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Abstract Greenhouse studies were conducted to examine the effects of light intensity on pac
choi (Brassica rapa L. var. chinensis cv. ‘Mei Qing Choi’) and the corresponding plant-mediated
effects of light intensity on the diamondback moth (Plutella xylostella L.). Plants with and without
diamondback moth larvae were exposed either to ambient light or shade in 4 experiments con-
ducted at different times of the year, resuiting in a range of light intensities. The plant parameters
measured were shoot biomass, primary nutrients, and phenolic content of leaves; for diamond-
back moth, larval consumption, cohort development, and male and female body weights were
measured. In the light treatments, plants tended to have higher levels of phenolics and exhibited
greater shoot biomass with higher carbon:nitrogen ratios under ambient versus shade. How-
ever, diamondback moth responses were not correlated with any plant responses, with one ex-
ception. Higher concentrations of ferulic acid under higher light intensities were associated with
lower adult male body weights. Larval consumption was not different among the 4 months. How-
ever, cohort development was more rapid on plants during August, which had higher light inten-
sities, compared with July, where light intensity was lower. Based on the responses measured,
growing pac choi in the greenhouse under different light intensities is unlikely to affect diamond-
back moths through changes in pac choi chemistry unless decreased male body weight confers
a fitness cost. However, plant-mediated effects associated with changes in light intensity on
P, xylostella survival should be evaluated.

Key Words diamondback moth, Plutella xylostella, Brassica rapa, light intensity, plant-mediated
herbivore responses

Light is a fundamental requirement for plant growth and development. Both the
quality and quantity of light influence the degree to which photosynthesis occurs (Aldrich
and Bartok 1994). A reduction in light intensity tends to reduce the photosynthesis
(Mooney and Guimon 1982). A lower photosynthetic rate then decreases the stores of
carbon available for the synthesis of secondary metabolites used for defense to the
production of primary metabolites such as amino acids and proteins (Schoonhoven
et al. 2005). The theoretical basis for these shifts is the carbon:nitrogen (C:N) balance
hypothesis, which predicts that when plants are exposed to lower levels of light, ex-
cess carbon is unavailable for producing secondary compounds, inciuding those com-
pounds that serve as plant defenses against insect herbivores and environmental
stress (Bryant et al. 1983).

'Received 23 January; accepted for publication 26 April 2012.
2Corresponding author (email: wendyann @ksu.edu).
SDepartment of Plant Pathology, Kansas State University, Manhattan, KS 66506.

327

$S900E 93l) BIA 20-20-G20Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq


mailto:wendyann@ksu.edu

328 J. Entomol. Sci. Vol. 47, No. 4 (2012)

Light intensity can have an important influence on herbivore performance by alter-
ing leaf nitrogen and protein levels, both of which are essential for insect growth and
development (Dudt and Shure 1994, Louda and Rodman 1996, Niesenbaum and
Kluger 2006, Behmer 2009). Light intensity may also affect the accumulation of sec-
ondary compounds, primarily phenolic compounds, which function broadly to alleviate
plant stress (Muth et al. 2008), or more specifically by providing a source of resistance
to insect herbivores (reviewed by Dixon and Paiva 1995, Felton 1996, reviewed by
Bassman 2004, Schijlen et al. 2004, Oh and Rajashekar 2009). For example, under
high light intensities, elevated concentrations of the phenolic compound ferulic acid
has been shown to be functionally linked to lignin in cell walls, resulting in increased
leaf thickness (McKey 1979, Lewis and Sarkanen 1998). Thicker leaves may protect
plants from depleting C reserves when light radiation exceeds plant photosynthetic
capacity (Coley et al. 1985, Herms and Mattson 1992, Lavola et al. 1998, Izaguirre et
al. 2007). In addition to mitigating photodamage, light-associated increases in plant
phenolic content may negatively affect growth, development, and consumption rates of
certain herbivores (Mole and Waterman 1988, Yamasaki and Kikuzawa 2003, Foggo
et al. 2007). For example, the phenolic compounds caffeic acid and sinapic acid have
been shown to negatively affect herbivores (Felton 1996, Stout et al. 1998) either by
causing direct toxicity or by reducing protein quality or availability during digestion
(Cooper-Driver et al. 1977, Caldwell et al. 1983, 1998, 2003, Bieza and Lois 2001).

Despite evidence linking light intensity with plant quality and associated impacts on
insect herbivores (lzaguirre et al. 2007), the specific responses of herbivores to
changes in plant chemistry are variable (Mole and Waterman 1988, Shure and Wilson
1993). For example, little is known about how variation in the light environment influ-
ences the balance between phenolic and nutrient contents of plants (Ingersoll et al.
2010), and what the relative importance of each is with respect to population growth
and performance of insect herbivores (Close and McArthur 2002).

The diamondback moth (Plutella xylostella L.) and one of its host plants, pac choi
(Brassica rapa L.), were used in this study to explore effects of light environment on
plant-insect interactions. The diamondback moth is a serious insect pest of world-
wide importance on cruciferous crops (Liu et al. 2002, Talekar et al. 2003). Pac choi
is a cruciferous plant grown widely as a food crop. Prior studies with pac choi have
established that primary and secondary metabolism change in response to conditions
in the growing environment (Zhao et al. 2007). Pac choi is also known to contain a
high amount of phenolic compounds compared with other crucifers, which makes it an
excellent choice for assessing the effects of phenolics on the diamondback moth
(Harbaum et al. 2007, Lin and Harnly 2010). Therefore, the specific objectives of this
research were to (1) examine the effects of light intensity on various components of
pac choi chemistry and plant growth, and (2) assess whether light intensity effects on
pac choi correspond to changes in selected measures of diamondback moth fitness.
A corollary objective was to determine if diamondback moth larval feeding had an
impact on pac choi chemistry. As such, effects of light intensity were compared using
diamondback moth-infested and uninfested plants.

