PHYSIOLOGY, BIOCHEMISTRY, AND TOXICOLOGY

Digestive Enzymes and Stylet Morphology of Deraeocoris nigritulus
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ABSTRACT Deracocoris nigritulus (Uhler) is often collected from the cones of Virginia pine, Pinus
virginiana. Most species of Deraeocoris are predacious, but whether this plant bug is phytophagous or
predacious is not known. To better understand the feeding adaptations of this mirid, the digestive
enzymes from the salivary glands and anterior midgut were analyzed, and the mouthpart stylets were
investigated with scanning electron microscopy. Evidence of a trypsin-like enzyme, a chymotrypsin-
like enzyme, and pectinase were found in the salivary glands. Low levels of trypsin-like, chymotrypsin-
like, elastase-like, pectinase, and a-amylase activities, as well as high levels of a-glucosidase activity,
were found in the anterior midgut. The right maxillary stylet has two rows of at least seven strongly
recurved teeth in front of at least three weakly recurved teeth on the inner surface, all pointing away
from the head. Therefore, this insect is equipped with digestive enzymes and mouthparts mainly

adapted for zoophagy.
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A CONSUMER’S ABILITY TO use plant or animal materials
for food is indicated by the presence of specific di-
gestive enzymes and by mouthpart morphology (Bap-
tist 1941, Miles 1972, Cohen 1990, 1995, 1996, 1998a, b,
2000, Hori 2000, Zeng and Cohen 2000a, b). Digestive
enzymes advantageous for zoophagy include pro-
teases (e.g., trypsin, chymotrypsin, cathepsin), hyal-
uronidase, and phospholipase (Cohen 1998b, 2000).
Specific digestive enzymes useful for phytophagy in-
clude amylase and pectinase (Cohen 1996).

Among heteropterans, morphological comparisons
of both mandibular and maxillary stylets reveal dif-
ferences between phytophages and zoophages.
Cobben (1978) showed that the right maxillary stylets
of predacious heteropterans (e.g., Nabidae, Anthoco-
ridae) are more deeply serrated than those of phyto-
phagous heteropterans (e.g., Tingidae). Cohen (1996)
showed that the mandibular stylets of phytophagous
and predacious pentatomids varied in relation to the
direction of the barbs; those of phytophagous species
point away from the head, whereas the barbs of pre-
dacious species point toward the head. The barbs on
the mandibular stylets of reduviids and other preda-
cious heteropterans are more numerous than the
barbs on the mandibular stylets of phytophagous Het-
eroptera (e.g., Lygaeidae, sensu lato) (Cohen 1990).
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Mirids, as well as all other heteropterans, use their
digestive enzymes and stylets simultaneously to feed.
They feed by piercing and cutting tissues with their
stylets while injecting digestive enzymes through the
salivary canal to liquefy food into a nutrient-rich slurry
(Miles 1972, Hori 2000, Wheeler 2001). The food
slurry is ingested through the food canal and passed
into the alimentary canal where it is further digested
and absorbed (Cohen 2000).

Deraeocoris nigritulus is a little known plant bug that
has been collected on Pinus virginiana and P. sylvestris
(Wheeler et al. 1983) and is often found by beating the
cones over a beat net (A. G. Wheeler, Jr., personal
communication). Members of the genus Deraeocoris
are typically strict zoophages or facultative phytoph-
ages (Knight 1921, Razafimahatratra 1981), but both
Knight (1921) and Razafimahatratra (1981) assume
that strict phytophages exist within the genus. Because
this mirid has been found only on two closely related
hosts [unlike the predacious D. nebulosus (Uhler),
which is found on over 80 plant species (Boyd 2001) |
and is found in association with pine cones (poten-
tially feeding on the seeds), it might be one of the strict
phytophages that Knight and Razafimahatratra as-
sume to exist.

