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ABSTRACT: Plants produce proteins such as protease inhibitors and lectins as defenses against herbivorous insects and pathogens. However, no systematic

studies have explored the structural responses in the midguts of insects when challenged with plant defensive proteins and lectins across different species.

In this study, we fed two kinds of protease inhibitors and lectins to the fruit fly Drosophila melanogaster and alpha-amylase inhibitors and lectins to the

cowpea bruchid Callosobruchus maculatus. We assessed the changes in midgut cell structures by comparing them with such structures in insects receiving

normal diets or subjected to food deprivation. Using light and transmission electron microscopy in both species, we observed structural changes in the

midgut peritrophic matrix as well as shortened microvilli on the surfaces of midgut epithelial cells in D. melanogaster. Dietary inhibitors and lectins caused

similar lesions in the epithelial cells but not much change in the peritrophic matrix in both species. We also noted structural damages in the Drosophila

midgut after six hours of starvation and changes were still present after 12 hours. Our study provided the first evidence of key structural changes of midguts

using a comparative approach between a dipteran and a coleopteran. Our particular observation and discussion on plant-insect interaction and dietary stress

are relevant for future mode of action studies of plant defensive protein in insect physiology.
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Introduction

Insects use digestive enzymes in their midguts to break down
proteins, lipids, and complex carbohydrates for the nutrients
they contain and thereby obtain the nutrition needed for
their growth and development. Plant protease inhibitors are
important natural plant defenses targeting insect proteases.’™
Naturally occurring protein protease inhibitors inhibit difter-
ent classes of proteases, including serine, cysteine, aspartic
protease, or metalloprotease. Bowman—Birk inhibitors (BBIs)
occur naturally in soybeans and inhibit serine proteases such
as trypsins and chymotrypsins.>® The BBI from cowpea
(Vigna unguiculata Walp) causes increased mortality, weight
loss, and developmental delay in a variety of insects.”® BBI
from soybeans (Glycine max (L.) Merr.) causes retardation of
growth in the Sugarcane Borer (Diatraea saccharalis Fabricius)
(Lepidoptera: Crambidae).”

In addition, other defense proteins such as lectins and
amylase inhibitors (Als) also interfere with digestive activ-
ity in the insect midgut. Wheat germ agglutinin (WGA) is
a lectin that binds N-acetyl-D-glucosamine, the building
block of chitin found in insect cuticle and peritrophic matrix

(PM).510 Ingestion of WGA can cause structural damage in
the midguts of coleopterans,!! lepidopterans,'>™* and dipter-
ans.® 0 Als block starch digestion by complexing with alpha-
amylase, 015
several coleopterans and two lepidopterans.

Our understanding of how these enzyme inhibitors and

and delay larval development and maturation of
16-19

lectins act remains incomplete. Additional knowledge about
the vulnerability and plasticity of the insect digestive system
in response to plant defense proteins is needed. Because insects
cannot obtain amino acids and nutrition they need during the
defense protein treatment, the midgut cells are most likely to
undergo a similar effect to starvation.?

Therefore, we also compared midgut cells undergoing
starvation to understand the morphological changes.

Peritrophic matrix and midgut cells are the major physi-
ological barriers for plant defensive proteins and compounds
and pathogen invasion.?! One example is the Bacillus thuring-
iensis toxin that directly affects the midgut cell structure of
insects by lysing midgut epithelial cells.?? Microvilli (Mv)
in the epithelial cells are also important for understanding
the function of midgut, digestion, and related physiological
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questions.®?32* Disruption of Mv in midgut cells resulted in a
delay of development in Drosophila melanogaster.

We studied two insect systems, the fruit fly (D. mela-
nogaster Meigen) and the cowpea bruchid (Callosobruchus
maculatus Fabricius). The D. melanogaster larval midgut was
investigated from a developmental biology perspective. Even
though information on larval cross-section through the pro-
ventriculus has been recorded earlier as part of the research
on the digestive system,? we found no study on the micro-
structure of midgut cells in D. melanogaster. C. maculatus is
a coleopteran pest of stored cowpea seeds and those of other
grain legumes.?® The ultrastructure of midguts of several other
insects has been described.?” Various studies have been con-
ducted on the insect larval digestion system and on the effects
of lectins on larval development.?®?’ However, a more com-
prehensive understanding of changes in midgut ultrastructure
after feeding protease inhibitors, lectins, or Al is still needed
to shed light on the effects of these plant defensive proteins.