Materials and Methods
Plant material. Seeds of pac choi (Brassica rapa var. chinensis cv. ‘Mei Qing

Choi’) were obtained from Johnny’s Seeds (Winslow, ME) and germinated in plug
flats (Hummert’s International, Topeka, KS) containing a soil-less growing medium,
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MetroMix 200 (Sungro, Alberta, Canada), consisting of Canadian sphagnum peat
moss, vermiculite, perlite, a wetting agent, and trace amounts of N-P,0Os-K,0. Two-
week-old seedlings were transplanted into 16 x 19 ¢cm containers and grown under
either ambient or shade conditions (see below). Plants were watered every other day,
and seedlings were fertilized weekly for 6 wks with a 24N:8P:16K (Miracle Grow, The
Scotts Company LLC, Marysville, OH) solution.

Insects. A colony of diamondback moth was established at Kansas State
University (Manhattan, KS) from a shipment obtained from Benson Research
(Cartlisle, PA), which was originally collected in 1988 in Geneva, NY, and maintained
on a wheat germ and casein-based diet. The colony was maintained on 4 - 5 potted
pac choi plants in a 0.60 x 0.60 x 0.91 m frame cage covered with 1.4 mm mesh
screening in a greenhouse under natural daylight conditions and a temperature range
of 20 - 23°C.

Experimental design. Four experiments were conducted in a greenhouse (6 x
7.3 m) at Kansas State University, 2 in the summer (28 June through 27 July, and
5 August through 4 September 2009) and 2 in winter-spring (25 January through
28 February, and 5 March through 10 April 2010). In all experiments, light treatment
(ambient or shade cages) and herbivory (presence or absence of diamondback moth
larvae) were the main effects arranged in a split-plot design, where light treatment
was the whole-plot factor and herbivory was the randomly assigned factor. Whole-
and subplot plot factors were arranged in a completely randomized design (CRD) with
5 replications (cage) for each main effect. Spacing between adjacent cages was 0.3 m.
Each cage contained one whole-plot (16 plants) arranged in 4 rows of 4 plants. Plants
in 2 of 4 rows were randomly assigned to be infested with diamondback moth, whereas
the other 2 rows were left uninfested. This resulted in a total of 160 plants per experi-
ment, which were distributed over 3 greenhouse benches, where each bench was
3.6 x 9.1 m. Experimental plants had an average of 10 leaves and were 6 wks old from
time of germination.

To manipulate light intensity, cages were made by covering polyvinyl chloride
(PVC) square frames (1.2 x 1.2 x 1.2 m) with plastic and/or cloth materials. For the
ambient treatments, frames were covered with clear 3-mm polyethylene (DuraGreen,
DuraGreen Marketing Inc. LLC, Mount Dora, FL), and for the shade treatments, the
covering consisted of clear polyethylene plus 2 layers of 52% heavy white knit shade
cloth (PAK Unlimited Inc., www.pacunlimited.com). To avoid insect movement be-
tween rows, plants were spaced so that foliage did not touch. Infestation was accom-
plished by individually transferring 20 larvae from colony plants to the same leaf in the
middle whorl of the experimental plants using a fine-tipped paintbrush. Care was
taken not to touch plants after artificial infestation because the larvae may drop from
plants if disturbed.

For each experiment, light intensity and temperature were measured inside
each cage using HOBO data loggers (Onset, MicroDag, Contoocook, NH) set at
30-min recording intervals. However, only the light intensity measurements taken
during daylight hours were used for data analysis. Light intensity measurements
used in the July and August experiments were recorded from 0,600 am through
2000 h, whereas measurements used in the February and March experiments
were taken from 0,800 am through 1800 h. Light intensity, measured as lumens/ft?,
was converted to lumens/m? by multiplying values by the constant 10.76 (Mechtly
2008). For all experiments, plants were exposed to light treatments for approx.
4 wks.
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Plant chemical analyses. When pupation was observed on infested plants in all
light cages, randomly chosen plants (2 from each infested row and 2 from each unin-
fested row for a total of 8 plants) were sampled from all light cages for chemical
analyses. Analyses included total carbon to nitrogen ratio (C:N), percentage total
protein, percentage moisture content, and total phenolic content. In addition, 7 spe-
cific phenolic compounds were assayed: ferulic acid, sinapic acid, chlorogenic acid,
caffeic acid, leutolin-7-O-glucoside (L-7-O-G), myricetin, and querticin. These specific
compounds were selected based on prior experiments with pac choi and phenolic
content (M-.M. Oh, pers. commun.). To obtain sufficient plant material for the phenolic
analyses, 2 leaves were excised at the top of the petiole from the middle whorl (young-
est, fully-expanded leaves) of each pac choi plant. To avoid bias from diel cycling of
plant nutrients and phenolics, samples were taken only between 0,600 through
0,800 h in all experiments (You and Yang 2001). Although greenhouse light intensities
varied during the 0,600 through 0,800 h sampling time between the summer and win-
ter experiments, the differences in light intensity was not expected to impact the com-
parison of plant responses between experiments (C. B. Rajashekar, pers. commun.).
To avoid a chemical response in plant tissue due to wounding from excising leaf tis-
sue, leaf material was immediately frozen in liquid nitrogen and stored at -20°C for
approx. 1 wk until used in the analyses. For moisture content and C:N ratio, 2 addi-
tional leaves from the middle whorl of each plant were excised, weighed, placed in #2
brown paper bags, and stored at -20°C until used in the analyses.