The objective of this study was to infer the feeding
habits of a cryptic species of an ecologically important
genus of insects by analyzing the digestive enzymes in
the salivary gland complex and anterior midgut and by
observing its stylet morphology.
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Materials and Methods

Insects. Deracocoris nigritulus was collected from
Virginia pine, P. virginiana, in Anderson Co. and Pick-
ens Co., SC, during the spring and summer of 2001.
Voucher specimens were placed in the Clemson Uni-
versity Arthropod Collection.

Sample Preparation. Only adult females were used
in these tests, and enzyme samples were prepared
following the method of Cohen (1993) with modifi-
cation. The mirids were starved for 24 h before dis-
sections to standardize the insects and to allow an
accumulation of digestive enzymes in the salivary
glands. The insects were placed at —20°C for 4 min and
dissected in ice-cold phosphate-buffered saline (pH
7.4) under a dissecting microscope. The salivary gland
complex, including all lobes, accessory glands, and
tubules, was exposed by holding the abdomen with
fine forceps and gently pulling the head and prothorax
away from the abdomen with another pair of fine
forceps. The anterior midgut was exposed by holding
the body with forceps, and with another pair of for-
ceps, pulling the ovipositor and last three or four
segments of the abdomen away from the rest of the
abdomen.

The salivary glands of 20 insects were removed,
placed in 1 ml phosphate buffer, homogenized, and
centrifuged at 15,294 X g for 10 min at 4°C. The
supernatant was placed in a 1.5-ml centrifuge tube and
kept at 4°C until use (within 48 h). The anterior
midguts of the same 20 insects were treated as the
salivary glands. Protein concentrations of all enzyme
samples were determined by bicinchoninic acid pro-
tein assay (Pierce, Rockford, IL) using bovine serum
albumin as the standard. Three samples of 20 insects
were used for each tissue, and each assay was repeated
three times for each sample. Because of the relatively
high protein concentration, each sample was diluted
1:1 in phosphate buffer.

a-Amylase Assay. Amylase activity in the salivary
glands and anterior midguts was determined with a
diagnostic kit (No. 577-3; Sigma, St. Louis, MO) fol-
lowing modifications by Zeng and Cohen (2000a-c).
The substrate was 4,6 ethylidene (G,)-p-nitrophenyl
(G,)-a, p-maltoheptaside. Enzyme extracts (10 ul)
were added to wells in a 96-well enzyme-linked im-
munosorbent assay (ELISA) plate. The substrate was
equilibrated to 37°C for 10 min, and 200 ul was added
to each well. The plate contents were mixed for 5 s and
incubated at 37°C for 30 min. Absorbance was read at
405 nm in a plate reader (SPECTRA MAX Plus; Mo-
lecular Devices Corp., Sunnyvale, CA). Absorbance is
directly related to amylase activity. Authentic a-amy-
lase from barley malt (Sigma A-2771) was used as a
positive control (1 mg/ml, 1 U/mg solid), and buffer
and substrate only were used as a negative control.
The relative amylase activity was calculated as absor-
bance units per milligram protein.

a-Glucosidase Assay. The a-glucosidase activity of
both salivary glands and anterior midguts was tested
following Agusti and Cohen (2000), by adding 100 ul
of extract to 100 ul of 10-mM solution of p-nitrophenyl
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a-D-glucopyranoside (Sigma, N-1377) in a 96-well
ELISA plate and incubating at 37°C for 1 h. The re-
action was stopped by adding 100 ul of 15% Na,COs.
Invertase from bakers yeast (Sigma I-4504) was used
as a positive control (1 mg/ml, 400 U/mg solid), and
buffer and substrate only were used as a negative
control. Absorbance was read at 405 nm in a plate
reader, and the relative a-glucosidase activity was
calculated as absorbance units per milligram protein.

