4.4: Shannon entropy analysis showing variable regions with high entropy in
reads identified as Enterococcus. Highest variation was found in two regions at read
positions 8 and 84. Data used was open reference dataset.
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Figure 4.5: Output from Oligotyping analysis showing proportions of four different
Enterococcus oligotypes in all samples. Data used for analysis was open reference 16S
V6 reads.
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Chapter 5

General Conclusion

As global temperatures increase, the range and population dynamics of pest species
will likely shift (Olfert et al., 2016; Furlong and Zalucki, 2017). For the diamondback
moth, understanding the capability of this species for cold temperature survival can
help predict areas at risk of early infestation. In addition, revisiting the population
dynamics of this species is important for pest management strategies moving into
the future. New genomic tools can allow us to investigate the role of the insect
microbiome in pest resistance, detoxification and immunity. Determining the effect
of specific bacterial species on the biology of diamondback moth could lead to new
strategies for biological control.
Summary of the literature determined diamondback moth was capable of surviving
cold periods the longest at 0 ◦ C in the adult stage. Chill-susceptible best describes
the cold tolerance strategy for the diamondback moth. Overwintering likely occurs by
outlasting periods of low temperature at any developmental stage. By outlining cold
tolerance survival of the diamondback moth, it was determined that it is incapable
of surviving Canadian winters. However, the latitude at which overwintering survival
of the diamondback moth is possible was predicted to be much further North than
previously mentioned in the literature. Winter temperatures in Ottawa during this
study were too cold for diamondback moth to successfully overwinter.
The population dynamics of the diamondback moth remain much the same as in
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the studies conducted by Harcourt (1954, 1957, 1960b,a, 1963, 1986). In 2016 and
2017, there were 3–4 generations in the plot on the CEF. Generational mortality was
over 99 % in both years, with the major mortality factors being predation and abiotic
and unknown factors. Diadegma insulare, Diadromus subtilicornis, Microplitis plutellae were the main parasitoids attacking diamondback moth in the past and present
day in the Ottawa area (Harcourt, 1986, 1960a). Predation was a mortality factor
looked at in this life table study that Harcourt had only made anecdotal observations
on. The main species of predators were the carabid beetles: Harpalus pensylvanicus
and Pterostichus melanarius. These beetles are confirmed predators of diamondback
moth (Mauduit, 2012).
In examining the gut microbiome of diamondback moth larvae major differences in
the bacterial community structure and composition were observed between the host
the microbiome was found in (midgut or leaf). The diversity in the gut microbiome
was consistent regardless of which plant the larvae fed on (cabbage, canola or field
canola). With combined leaf and gut samples, the overall microbiome was different
between the lab and the field. A large proportion of microbial abundance consisted
of Enterococcus (Enterococcaceae). By examining more subtle variation beyond the
OTU level, the community of Enterococcus did not differ between samples and was
proportionally consistent among oligotypes of Enterococcus. This could potentially be
contamination, however, considering that the abundance of Enterococcus was over 90
% of the gut microbiome of diamondback moth larvae, it appears to be highly unlikely.
To date, studies have not found evidence of horizontal or vertical transmission of
bacteria in diamondback moth, the microbiome is often assumed to be transient
in this species. Diamondback moths have been shown to survive and develop in
experimentally sterile conditions (e.g. Kaneko 1995; Raymond et al. 2009). Hammer
et al. (2017) also determined that a symbiotic gut microbiome is not necessary for
Lepidopteran development. Therefore, the microbiome of diamondback moth can be
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ecologically fluid depending on the treatment or conditions in nature. The studies by
Lin et al. (2015) and Xia et al. (2013, 2017, 2018) used specimens from Fuzhou (26.08
◦

N, 119.28 ◦ E), Fujian, and Yangling region (34.48 ◦ N, 108.13 ◦ E), Shaanxi, China,

where the conditions are warmer and more humid compared to Ottawa, Canada.
Differences in the major bacterial families between those studies and this study are
likely attributed to geography and associated ecology of those regions.