For the C:N analyses, 2 leaves per plant were dried in a forced air oven at 68°C for
72 h and then ground in a stainless steel Wiley mill to pass through a 20-mesh screen
(Scientific Apparatus, Philadelphia, PA). Total N and C (both free and structural forms)
were determined from the ground tissue using a dry combustion procedure (TruSpec
CN, LECO Corporation, St. Joseph, MO) conducted at the Kansas State Soil Testing
Laboratory (Manhattan, KS). The percentage protein values were based on multiply-
ing percentage total N by the constant 6.25 (Fujihara et al. 2001). Percentage mois-
ture content of leaf tissue was based on the difference between wet and dry weights
of the leaf samples [(fresh weight — dry weight)/dry weight * 100].

Total phenolic content was analyzed using the modified Folin-Ciocalteu method
(Pennycooke et al. 2005, Oh 2008, M-.M. Oh, pers. commun.). Modifications to this
method included the use of 0.5 g of frozen leaf tissue, which was ground and com-
bined with 3 mL of 80% (v/v) acetone, and 1 mL of this extract solution was then used
for spectrophotometer absorbance reading (Pennycooke et al. 2005). A gallic acid
standard curve was prepared using 1 mg/mL gallic acid (Acros Organics, Belgium) in
80% (v/v) acetone from a stock solution. Total phenolics were reported as gallic acid
equivalents (GAE)/g fresh weight (FW) tissue.

The extraction of individual phenolics from the pac choi leaves is described by
Nicolle et al. (2004) with minor modifications (Oh 2008). Modifications included the
use of 1 g of frozen leaf tissue, which was ground and combined with 25 mL of 70%
methanol at 80°C for 1 min in a water bath. After agitation on a shaker plate for 1 h,
the solution was filtered using No.1 paper (Whatman, UK). The filtered extract (9 mL)
was then evaporated to dryness by speed vacuum (Savant SVC-100H Speed Vac
Concentrator, Midland, Mi) under reduced pressure at 43°C and then resuspended in
5 mL of 70% methanol. The concentrated solution was filtered through a 0.45 um
ascrodisc filter (Millex, Millipore Corporation, Bedford, MA). A 5 uL aliquot of the ex-
tract was then used in high performance liquid chromatography (HPLC) for identifica-
tion of the selected phenolics. Peaks for each phenolic compound were quantified

$S900E 981) BIA 20-/0-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid,/:sdiy woil papeojumoc]



JOHNSON ET AL.: Light Intensity Effects on B. rapa and P, xylostella 331

and identified at 330 nm by comparing them with standard compounds of chlorogenic,
p-coumaric, caffeic, sinapic and ferulic acids, and quercetin-3-O-glucoside (Sigma-
Aldrich, St. Louis, MO) and luteolin-7-O-glucoside (Indofine Chemical Company, Inc.,
Hillsborough, NJ). High performance liquid chromatography was performed by the
Ruminant Nutrition Laboratory, KS State University (Manhattan, KS). Of the phenolics
assayed, only chlorogenic, caffeic, ferulic and sinapic acids, and L-7-O-G were de-
tected in the leaf samples. Specific phenolic data are reported in mg/100 mL of meth-
anolic extract.

Shoot biomass and leaf area removed by diamondback moth larvae. Due to
the time associated with processing samples, the remaining 4 infested and uninfested
plants were sampled the next day after sampling for plant chemical analyses to obtain
estimates of shoot biomass and percentage leaf area removed by diamondback moth
larvae. Shoot biomass, from the crown up, was measured as fresh weight using an
electronic balance to the nearest 0.001 g. To measure the leaf area removed by larval
feeding (herbivory), digital photos were taken of 2 leaves randomly-chosen from the
middle whorl (youngest, fully-expanded leaves). A photo-imaging analysis program,
APS Assess (APS Press, St. Paul, MN), was used to quantify the total leaf area and
total leaf area removed by diamondback moth larvae on 4 infested plants in each
replicate (Dudt and Shure 1994, Lamari 2002).

Diamondback moth responses. To obtain body weights, pupae were carefully
removed from the foliage of plants used for plant biomass and herbivory and placed
individually in preweighed glass tubes with a cotton cap. Tubes were weighed to ob-
tain pupal weights. Pupae were then stored in a growth chamber at 22°C and 16:8
(L:D) photoperiod until emergence. Adults were then sexed and individually weighed.
Pupal and adult body weights were measured to the nearest 0.001 mg using an elec-
tronic balance. Male diamondback moth was identified by the distinctive diamond-
shaped pattern on the forewings, which is not present on females (Shirai 1993,
Muhamad et al. 1994).