Protease Assays. Salivary glands and anterior midg-
uts were analyzed for trypsin-like, elastase-like, and
chymotrypsin-like enzymes, following methods of
Agusti and Cohen (2000). The substrates for trypsin
and elastase, Na-benzoyl-pDL-arginine-p-nitroanilide
(Sigma B-4875) and succinyl-alanyl-alanyl-alanyl-p-
nitroanilide (Sigma S-4760), respectively, were dis-
solved in dimethylsulfoxide (DMSO) and added to
phosphate buffer to make a 10 uM solution. The sub-
strate for chymotrypsin, benzyol-L-tyrosine-p-nitro-
anilide (Sigma B-6760), was dissolved in dimethylfor-
mamide (DMF) and added to phosphate buffer to
make a 10 uM solution. In wells of a 96-well ELISA
plate, 50 ul of the salivary and gut extracts were added
to 200 ul of the various specific substrates. Trypsin
from bovine pancreas (Sigma T-8003), elastase from
porcine pancreas (Sigma E-0258), and a-chymotryp-
sin from bovine pancreas (Sigma C-7762) were used
as the positive controls (1 mg/ml; 10,000 BAEE units,
3-6 U, and 40-60 U/mg protein, respectively) and
buffer and substrate only were used as a negative
control. After a 20-h incubation at 37°C, absorbance
was read at 405 nm in a plate reader, and the relative
protease activity for each substrate was calculated as
absorbance units per milligram protein.

Pectinase Assay. The pectinase activity of both sal-
ivary gland and anterior midgut extracts were tested
following Agusti and Cohen (2000), with slight mod-
ification. Extract consisting of 100 ul was added to 4 ml
of 0.5% pectin from citrus fruits (Sigma P-9135) in
phosphate-buffered saline (pH 7.4) and incubated at
37°C for 20 h. The pectin-extract solution was passed
through a no. 150 Cannon-Fenske routine type vis-
cometer (Cannon Instrument Co., State College, PA)
at 25°C. Heat-denatured extract was used as a negative
control. Pectinase activity was measured as the recip-
rocal of viscosity (1/centistokes) per milligram pro-
tein because pectinase activity is indicated by viscosity
reduction rather than a direct reading of viscosity.

Scanning Electron Microscopy Preparation. Six
heads, including mouthparts, of D. nigritulus were
placed in 95% ethanol for at least 24 h and then air
dried. Dry heads were placed, labium up, on aluminum
stubs with double-sided tape. Stylets were removed
from the labium with an insect pin. Stylet bundles
were kept together or were separated into their man-
dibular and maxillary stylets by placing a minuten pin
at the base of the stylets and moving it toward the apex
or by sliding forceps gently over the stylets from the
base to the apex. Specimens were gold coated with a
sputtering device and viewed in secondary emission
mode in a Hitachi 3500 (London, England) scanning
electron microscope at 10 kV.
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Anterior view of the stylet bundle of D. nigritulus.
The two mandibular (md) stylets are outside the two max-
illary (mx) stylets. Scale bar = 50 um.

Fig, 1.

Results

Digestive Enzymes. Amylase activity (0.16 = 0.03
U/mg, n = 3) was detected in the anterior midgut but
not in the salivary gland complex, and glucosidase
activity was detected in the anterior midgut (4.62 +
1.28 U/mg, n = 3) but not in the salivary gland com-
plex. Trypsin-like activity was detected in the salivary
gland complex (2.50 = 0.08 U/mg, n = 3) and anterior
midgut (0.30 = 0.05 U/mg, n = 3). Chymotrypsin-like
activity was detected in the salivary gland complex
(1.22 = 0.19 U/mg, n = 3) and anterior midgut (0.16 *
0.06 U/mg, n = 3). Elastase-like activity was detected
in the anterior midgut (0.16 = 0.07 U/mg, n = 3) but
not in the salivary gland complex. Pectinase activity
was found in the salivary gland complex (0.20 = 0.02/
cSt/mg, n = 3) and in the anterior midgut (0.03 *
0.00/cSt/mg, n = 3).