Here, we explored the structural responses in the mid-
guts when D. melanogaster and C. maculatus larvae species are
challenged with BBI, WGA, and atAls in the diet. Since some
plant defense inhibitors may mimic starvation,® we included
studies with D. melanogaster deprived of food as a basis for
comparison. We focused on PM and Mv structural changes
using light and transmission electron microscopy (TEM), and
compared these with changes observed following starvation.

Materials and Methods

Insect strains and bioassays. The w!® strain of
D. melanogaster was obtained from Misha Ludwig (University
of Chicago). The larvae were reared to the third instar on a
Formula 24 Drosophila diet (Carolina Biological Supply) at
room temperature (22-23°C and 60-70% relative humidity).
'The C. maculatus population (CmNnC-0) was originally col-
lected in Niamey, Niger, and the insects were reared on cowpea
seeds in our laboratory at 25°C and 40—60% relative humidity.

Experimental design. Three experiments were conducted
in the following manner: In Experiment I, the D. melanogaster
larvae were subjected to one of four treatments—(i) no chem-
icals to the diet (control), (ii) 0.3% BBI in the diet (Sigma-
Aldrich), (iii) 1% wheat germ agglutinin (WGA; Vector
Labs), and (iv) starved but provided water as in the other
treatments. Dosages were determined based on mortality and
developmental times determined in preliminary experiments.>®
All larvae were 108 to 110 hours of age (recorded from the
time the eggs were laid) at the time of transfer. After transfer,
the larvae were allowed to feed on the test media for various
periods of time. At the end of the feeding period, the larvae
were removed from the media, and samples from each treat-
ment were chosen for light and TEM analysis.

In Experiment II, the D. melanogaster larvae were sub-
jected to either control (normal diet) or starved for three
hours, six hours, or 12 hours. Larval growing conditions were
the same as for Experiment I.

In Experiment III, the artificial seed pellets (79 mg) for
C. maculatus were made with either 1% (w/w) WGA or 0.5%
(w/w) alpha-amylase inhibitor (Phaseolus vulgaris alAI).?° The
control pellets were made using a standard protocol.?® The dose
was chosen based on preliminary experiments. Three and in
some cases four larvae from each treatment were examined by
TEM. The C. maculatus larvae were allowed to continue feed-
ing until they reached the early fourth-instar stage. They were
then transferred to artificial seeds (1 larva/seed) and kept there
for 24 hours before removal and dissection for TEM sample
preparation. Larvae fed on cowpea seeds were used as controls.
WGA was purchased from Vector Laboratories (Burlingame)
and aAl was donated by Dr. Maarten Chrispeels.

Tissue preparation for microscopy. Three D. melanogas-
terthird-instar larval midguts were used for each replicate, with
two replicates per treatment. Larval midguts were observed
with an Olympus SZX12 light microscope (Olympus Cor-
poration). Images were taken with an Olympus U-TV1X-2
digital camera with Olympus MicroSuite-B3 software and
were processed in Adobe Photoshop CS-2 (Adobe Systems).
The larvae were dissected in 214 mM NaCl saline immediately
before the images of the whole midgut were taken.

For TEM analysis of midgut sections, D. melanogaster
third-instar larval midguts or C. maculatus fourth-instar
larval midguts were dissected in 0.2 M Na-cacodylate buf-
fer (pH 7.4). The midguts were fixed in 3% glutaraldehyde
in 0.1 M cacodylate buffer containing 2 mM MgCl,, 1 mM
CaCl,, and 0.1 M sucrose; postfixed with 1% OsO, and
1.5% K Fe(CN),; and then dehydrated with a series of 10,
30, 50, 70, 90, and 100% ethanol (2 X) and propylene oxide.
Samples were embedded in a mold with partially polymer-
ized EPON resin (containing L.X-112) in the bottom over-
lain by additional resin. The samples were then polymerized at
60°C for 48 hours. Ultra-thin sections were stained with 2%
uranyl acetate in 70% methanol for 10 minutes and lead citrate
for 5 minutes. Images were taken on an FEI/Philips CM-10
transmission electron microscope (FEI Company) using an
accelerating voltage of 80 kV, with varying magnifications.