Herbivory (estimated by percent leaf area removed) was used to measure the ef-
fect of feeding larvae on plant responses across months and treatments. However,
when pupae were collected in each month, counts of remaining larvae in each instar
(recorded per plant to determine age-class distributions) were different between ex-
periments. To avoid an age-class bias when comparing levels of herbivory between
experiments, percentage leaf area removed was converted to per capita consumption
using estimated proportions of feeding, per instar and numbers in each age class, to
derive a standard unit of feeding, which could be compared between fertility treat-
ments and across experiments. To compare herbivory on an individual basis, larval
feeding equivalents were determined by dividing the percentage total leaf area con-
sumed by the cumulative number of relative feeding equivalents. Feeding equivalents
were obtained by multiplying the number of each instar counted on plants by the esti-
mated relative proportion of leaf tissue required for each instar to complete develop-
ment. These relative instar consumption values were derived from consumption
based on Erinnyis ello L. (Lepidoptera: Sphingidae), which has similar instar con-
sumption (Pratissoli et al. 2002). For E. ello, a defoliating caterpillar, 75% of larval
consumption takes place during the last instar stage (Bellotti et al. 1992), which is
similar to the diamondback moth. This procedure resulted in the following formula:

pc-_PLFR
Z(INx CR)
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where PC = percentage consumption per insect per plant, PLFR = percentage to-
tal leaf area removed, IN = number of each instar, and CR = standardized consump-
tion values for each instar (3 instar = 3, 4" instar = 8, and pupa = 16).

Because insect development is known to be affected by temperature (Precht et al.
1973, Wellington et al. 1999), comparisons of diamondback moth developmental time
were made between July and August only, which had similar temperatures but differ-
ent light intensities. To accommodate the mixed age-classes, analyses were not done
on days-to-complete-development because this number varied by instar and also
may have been biased by differences in age-class distribution between treatments.
Instead, rate of development was estimated using degree-days (DD) as a standard-
ized unit. The number of diamondback moth in each instar per plant per treatment
was multiplied by the number of DD needed for that life stage to complete develop-
ment based on data from Ansari et al. (2010) for diamondback moth feeding on
Brassica rapa L. (Brassicales: Brassicaceae). Adult data were not included in calcula-
tions because samples were taken when pupae were present, before adult emer-
gence occurred. The total number of DD was then summed and the average number
DD for the cohort was computed as follows:

3 (IN x DD)
=TI

CDD =

where CDD = average cohort DD, IN = number of each instar, DD = the number of
DD needed for that life stage to complete development (2" instar = 200.8, 3 instar =
138.3, 4 instar = 75.8, and pupa = 0), and Tl = total number of instars present.

Statistical analysis. All data pertaining to light intensity, temperature, plant pa-
rameters, diamondback moth response variables, and diamondback moth life stage
were analyzed using SAS Systems for Windows, Version 9.1 (SAS Institute 2002).
Data were subjected to a mixed model analysis of variance (ANOVA) using the PROC
MIXED procedure with month, light, and herbivory (plants with and without diamond-
back moth) as the main effects, and light replicate as the random effect. Tests for
significance were conducted for all main effects and for the two- and three-way inter-
actions. For variables having significant month x light interactions, means were then
sliced to show significance whereas holding each main effect constant (SAS Institute
2002). Prior to analysis, percentage data were arcsin-transformed to normalize the
data, including moisture content, protein content, and proportion of leaf tissue con-
sumed per insect. All data presented are nontransformed.

The LS MEANS statement (SAS Institute 2002) and Fisher's Protected LSD were
used to make pairwise treatment comparisons. To determine if light and plant param-
eters, and plant parameters and diamondback moth variables were correlated, mul-
tiple regression analyses were performed using the PROC REG procedure (SAS
Institute 2002). Prior to fitting any regression models, and to determine the model that
resulted in the lowest variance and highest regression coefficient (R?), a best-subsets
analysis was performed using MINITAB Version 14 (Minitab Inc., State College, PA).
Then multiple regressions were performed in a step-wise backward elimination proce-
dure (SAS Institute 2002) to remove the variables with the highest P values (nonsig-
nificant) untit only those with P < 0.05 remained in the model. Relationships identified
by multiple regressions were then assessed for best fit (linear or quadratic) in MINITAB
using regression with fitted line plots. Significant relationships are presented with
P and F values, along with coefficients of determination.
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The proportion of leaf tissue consumed per insect was computed per plant, and
then averaged for 4 infested plants in each light cage (replicate). Data were subjected
to ANOVA using a general linear model with light intensity and month as main effects,
and the two-way interaction of light x month. The LS MEANS statement (SAS Institute
2002) and Fisher’s Protected LSD were used to make pairwise treatment compari-
sons. Means were then separated for multiple comparisons using the adjusted Tukey
method. Correlations of light intensity and temperature with diamondback moth body
weights and herbivory, within light treatments by month and across months, were
conducted using PROC CORR test procedures (SAS Institute 2002).

Developmental data for diamondback moth were averaged over the 4 infested
plants in each plot, and then subject to ANOVA using a general linear model with light
and month as main effects, and the two-way interaction of light x month. The LS
MEANS statement and Fisher’s Protected LSD were used to make pairwise treatment
comparisons. Means were then separated for multiple comparisons using the ad-
justed Tukey method (SAS Institute 2002).