Mouthpart Morphology. As in all other heteropter-
ans, the stylet bundle of D. nigritulus has two maxillary
stylets inside two mandibular stylets (Fig. 1). The
mirid’s right maxillary stylet has two rows of at least
seven strongly recurved teeth in front of at least three
weakly recurved teeth on the inner surface pointing
away from the head (Fig. 2).

Lateral view of the right maxillary stylet of D.

Fig. 2.
nigritulus. Scale bar = 50 pum.
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Discussion

Digestive Enzymes. No amylase or glucosidase ac-
tivity was found in the salivary gland complex of this
insect. Because these two enzymes are indicative of
phytophagy (Cohen 1996) and plant-feeding mirids
usually have high levels of amylase in the salivary
gland complex (Agusti and Cohen 2000), this mirid is
not a strict phytophage. Low levels of amylase and
high levels of glucosidase were found in the anterior
midgut, indicating that D. nigritulus might ingest
starch granules or disaccharides from plants and digest
them in the gut. The ability to use plants for food might
enable D. nigritulus to survive in the absence of prey
for short periods of time (Naranjo and Gibson 1996).
The digestion of glycogen, obtained from arthropod
prey, might also explain the presence of these enzymes
in the gut. In comparison, D. nebulosus, a predator of
many arthropods, has no amylase but low glucosidase
activity in its salivary gland complex and equal levels
of both in its midgut, indicating that it, too, might use
plants for food (Boyd et al. 2002).

The presence of pectinase in the salivary glands and
midguts also indicates an ability to feed on plants by
attacking cells held together with pectin complexes.
Hori (2000) suggested that, among the Heteroptera,
pectinase is a fundamental enzyme only in the Miri-
dae. However, Campbell and Shea (1990) demon-
strated that Leptoglossus occidentalis Heidemann
(Coreidae) possess pectinase using an electrophoretic
pectinase assay. At least one species each of two other
heteropteran families, Lygaeidae and Pyrrhocoridae,
have been reported to possess pectinase (Hori 2000).

Pectinase might play a significant role in egg-laying
behavior. Nearly all known mirids insert their eggs in
plant material; a few deposit eggs on the plant surface
(Wheeler 2001). Preoviposition behavior includes
probing the plant with the rostrum—sometimes for
>10 min (Knight 1941) —before inserting the ovipos-
itor into the plant material (Ferran et al. 1996,
Wheeler 2001). Hori and Miles (1993) found “strong”
pectinase in saliva discharged without stimulation
from the tip of the stylets of Creontiades dilutus (Stdl).
Pectinase found in mirid zoophages, such as D. nig-
ritulus and D. nebulosus (Boyd et al. 2002), might be
used to soften the plant tissue before oviposition.

The presence of protease activity in the salivary
gland complex of D. nigritulus indicates that this mirid
is primarily predacious. Trypsin-like and chymotryp-
sin-like proteases were detected in the salivary gland
complex, but the anterior midgut had low levels of
trypsin-like, elastase-like, and chymotrypsin-like pro-
teases. The presence of trypsin-like and chymotryp-
sin-like enzymes demonstrates an insect’s ability to
access structural or other insoluble proteins (Cohen
1993, 1998a, 2000). Possession of trypsin-like enzymes
and the lack of chymotrypsin-like and elastase-like
enzymes in the salivary gland complex is common for
heteropteran predators (Cohen 1993, 1998a, 2000,
Agusti and Cohen 2000). The green mirid, Creontiades
dilutus, was the first mirid shown to have chymotryp-
sin-like activity in the salivary glands (Colebatch et al.
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2001, 2002). Trypsin-like enzymes are endoproteases
that attack proteins at residues of arginine and lysine,
whereas chymotrypsin-like enzymes, also endopro-
teases, attack proteins at aromatic residues (e.g., tryp-
tophan). Elastase-like protease has been identified
only in the salivary glands of one mirid, Lygus hesperus
Knight (Zeng and Cohen 2001), and in the salivary
glands of the reduviid Zelus renardii Kolenati (A. C.
Cohen, personal communication). Zeng and Cohen
(2001) found more elastase activity in field-caught
insects than those reared in the laboratory. Individuals
of D. nigritulus in this study were field collected, but
another species, D. nebulosus, in a similar study, also
had no detectable elastase activity (Boyd et al. 2002).