My examined were along the anterior axis of the midgut.
The length (5) and diameter (4 or 27) of each intact midgut
microvillus (baseline to the apical Mv) were measured. Intact
microvilli were identified by visualization on the TEM
film. The surface area was calculated by adding the single
microvillus surface area and surface areas of the sphere with
radius 7, using the formula given below (shape of each Mv was
assumed to be cylinder-like):

A=21rh+ 2772 )

Statistical analyses. For Experiment I, one-way analysis
of variance (ANOVA) for independent samples and a post hoc
Tukey honestly significant difference (HSD) test was applied.
For Experiments II and III, two sample t-tests for inde-
pendent samples were applied. Analyses were performed in
R software (R3.0.3 for Windows, http://cran.r-project.org/).
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'The normality of each data set was also checked and confirmed
by quantile—quantile plots (data not shown).

Results

To understand the morphological changes the D. melanogaster
midgut undergoes in response to the different challenges, we
first examined the shape of the midgut using light microscopy
in Experiment 1. The midguts of D. melanogaster from the
standard diet group (control) exhibited a uniform distribution
of food contents (Fig. 1A). Those feeding on the 0.3% BBI
diet for 12 hours (Fig. 1B) exhibited greater food accumula-
tion in the central region of the digestive tract as compared
with insects receiving the control diet. Midguts from insects
fed the 0.1% WGA diet for 12 hours had a morphology similar
to that of the control group (Fig. 1C). Starvation for 12 hours
resulted in marked changes. Midgut lengths were shorter than
those fed the control diet, and more food was found in the
central region of the tract (Fig. 1D).

Cross sections of these midguts revealed marked differ-
ences under the four different dietary conditions. In insects
teeding on a normal diet, the PM was complete and the epi-
thelial Mv appeared normal (Fig. 2A). In midguts of BBI-
fed larvae, food content had accumulated in the central
region of the midgut. Fewer Mv covered the apical surfaces of

enterocytes, the epithelial monolayer of cells (Fig. 2B). Gaps
were observed between the brush border and the PM (Fig. 2B).
In midguts of WGA-fed larvae, the enterocytes were dra-
matically smaller and the brush border formed by Mv was not
smooth (Fig. 2C). As expected, the midguts of starved larvae
contained little food. Numerous folded areas in the brush
border were observed, possibly indicating damage to the Mv.
Only fragments of the PM were visible (Fig. 2D).

TEM was carried out using the same four treatments.
Compared to the straight, long, and parallel Mv in the control
treatment (Fig. 3A), the Mv in the midguts of larvae fed BBI
were shorter (Fig. 3B). The midgut cells of larvae fed WGA
displayed more severe structural damage when compared to
the control, including branched, swollen Mv on the apical
surface of enterocytes (Fig. 3C). The surfaces of the entero-
cytes were also not as smooth as they were in the control
group, indicating abnormal physical structures (Fig. 3C). The
length of My in starved larvae was even shorter than the con-
trol and the BBI-fed larvae (Fig. 3D).

To better evaluate the structural changes in Mv, we mea-
sured the length (%) and diameter (27 or 4), and calculated
the surface area of Mv (4) in the four treatments. One-way
ANOVA analyses showed a significant difference among the

four treatments when length was measured. Mv lengths in

Figure 1. Midguts of third-instar Drosophila melanogaster larvae (A) fed a normal diet, (B) fed 0.3% of BBI for 12 hours, (C) fed 0.1% of wheat germ
agglutinin for 12 hours, or (D) starved for 12 hours. Scale bar: 0.1 mm. Letters a and p indicate the anterior and the posterior end of the midgut. Arrows

point to the central region.
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Figure 2. Cross sections through the midguts of third-instar Drosophila melanogaster larvae fed (A) a normal diet, (B) 0.3% of Bowman—Birk inhibitor for
12 hours, (C) 0.1% of wheat germ agglutinin for 12 hours, or (D) starved for 12 hours. Scale bar: 0.1 mm. Arrows indicate the Mv distribution and PM shapes.