Results

Light intensity and temperature. There was a significant light treatment x month
interaction for light intensity and temperature (Table 1). Under both ambient and
shade conditions, light intensity was significantly higher in August and February than
July and March (Fig. 1). Slicing tests for the significant interaction revealed that light
intensity was significantly greater under ambient (15,067 + 280 lumens/m?) than
under shade (6,452 + 276 lumens/m?) conditions when data across months were held
constant (P values < 0.001). Furthermore, when light intensity was combined across
treatments, slicing tests resulted in significant differences between all months when
light treatments were held constant (P values < 0.001). Therefore, light intensity was
not only different between light treatments within each month but also among months.
For temperature, slicing the interaction across months revealed that temperature was
significantly different between both the ambient (23.3 + 0.27°C) and shade (22.3 +
0.27°C) treatments (P values < 0.001). However, when the interaction was sliced
across light treatments, temperature was only significantly different between treat-
ments in August (25.59 + 0.23°C) and March (16.64 + 0.22°C) (P values < 0.001), but
not for July (26.34 + 0.22°C) or February (22.43 + 0.22°C) (P < 0.05) (Fig. 1).

Plant responses to light intensity. Data associated with plant responses for
both diamondback moth-infested and uninfested plants were pooled because there
was no significant effect or significant interactions with the main effect of herbivory on
any of the plant responses (P> 0.05) (Tables 2 and 3).

The C:N ratio, protein content, shoot biomass, caffeic and ferulic acids, and L-7-O-G
all had significant month x light interactions (P > 0.05) (Tables 2 and 3). Slicing tests
for main effects (month and light) were used to determine the significance of each
effect whereas holding the other constant. Slicing for the effect of light treatment
on C:N ratio revealed that the effect was only significant in July (P < 0.0001), August
(P=0.001) and March (P = 0.04), but not for February (P = 0.11). Slicing for the effect
of month on C:N ratio revealed that the effect was significant for both ambient
(P < 0.0001) and shade (P = 0.02) conditions. Therefore, light treatments affected C:N
ratio but was dependent on month, where significantly higher levels of C:N were found
in plants under ambient conditions in July compared with other treatment x month
interactions (Fig. 2). Slicing for the effect of light treatment on protein content showed
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Table 1. Results from a mixed model ANOVA associated with light intensity
(lumens/m?) and temperature (°C) data for the main factors of month, light
treatment (LT), light replicate (LR), and the interaction of month x LT.

Factor N df Light intensity Temperature
F P F P
Month** 40 3 65.47 <0.001* 924.54 <0.01*
LTt 20 1 478.77 <0.001* 6.69 0.06
LR# 20 4 0.51 0.73 0.6 0.68
Month x LT 40 3 11.98 <0.001* 3.48 <0.001*

* Indicates significance at P < 0.05.

** July, August, February, and March experiments. Light and temperature variables correspond to 10 light
cages x 4 months, n = 40.

t Ambient and shade treatment. Light and temperature variables correspond to 5 ambient or 5 shade cages x
4 months, n = 20.

* Five light cages per light treatment. Light and temperature variables correspond to 5 ambient or 5 shade
cages x 4 months, n = 20.

that the effect was significant in July (P < 0.0001), August (P = 0.005) and February
(P =0.01), but not for March (P = 0.47). Slicing for the effect of month on protein con-
tent revealed that the effect was significant under both ambient (P < 0.0001) and
shade (P =0.003) conditions. Protein content was typically higher under shade condi-
tions, and was significant for July and August (Fig. 2). Slicing for the effect of light
treatment on shoot biomass revealed that the effect was significant in August
(P=0.002), February (P =0.0005) and March (P < 0.0001), but not for July (P = 0.26).
For the effect of month on shoot biomass, slicing revealed that the effect was signifi-
cant under both ambient (P = 0.002) and shade (P = 0.001) conditions. For significant
months, shoot biomass was significantly higher under ambient conditions (Fig. 2).
Slicing for the effect of light treatment on ferulic acid showed that the effect was only
significant in August (P = 0.0006) and February (P = 0.007), but not for July (P =0.74)
or March (P = 0.56). For the effect of month on ferulic acid, slicing revealed that the
effect was significant only under ambient (P < 0.0001) but not shade (P = 0.09) condi-
tions. For August and February, ferulic acid was significantly higher under ambient
conditions compared with shade conditions and to the other months (Fig. 2). Slicing
for the effect of light treatment on caffeic acid showed that the effect was only signifi-
cant in July (P = 0.05), but not for the other months (P values > 0.05). For the effect of
month on caffeic acid, slicing revealed that the effect was significant only for shade
(P =0.03) but not ambient (P = 0.07) conditions. For July, caffeic acid was significantly
higher under shade compared with ambient conditions (Fig. 2). Slicing for the effect of
light treatment on L-7-O-G revealed that the effect was only significant in August
(P =0.02) and July (P = 0.05), but not for February (P = 0.69) or March (P = 0.77).
Finally, for the effect of month on L-7-O-G, it was determined that the effect was sig-
nificant for both ambient (P = 0.01) and shade (P = 0.04) conditions. However, L-7-O-G
was not consistently different by light treatments in significant months (Fig. 2).