5.1

Limitations of research

The major limitations in Chapter 3 were due choice of plant species used in the study.
It has been shown that as plants mature their nutritional quality decreases by lower
total nitrogen content and decreased palatability of the leaves (Awmack and Leather,
2002; Moreira et al., 2016). As cabbage matures and forms a bolt (or head) the
younger tender leaves the early instars rely on, grow within the bolt and eventually
become inaccessible. This may account for the smaller proportions of life stages found
in the static life tables. However, after sampling, the plot was replanted with seedlings
that could have acted as reservoirs of a young leaf resource for diamondback moth
development in the plot. However, the author notes that due to the cool temperatures
experienced in 2017, the lowest number of total individuals were recovered from the
static life table despite the seedlings remaining in a small leafy state throughout the
season (Dancau, personal observation). On the CEF, canola is planted in large plots
and the presence of volunteer canola in adjacent and bordering plots may provide
a superior food source for the larvae. This hypothesis is supported by an attempt
to artificially infest both cabbage in the plot and neighbouring volunteer canola.
Intentional introduction of diamondback moth eggs on plants in the experimental
plot failed, whereas intentional infestation of volunteer canola was successful (Dancau,
personal observation) (Section 4.3.1). In addition, parasitoid species composition in
volunteer canola patches was strikingly different once the introduced diamondback
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moth individuals were recovered from the field (Dancau, personal observation). This
suggests that the usual parasitoid complex associated with diamondback moth was
present in the field in 2017, where canola provided a preferred environment for these
parasitoids likely through a late season nectar resource and host availability. In this
study cabbage was used as a host plant for the life table to reflect the methods used
by Harcourt (1954). Experimental host plant choice and abiotic factors were the
likely explanation for why the experiment did not detect these parasitoids in 2017.
Future work on parasitoid community monitoring should consider a combination of
host plants, including monitoring host plant quality.
The diamondback moth does not appear to overwinter in the Ottawa area. Therefore, population growth and transitional models can only be done on a monthly or
generational scale and cannot be done on annual data. Due to pooling of the life
table data into a single year the R0 does not reflect growth rate over generation time.
Additional life tables require more samples over multiple sites to obtain a better
sense of the growth rate over the season. Based on field observation and life table
data, it would appear infestations in the Ottawa area operated more like a population
sink. Therefore, future studies should incorporate a source-sink population dynamics
approach.
Using the values of lx calculated in each abridged life table, diamondback moth
exhibits a type III survivorship curve. This type of curve indicates that the majority
of the mortality experienced by this species occurs at the earliest life stages. Species
of this type are typically characterized by the production of a large number of eggs.
Since the static life tables showed the greatest abundance of late larval stages and
pupal stages rather than the egg stage, the sampling was insufficient in describing
the proper distribution of life stages in the field. Therefore, the net reproductive rate
(R0 ) could not be calculated for the static life tables in this study.
Time limitations factored into Chapter 4. Despite having raw data from the V3
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region, the data preparation for the open reference pipeline encountered a fatal error.
There was not enough time to resolve the error and to continue with the analysis.
Hopefully, a full analysis can be completed in the future with the raw data generated
in this study.