the 12-hour, BBI-fed, WGA-fed, and starved larvae were
significantly shorter than the control larvae (F; ,,4 = 158.59,
P < 0.001, HSD[.05] = 2.59; Fig. 4A) with decreases of
34, 36, and 42% respectively. The diameters of Mv in the
WGA-fed insects were the greatest among the Mv of all
four treatments (Fig. 4B). Significant differences in diam-
eter were observed among groups (7 |5, =10.21, P < 0.001,
HSDI.05] = 2.6; Fig. 4B). No difference in the number of
Mv was identified among all groups (Fig. 4C) even though
larvae-fed WGA showed a strong trend toward low numbers
of Mv. The surface areas in control samples showed the high-
est value (Fig. 4D). Significant decreases in surface area were
also observed among treatments (15% in BBI-fed, 47% in
WGA-fed, 63% in starvation 12 h) (Fs, 131 =61.52, P<0.001,
HSDI.05] = 2.6; Fig. 4D). Starved larvae had the smallest
surface area (Fig. 4D).

To determine the time course of changes in Mv during
food deprivation, we examined starved larvae at three- and
six-hour intervals (Experiment II). Results showed no sig-
nificant difference in Mv length in D. melanogaster larvae after

3 hours of starvation (£ 1.23=0.01; Fig. 5A & B). However, after
six hours of starvation, Mv length was significantly decreased
(F, ,, = 33.30, P < 0.001; Fig. 5C & D). Experiment I
demonstrated that after 12 hours of starvation, the average
length of Mv was significantly shortened (Figs. 3A & D, 4A).
Note that the distal termini of the Mv may break off into the
lumen after six hours of starvation (Fig. 5D). PM was also
observed in starved and control individuals (Fig. 5A, B, & D),
and no difference was detected regarding shape or thickness
(data not shown).

Because BBl is a serine protease inhibitor while the major
protease in the digestive system of C. maculatus is a cysteine
protease, we did not test BBI with C. maculatus. Instead, we
tested WGA and oAl in Experiment III, and carried out
TEM analyses of the midgut. Due to the technical problems,
we did not obtain enough replicates to make an assessment of
changes in the PM. WGA-fed bruchid larvae had shortened
My, exhibited a decrease of 24% in the length when compared
to controls (mean for control = 5.80 £ 0.09 um, mean for

WGA =4.42 +0.08 um, F, ,,=132.14, P < 0.001; Fig. 6A
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Figure 3. TEM images of third-instar Drosophila melanogaster larval midguts fed different diets for 12 hours: (A) control; (B) Bowman-Birk inhibitor;
(C) wheat germ agglutinin; (D) starvation. Arrows indicate the cellular damage. Scale bar: 1 um; magnification 15,000 x.
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Figure 4. Bar graph of the height, diameter, number, and surface area of microvilli in four treatments (Control [Cont], Bowman—Birk inhibitor [BBI], wheat
germ agglutinin [WGA], and starvation [STV]; mean + SE). One-way ANOVA analysis was conducted in JMP (Pro11.0.0) with a post hoc Tukey HSD test.
(A) Length (h) of microvilli (Mv) measured. (B) Diameter (d) of Mv measured. (C) Number of Mv per unit area. (D) Surface area calculated based on the
length and diameter. Treatment sharing the same letter are not significantly different.
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Figure 5. TEM images of midguts of third-instar Drosophila melanogaster larvae starved for three or six hours: (A) control, three hours; (B) starvation,
three hours; (C) control, six hours; (D) starvation, six hours. Arrows indicate the cellular damage. Scale bar: 1 um; magnification: 15,000 x. PM appeared

inA, B, &D.

and B). Fewer and less-dense Mv and gaps between Mv were
observed in WGA-fed larvae (Fig. 6B).

My of aAl-fed larvae of C. maculatus exhibited a sig-
nificant shortening (7% decrease) compared to the control

(Mean_ = 5.61 + 0.10 um, Mean_,; = 5.21 + 0.08 um,
F| s = 10.76, P < 0.01; Fig. 7). Gaps between Mv were

also detected in olAl-fed larvae, a change similar to that we
observed in WGA-fed larvae (see arrows in Fig. 7B).

Discussion

Insect digestion involves the breakdown of food and absorp-
tion of nutrients, processes critical for development and sur-
vival.?30 In the present study, we show that plant defense
proteins affect the cellular structure of insect midguts. Ours
is the first report dealing with how key structures in the guts
of a dipteran and a coleopteran change when subjected to the

different dietary stresses imposed by different kinds of plant
defense proteins.