Plant response variables not having significant month x light interactions were
significant for either main effect with the exception of chlorogenic acid, which was not
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Fig. 1. Mean (= SEM) light intensity and temperature associated with ambient
and shade treatments for each month (n = 5 reps) having significant
month x light interactions. Data from inside light treatment cages (ambi-
ent and shade) with measurements taken at 30-min intervals using HOBO
data loggers for the July, August, February, and March experiments.
Means foliowed by common letter are not significantly different at P <
0.05 using Fisher’s Protected LSD.

significant for any month or light effects (Table 2). The effect of light treatment was
significant for total phenolic content, sinapic acid, and moisture content (Tables 2 and 3).
Total phenolics were significantly higher under ambient (0.62 + 0.01 GAE/g FW tis-
sue) than shade (0.54 + 0.01 GAE/g FW tissue) conditions when data were pooled
across the 4 months (P < 0.05). However, the effect of month was also significant for
total phenolic content (Table 2), where total phenolics were significantly higher in
March (0.71 £ 0.02 GAE/g FW tissue) than July (0.32 + 0.02 GAE/g FW tissue) and
August (0.64 + 0.02 GAE/g FW tissue) (P < 0.0001). Of the 4 phenolic compounds
detected, only sinapic acid was significantly affected by light treatment across months
(Table 3). The concentration of sinapic acid was significantly higher under ambient
(7.74 £ 0.72 mg/100 mL extract) than under shade (3.14 + 0.82 mg/100 mL extract)
conditions for all months (P < 0.05). The mean percent moisture content was signifi-
cantly higher in plants grown under shade conditions than those grown under ambient
light, however, the differences in moisture content were too small to be considered
meaningful to the study results.

Insect responses to plant chemistry. All diamondback moth responses were
significantly affected by month, but light treatment had no effect (Table 4). Mean body
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weights, by month, are presented in Table 5. For both male and female, pupal and
adult weights were significantly higher (2-fold) in March than in the other 3 months.
However, light intensity and temperature were not significantly correlated with body
weights in the 4 months (P > 0.05).

In months where diamondback moth body weights were the highest, the concen-
tration of ferulic acid was the lowest. Although ferulic acid and diamondback moth
body weights were significantly different by months, regression analysis, with data
averaged across months, showed a significant negative relationship associated with
ferulic acid and adult male diamondback moth body weights in the ambient treatment
(F=6.60, df =1, P =0.02) but not the shade treatment (F=0.34, df =1, P = 0.57)
(Fig. 3). In general, ferulic acid was higher in the ambient treatments with the excep-
tion of July (Fig. 2). Across months, there was a wide range of light intensities. When
these data were combined, there was a significant positive relationship between the
concentration of ferulic acid and light intensity under ambient light (F = 18.42, df = 1,
P = 0.001), however, this relationship was not observed under the shade treat-
ment (F =0.46, df = 1, P =0.56) (Fig. 4). In contrast to the males, there was no sig-
nificant relationship between ferulic acid concentration and aduit female diamondback
moth body weights, either in the ambient or shade treatments (P values > 0.05).
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Fig. 2. Mean (= SEM) Brassica rapa responses in each month (July, August, Feb-
ruary, and March) and ambient and shade light treatments having signifi-
cant month x light interactions (n = 5 reps). Means followed by common
letter are not significantly different at P < 0.05 using Fisher’s Protected
LSD.
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Fig. 3. Relationship of ambient (17 plants with male data) and shade (13 plants
with male data) treatments between male adult Plutella xylostella body
weight and concentration of ferulic acid in Brassica rapa pooled across
the four months (July, August, February, and March). The best-fit relation-
ships (linear) are shown as solid lines, along with line equations and coef-
ficients of determination (R?). Starred equations are significant at P < 0.05.

Although sinapic acid concentrations were elevated under higher light intensities, con-
centrations did not correspond to the diamondback moth response variables. There
were no other specific phenolic compounds, or combinations of phenolic compounds
that were significantly correlated with diamondback moth fithess parameters.

The percentage leaf area removed was a direct measure of herbivory used in the
analysis for treatment effects. Percentage leaf area removed was not significantly dif-
ferent by light treatment but was significantly different by month (P < 0.0001) (Table 4).
Each month was different from each other with July plants experiencing significantly
more leaf area removed by larvae (21.69 + 3.15%), compared with August (16.31 +
3.56%), than February (6.34 + 1.12%), and March (2.11 + 0.42%) (P values < 0.05).
However, because of differences in the diamondback moth age-class distribution
across months, consumption, as larval feeding equivalents, was computed as an un-
biased measure of herbivory. Analysis of the data showed that light treatment did not
significantly affect larval feeding (F = 1.06, df = 1, P = 0.30), but month was significant
(F=3.35, df = 3, P=0.02). Larval feeding was significantly greater in July (1.57 £ 0.78
feeding equivalents) compared with August (0.29 + 0.06 feeding equivalents), Febru-
ary (0.08 + 0.02 feeding equivalents), and March (0.01 + 0.006 feeding equivalents).
Larvae were exposed to the highest temperatures in July, but lower light intensities
than August, indicating that greater feeding in July may have been temperature re-
lated. However, neither light intensity nor temperature were significantly correlated
with diamondback moth larval feeding across months (P = 0.52, r = -0.47 and P =
0.38, r=0.61, respectively).

A comparison of larval development (based on cumulative DD) between July and
August, which had similar temperatures but different light intensities, revealed that the
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rate of development in the ambient light treatment was significantly faster (F = 23.88,
df = 1, P<0.0001) in August (30.02 + 4.67 DD) under higher light intensities (19,755 +
2130 lumens/m?) than in July (54.97 + 4.91 DD), which had lower ambient light inten-
sities (11,351 + 1926 lumens/m3).