5.2

Future directions

Although Chapter 2 was a synthetic literature review, studies originating from China
were difficult to obtain and through studies such as, Li et al. (2016) there is some
exposure of that body of work to the English-speaking community. Through the
review, another apparent knowledge gap involves little to no modern research on
diamondback moth cold tolerance and overwintering in Europe. This is despite the
presence of endemic species of Plutellidae that are fully capable of overwintering and
diapause. As for Canada, more research needs to be done in the West, specifically
in the province of British Columbia where there is potential for diamondback moth
to survive most of the year in the temperate climate of the Fraser valley. Although
British Columbia is not a prime growing region for Brassica sp., it could be a potential
source of infestation into Alberta and Saskatchewan, although this will require testing.
For Chapter 3, the incorporation of high definition video monitoring may shed
light on the behaviour of diamondback moth in the field as well as, the behaviour
of predators. This will be most useful in describing the predator community since
the use of pitfall trapping is not representative of the predator community nor is it
direct evidence for predation on diamondback moth. Likewise, video monitoring can
account for larvae that disappear or wander off the plant without interfering with
the movement of predators and parasitoids. This can help disentangle the unknown
mortality factor and aid in attributing predation mortality to specific species.
To help disentangle the abiotic mortality factor further in the life table, the reintroduction of the rain shelter treatment should be considered in future experiments.
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Although the shelters can aid in blocking rain specifically, the shelters can also act
as sun shades and some protection from exposure. This can act as a treatment to
simulate canopy cover or a sheltered site.
In Chapter 4 some methodological changes could greatly improve on the current
study. Generally, full-length reads would greatly benefit the resolution and description of the microbiome since there was likely some primer bias for certain taxa in
the current study. In addition, the incorporation of additional host plants, more
specifically a treatment involving insects reared on cabbage in the field would have
made the experimental design more rigorous. However, as explained in Section 5.1,
intentional infestation of field cabbage late in the season was unsuccessful. This can
be achieved with infesting plants earlier in the season. An additional treatment that
was under consideration was a sterile treatment. Diamondback moth eggs hardened
for 24 hours can successfully hatch after being submerged in 20% bleach solution for
10 seconds. However, sterile plant and insect rearing could not be achieved with the
resources available and the treatment was ultimately abandoned. Another treatment
that was considered involved wild cultivars of Brassica spp. and invasive plants in
the Brassicaceae family but were deemed too difficult to grow in the greenhouse.

Although the diamondback moth has been a heavily studied species there are many
areas that still require more research. Specifically, with climate change, the physiology of the diamondback moth must be scrutinized to determine its range in the
future. Although, as shown in these studies, diamondback moth currently does not
overwinter in Canada, this may not be indefinite as we continue into the future. For
now, the population dynamics and natural enemies appear to be consistent and wellestablished across time. This could be an ideal system for the introduction of an exotic
biological control agent such as, Diadromus collaris (Gravenhorst) (Hymenoptera:
Ichneumonidae), a pre-pupal and pupal endoparasioid (Liu et al., 2001; Sarfraz et al.,
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2005) that has been released in Australia (Goodwin, 1979), New Zealand, Barbados
(Beck and Cameron, 1990), St. Helena (Kfir, 2005), Malaysia (Grzywacz et al., 2010),
and Thailand (Rowell et al., 2005) for biological control of diamondback moth (Sarfraz et al., 2005). By providing current baseline data, new management strategies
can be implemented in a modern day context.
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Appendix

Appendix A: Supplementary Figures
Figure A1: Reverse wind trajectories starting at 10 and 11 April 2017, 00 UTC at
Ottawa, Ontario. Reverse trajectories were calculated starting at 500, 1500 and
2500 meters above ground level (AGL), the line segments represent two-hour motion
of the air parcel. The lower portion of each back trajectory plot illustrates the
vertical behaviour of the air parcel in metres above sea level. Output generated by
Ross Weiss.
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Figure A2: Drought conditions in Ottawa for the summer of 2016 and 2017.
Output from The Canadian Drought Monitor program (Agriculture and Agri-Food
Canada).
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Figure A3: Output from bio-climatic model (DYMEX R ) presented in Dosdall
et al. (2006) running 2016 and 2017 seasonal weather data from the National
Climate Archive (ECCC) showing 4 (2016) and 3 (2017) generations of
diamondback moth in the Ottawa area. Output generated by Ross Weiss.
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Figure A4: Rarefaction curve of the closed reference V3 and V6 dataset before rarefying.
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Figure A5: Relative abundance of bacterial OTUs by family for all samples. Data used was closed reference V3 and V6 reads.

Appendix B: Parameters for pick_closed_reference_otus.py
pick_otus:enable_rev_strand_match True
pick_otus:similarity 0.97
assign_taxonomy:id_to_taxonomy_fp $PWD/97_otu_taxonomy.fix.ascii.tax
assign_taxonomy:assignment_method rdp
assign_taxonomy:rdp_max_memory 100000
assign_taxonomy:confidence 0.8
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