These results are consistent with previous reports of insect
midgut response.? The larval response to plant protein damage
to midgut cells was proliferation of the epithelial cells. It will
be interesting to see whether the larvae will have an ability to
recover if the treatment of plant-defense proteins stops.

Light microscopy indicated that the epithelial cell My
were damaged after exposure to the plant defense protein
in the diet. This physical change was most obvious in the
TEM. The damage of the absorptive surface and the epithe-
lial cell layer may interfere with the uptake of nutrients by
the larvae.

Nutrient uptake may also be reduced by lesions to or
changes in the peritrophic matrix, a key element in food and
nutrient digestion.3! Previous research has shown chitin,
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Figure 6. Images of fourth-instar Callosobruchus maculatus larval midguts after consuming the wheat germ agglutinin (WGA) diet: (A) normal diet for
24 hours; (B) 1% WGA (w/w) for 24 hours. Scale bar: 1 um; magnification: 20,000 x.

proteases, lipase, chitin deacetylase, chitinase, proteoglycans,
and peritrophin proteins to be associated with the peritrophic
matrix.323% The peritrophic matrix encloses the food bolus and
is involved in the compartmentalization of digestion.3* The
peritrophic matrix was observed in starved larvae in our study,
and no damage but only shrinkage was exhibited. However,
we cannot rule out the possibility of negative effects on
peritrophic by plant defense proteins. Future work is needed
to elucidate the potential changes on the peritrophic matrix
under plant defense proteins.

We also found evidence that dramatic changes in midgut
structures begin as soon as six hours after the onset of food
deprivation. Our results indicate that plant defense proteins
can cause structural dysfunction similar to that caused by food

deprivation or starvation possibly because the reduced uptake
of nutrients.

Among the plant defense proteins tested, WGA affected
the midgut the most severely, its impact on the Mv being sim-
ilar to that of starvation. Starved larval midgut contained very
little food residue in the lumen, and the midgut appeared to be
leaner than with the other treatments. Carbohydrate-binding
proteins or lectins such as WGA serve as plant defensive
protein against phytophagous insects. It is known that they
can cause severe disruption of Mv and PM in insects.!®3
Furthermore, lectins in the diet may also target other tis-
sues in insect bodies such as fat body, hemolymph, ovarioles,

36,37

or Malpighian tubules. Furthermore, previous reports

demonstrated WGA-induced changes in gene expression at

Figure 7. TEM images of fourth-instar Callosobruchus maculatus larval midguts from the alpha-amylase inhibitor (aAl) treatment: (A) normal diet for
24 hours; (B) 0.5% oAl for 24 hours. M: microvilli. Arrows indicate the gaps between M. Scale bar: 1 um; magnification: 20,000 x.
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transcriptomic levels, affecting genes involved in several key
processes including cellular structural organization, digestion,
energy metabolism, and detoxification.® Although BBI and
oAl showed certain levels of structural damage, WGA and
starvation induced the greatest changes. Starvation affects the
development of microvillar membranes in other insects such
as cotton stainer Dysdercus peruvianus (Guerin-Meneville)
(Hemiptera: Pyrrhocoridae),®® and midgut cell death was
observed in starved spiders.2°

Our results indicated that abnormal droplet or small vesi-
cles formed at the top of the Mv, and then broke off (Fig. 5D);
this may be the main mechanism leading to the observed
shortening of the Mv we observed during starvation. In rats,
Myv may generate vesicles that release digestive enzymes to
the lumen.3’ The shortening of Mv of the gut epithelial cells
may have a dramatic impact on the nutrient absorption and
nutrition.

Our findings are consistent with similar reports about
other insects such as lygus bugs, aphids, and moths.}#0-42
Other treatments, including radiation, can also lead to altera-
tions in midgut structures of other beetles such as T+ibolium,
Trogoderma, and Plodia.®®

Abbreviations

oAl alpha-amylase inhibitor; ANOVA, analysis of variance;
BBI, Bowman-Birk inhibitor; HSD, honestly significant dif-
ference; My, microvilli; PM, peritrophic matrix; TEM, trans-
mission electron microscopy; WGA, wheat germ agglutinin.
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