Discussion

The effects of light intensity on plant primary and secondary metabolism, along
with their impact on insect herbivores, have been minimally investigated associated
with plant-insect interactions (Henriksson et al. 2003, Guerra et al. 2010). In this
study, we showed for the first time that pac choi and diamondback moths responded
to a relatively broad range of light intensities, and that these responses to light inten-
sity resulted both from light treatment (more than a 2-fold difference between ambient
and shade) and the time of year when experiments were conducted. During the winter
months, greenhouse irradiance is typically one third of that in summer months at lati-
tudes near 40°N (Manhattan, KS: 39°N) due to low sun angles and shorter day-lengths
(Aldrich and Bartok 1994). However, light intensities measured during July were rela-
tively low compared with the other 3 months. This may be attributed to extensive
cloud cover for July (wdl.agron.ksu.edu/monthly), which can reduce light intensity by
90% (Smith 1982).

Pac choi plants exposed to high light intensities generally had elevated levels of
total phenolic content, as well as high concentrations of ferulic and sinapic acids. In
addition, they also tended to have a lower protein content compared with plants grown
under shade. The increased levels of phenolics under higher light intensities may be
a result of increased carbon, which occurred in this study, and is supported by the

8
Ambient® = -0.68 + 0.0001x v .

74 R?=035 v N Shede ...
Shade = 3.63 - 0.0007x . Month: Lot

R?=0.02

& wm o

td4Av P

w

Concentration of ferulic acid (mg/100mL)

Fig. 4. Relationship of ambient and shade light intensity and concentration of
ferulic acid in Brassica rapa pooled across the four months (dJuly,
August, February, and March). The best-fit relationships (linear) are
shown as solid lines, along with line equations and coefficients of deter-
mination (R2). Starred equations are significant at P < 0.05. (n = 40 reps).

$S900E 981) BIA 20-/0-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid,/:sdiy woil papeojumoc]



JOHNSON ET AL.: Light Intensity Effects on B. rapa and P, xylostella 343

resource availability hypothesis (Coley et al. 1985). These findings are consistent with
other studies in which high light intensity was correlated with enhanced levels of total
phenolics (Dudt and Shure 1994, Ingersoll et al. 2010) and high levels of ferulic acid
and sinapic acids (Li et al. 1993).

With respect to the diamondback moth, we hypothesized that if higher light inten-
sity increased phenolic plant defenses, then diamondback moth fitness should be
reduced on plants exposed to higher light intensities compared with those exposed to
lower light intensities. However, results showed that despite relatively lower protein
and higher phenolic contents in plants, neither development nor survival was ad-
versely affected. In fact, development was significantly faster under higher light inten-
sities in August compared with the lower intensities experienced in July. In some
cases, herbivores feeding on plants deficient in protein and with a higher phenolic
content may consume more plant tissue to compensate for the combined negative
effects associated with reduced protein quantity and quality (Lawton and McNeill
1979, Isman and Duffey 1982, Felton and Duffey 1991). However, consumption by
diamondback moth larvae did not diminish in months with the highest light intensities.
The overall findings suggest that high light intensity either had no adverse effect on
diamondback moth or potentially even improved the quality of pac choi as a food
source. It is possible that combinations of phenolic compounds that increased under
high light had a positive effect on diamondback moth development, perhaps by acting
as beneficial antioxidants. For example, certain phenolic compounds, such as chloro-
genic acid, have been shown to increase the fitness of the tobacco budworm, Heliothis
virescens F. (Lepidoptera: Noctuidae) by acting as an antioxidant in the midgut (Johnson
and Felton 2001).

It is unclear whether light-mediated changes in phenolics affected diamondback
moth body weights. Across months, male diamondback moth body weights were neg-
atively correlated with concentrations of ferulic acid, which increased in pac choi
plants under high light intensities. Thus, light intensity-induced increases in ferulic
acid may be related to an adverse effect on male adult body weights. Although ferulic
acid represents only a minor fraction of the total phenolic content in plants, it has been
identified a compound involved in resistance against some herbivores (Argandona
et al. 1980, Thackaray et al. 1990, Garcia-Conesa et al. 1999, Husken et al. 2005,
Milkowski and Strack 2010). In contrast to the greenhouse experiments, results of an
artificial diet study in which only the concentration of ferulic acid varied showed
no dose-dependent effect on diamondback moth weight, development, or survival
(Johnson 2011). Thus, if ferulic acid is functionally related to male diamondback moth
body weight, the differences observed between the artificial diet study and the green-
house experiments may be associated with interactions between ferulic acid and plant
enzymes and/or proteins within the plant, indicating that interactions between pheno-
lics and other plant components may be responsible for reducing male body weights
(Stamp and Osier 1998, Garcia-Conesa et al. 1999, Miles 1999).