Low levels of activity of all three specific pro-
teases—trypsin-like, elastase-like, and chymotrypsin-
like—in the anterior midgut indicate the ability of D.
nigritulus to synthesize proteases in the gut, the pres-
ence of symbiotic microorganisms in the gut, car-
ryover from ingested salivary gland secretions, or star-
vation effects. These alkaline endoproteases help
break down proteins once they are inside the gut,
making the proteins absorbable after further hydro-
lysis by exopeptidases such as aminopeptidase and
carboxypeptidase.

Mouthpart Morphology. The mandibular stylets of
D. nigritulus are typical of the Miridae, whether phy-
tophagous or zoophagous (Cobben 1978, Cohen 1996,
Boyd 2001, Wheeler 2001). Many other heteropterans
produce a salivary flange that is used as a fulcrum,
among other functions, for stylet movement (Cohen
1998b, 2000) . Because mirids do not produce a salivary
flange, the apical serrations on the mandibular stylets
are considered adaptive in holding onto tissues below
the outer layer of the prey or host plant and in pro-
ducing a fulcrum for movement of the maxillary stylets
(Cobben 1978, Cohen 2000, Wheeler 2001).

Cobben (1978) suggested that the inner surface of
the right maxillary stylets of heteropterans ranged
from moderately serrated in predatory families (e.g.,
Anthocoridae, Nabidae) to smooth in strictly phyto-
phagous families (e.g., Tingidae), with the Miridae
representing an intermediate condition (Wheeler
2001). Boyd (2001) observed maxillary stylets from 20
mirids, ranging from strictly phytophagous to strictly
zoophagous, and suggested that the serrations of the
right maxillary stylets are deeper for predators than for
herbivores. The deep serrations in the right maxillary
stylet of D. nigritulus, which are similar to those of D.
nebulosus (Boyd et al. 2002) and D. olivaceous (F.)
(Cobben 1978), probably are used to disrupt prey by
ripping and tearing tissues (Cohen 2000). The barbs
point away from the head, indicating that the cutting
action occurs when the stylet is thrust forward, unlike
predacious pentatomids, which have barbs on the
mandibular stylets pointing toward the head (Cohen
1996).

Conclusions. Deraeocoris nigritulus is suited primar-
ily for zoophagy. The presence of tryspin-like and
chymotrypsin-like enzymes in the salivary gland com-
plex are essential in breaking down otherwise insol-
uble proteins in the prey. These enzymes and the deep
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serrations of the right maxillary stylet enable this plant
bug to break down tissues of arthropods chemically
and mechanically (Cohen 2000). The presence of pec-
tinase in the salivary glands allows this mirid to break
down plant cells, and glucosidase in the midgut en-
ables it to break down sugars from plants or glycogen
from prey into monomeric units for absorption. Low
levels of amylase might enable this plant bug to ingest
intact starch granules and break them down in the gut.

Deraeocoris nigritulus is a predator, even though it
resides mainly in pine cones during the day and has a
limited host range. This mirid probably is nocturnal
and feeds on co-occurring soft-bodied arthropods on
host pines. It has the digestive enzymes needed to use
plants for food, but the multiple proteases and the
deeply serrated right maxillary stylet indicates that it
is only a facultative phytophage. Knight (1921) and
Razafimahatratra (1981) postulated the existence of a
species of Deraeocoris that is a strict phytophage. How-
ever, such a species has yet to be found. Further study
into this mainly predacious genus might yet reveal that
one exists.
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