Whereas this study showed a relationship between ferulic acid and male diamond-
back moth body weight, there was no correlation between ferulic acid and female
pupal or adult body weights. Why ferulic acid appeared to effect only males is un-
known, but may be due to physiological and behavioral differences between male and
female diamondback moth. For example, female Lepidoptera generally are heavier
than males throughout their life cycle, and may also have variable nutritional needs
due to differences in their reproductive physiology (Slansky and Scriber 1985, Zeng
et al. 1997). For diamondback moth females to acquire the necessary resources for
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egg production, they must obtain and then retain larger amounts of stored proteins
during larval feeding than males (Sarfraz et al. 2011). It is possible that with greater
nutritional demands, female diamondback moths should have experienced body
weight changes at least equal to males uniess they engaged in compensatory feeding
to overcome effects of ferulic acid. Unfortunately in this study, no data are available
to compare larval consumption between male and female diamondback moth. Re-
gardless, male body weights are known to be important in migration and mate-finding
(Shirai 1993, Muhamad et al. 1994), which may have an impact on population densi-
ties. Future studies should examine further the possibility of fithess costs to diamond-
back moth on plants grown under different light intensities by considering other
important fitness traits, including survival, reproduction or oviposition.

Although the induction of phenolics in plants by light (bottom-up effect) has been
demonstrated, production of phenolics may also be induced by feeding activities of
herbivores (top-down effect) (Karban and Myers 1989, Smith 2005). Because this
could have been a confounding factor, the experiments conducted in this study com-
pared phenolic content in plants under various light intensities, with and without dia-
mondback moth larvae, and showed that the presence of herbivores had no effect on
any of the phenolic acids tested. However, other studies have demonstrated changes
in phenolics resulting from diamondback moth larval feeding. For example, Caputo et
al. (2006) and Ehlting et al. (2008) showed elevated total phenolic contents in Arabi-
dopsis plants on which diamondback moth larvae fed. Widarto et al. (2006) reported
that genes associated with biosynthesis of phenolics were induced in Brassica rapa
leaves exposed to feeding by diamondback moth larvae. On the basis of these studies,
it is unclear why differences were not observed in phenolics between diamondback
moth-infested and uninfested plants. However, there are several possible explana-
tions. Leaf phenolics were measured from the middle whorl to avoid leaf age bias,
however, it is not known if diamondback moth larvae adjusted feeding sites based on
variations in leaf phenolics. In fact, diamondback moth larvae tend to aggregate and
feed in the inner whorl of Brassica plants where changes in phenolics may have oc-
curred (Ooi 1979), but leaves of the inner whorl were not sampled in the current study.
Results may also be associated with sampling time for phenolic content, where tissue
samples were taken between 0,600 and 0,800 h to avoid fluctuations caused by diel
cycling of phenolics. The sampling time was chosen based on findings from You and
Yang (2001), which determined that a representative baseline for phenolic content in
Brassica chinensis can be detected in plants around 0,800 h, which then fluctuates
during the course of a day. It is possible that diamondback moth larvae actively fed
during the day, and may have induced production of phenolics higher than those de-
tected from samples taken during the morning hours. Widarto et al. (2006) detected
induction of phenolic biosynthesis-related genes, which were measured in plant tissue
that was exposed to diamondback moth larvae for less than 48 h In the current study,
phenolic content was measured in plant tissue after pac choi had been exposed to
larvae for over 7 ds. Plants may have responded to herbivory by producing phenolics
only within 48 h of exposure, which may have prevented detectable differences in re-
sponses. Finally, the absence of a phenolic response to diamondback moth feeding
may be associated with close spatial proximity of infested and uninfested plants. Vola-
tile signals emitted in response to herbivore feeding may include methyl jasmonate,
methyl salicylate, and ethylene (Farmer 2001), which can disperse between rows of
infested and uninfested plants. This may have resulted in similarities in phenolic con-
tent between adjacent plants. In fact, plant volatiles emitted by larval feeding have
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been shown to stimulate the phenylpropanoid pathway in nearby uninfested plants
(Karban and Baldwin 1997, Gordon-Weeks and Pickett 2009). Although volatile pro-
files for pac choi are unknown, ferulic and sinapic acid esters present in pac choi have
been identified as volatile signal components in many other plant species (Lewis and
Sarkanen 1998).

When plants are grown under lower light intensity, their quality for herbivores may
increase both as a result of decreased levels of phenolics used for plant defense
(Mole and Waterman 1988) and increased protein content, which enhances nutri-
tional quality (Mattson 1980). Under these conditions, larval consumption may in-
crease, as was observed for the European corn borer, Ostrinia nubilalis Hibner, on
field corn (Manuwoto and Scriber 1985). With respect to pac choi and diamondback
moth, plants grown under shade conditions in the greenhouse typically contained
higher levels of protein and lower levels of phenolics compared with those grown
under ambient light. However, these differences in plant chemistry did not appear to
influence consumption or other responses in P. xylostella. It is possible that differ-
ences in light intensity and subsequent changes in protein and phenolic contents may
not have been large enough to exert an effect on diamondback moths.

There are practical implications of this study with respect to the production of pac
choi. For example, seasonal differences in light intensity appear to be important with
respect to changes in plant chemistry. Production of pac choi occurs in environments
that vary in light intensity, such as open field, high tunnels, and greenhouses. Thus,
producers should be aware that changes in plants related to light environment may
affect crop nutrient content or secondary chemistry, although it is unclear whether
these changes enhance protection against insect herbivores or increase susceptibil-
ity. Whereas lower light environments (occurring in greenhouses and high tunnels)
did not affect leaf consumption by diamondback moths, rate of development was de-
layed. Delayed development under lower light conditions may be related to lower
phenolic contents, which have been associated with negative effects on insect growth
and development time in other plant systems (Isman and Duffey 1982, Dixon and
Paiva 1995). However, experiments that compare diamondback development in dif-
ferent pac choi production environments, but without temperature bias, are needed.
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