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Abstract

Whitefly feeding biology is complex and includes the location of appropriate sites to probe leaves so that minor veins can be
located. Since survival of the nymphal stage of the silverleaf whitefly Bemisia argentifolii Bellowa and Perring (Homoptera:
Aleyrodidae) requires styley penetration of the smallest veins in host plant leaves , an elaborate series of behavioral acts must be
performed for the insect to reach its target. Our studies, using light and electron microscopy as well as confocal imaging, reveal
that successful feeding always involves probing of minor veins that contain no more than three xylem elements. There are distinct
surface structures such as lamina trichomes and elongated epidermal cells that serve as guides for a first instar nymph (crawler ) to
begin its probing at appropriate places. The nymphs use a specialized saliva to produce a sleeve-like structure called a salivary
sheath that guides the stylets (hollowed, elongated and interlocking maxillae and mandibles)to the minor veins. The sheaths are
often sinuous and branched. Branching takes place both in the mesophyll and at veins. Most of the sheath material inside the leaf is
extra-cellular and is built in the extensive air space between spongy. Parenchyma cells. Only a small portion of the sheath is found
inside cells, that portion being in epidermal cells. We found almost no evidence of stylet or sheath penetration into parenchyma or
palisade cells. When a sectioning technique was used, it appeared that some feeding sheaths led from the plant surface to sites
other than vascular tissue. However, when non-sectioned leaves were stained and cleared so that entire sheaths could be viewed
intact, it became apparent that nymphs that succeeded in developing beyond the first instar always made contact, via salivary
sheaths, with veins. Sheaths were up to 140um long and about 2um in diameter at their widest dimension. Sheaths had the
appearance of fused beads. The sheaths were occasionally glued to cell walls and made contiguous contact between the plant leaf
surface where penetration originated, proceeding all the way to the veins. Some sheaths terminated blindly without reaching a
vascular bundle, and these sheaths were invariably sealed at the end. It appeared from our studies that successful feeding always
involved intact sheaths. The relative success of silverleaf whitefly on different species of host plants is, in part, attributable to the
geometry of the feeding arrangement in relationship to the availability of minor veins in the host plants. This accounts for the high
success of this species on cantaloupe and other cucurbit hosts and the low success on lettuce, the former having more than twice
the amount of vascular bundle tissue than the latter.
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ABSTRACT

Whitefly feeding biology is complex and includes the location of appropriate
sites to probe leaves so that minor veins can be located. Since survival of the
nymphal stage of the silverleaf whitefly Bemisia argentifolii Bellows and Perring
(Homoptera: Aleyrodidae) requires stylet penetration of the smallest veins in host
plant leaves, an elaborate series of behavioral acts must be performed for the insect
to reach its target. Our studies, using light and electron microscopy as well as
confocal imaging, reveal that successful feeding always involves probing of minor
veins that contain no more than three xylem elements. There are distinct surface
structures such as lamina trichomes and elongated epidermal cells that serve as
guides for a first instar nymph (crawler) to begin its probing at appropriate places.
The nymphs use a specialized saliva to produce a sleeve-like structure called a
salivary sheath that guides the stylets (hollowed, elongated and interlocking
maxillae and mandibles) to the minor veins. The sheaths are often sinuous and
branched. Branching takes place both in the mesophyll and at veins. Most of the
sheath material inside the leaf is extra—cellular and is built in the extensive air
space between spongy parenchyma cells. Only a small portion of the sheath is found
inside cells, that portion being in epidermal cells. We found almost no evidence of
stylet or sheath penetration into parenchyma or palisade cells. When a sectioning
technique was used, it appeared that some feeding sheaths led from the plant surface
to sites other than vascular tissue. However, when non-sectioned leaves were
stained and cleared so that entire sheaths could be viewed intact, it became
apparent that nymphs that succeeded in developing beyond the first instar always
made contact, via salivary sheaths, with veins. Sheaths were up to 140 yum long and
about 2 um in diameter at their widest dimension. Sheaths had the appearance of
fused beads. The sheaths were occasionally glued to cell walls and made contiguous
contact between the plant leaf surface where penetration originated, proceeding all
the way to the veins. Some sheaths terminated blindly without reaching a vascular
bundle, and these sheaths were invariably sealed at the end. It appeared from our
studies that successful feeding always involved intact sheaths. The relative success
of silverleaf whitefly on different species of host plants is, in part, attributable to the
geometry of the feeding arrangement in relationship to the availability of minor
veins in the host plants. This accounts for the high success of this species on
cantaloupe and other cucurbit hosts and the low success on lettuce, the former
having more than twice the amount of vascular bundle tissue than the latter.
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biology, cotton, stylets, vascular bundles.
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Introduction

The silverleaf whitefly, Bemisia argentifo-
lii Bellows and Perring (Aleyrodidae: Homo-
ptera) (see Bellows et al., 1994 and Brown et
al., 1995 for a discussion of taxonomic issues
in the Bemisia complex) is a devastating pest
of numerous crops (Byrne and Bellows, 1991).
Its success in feeding on more than 400 species
of host plants is, in part, a testimony to its
highly efficient feeding biology (Cohen, et al.,
1996a and b). Nearly all feeding by Bemisia
species takes place on the underside of leaves
(Lenteren and Noldus, 1990). The major factor
in determining the selection of feeding sites
was shown to be leaf morphology (Chu et al.,
1995). Although earlier analysis indicated that
some feeding by Bemisia was directed to
non-vascular tissue ( Pollard, 1955; Cohen and
Hendrix, 1994), it has recently been demon-
strated that all successfully developing
nymphs at some time use vascular tissue
(Cohen et al., 1996). Unlike some aphids that
use major veins as feeding sites (Gibson, 1972;
Klingauf, 1987), Bemisia uses only minor veins
as a food source (Cohen et al., 1996a and b).

Since Bemisia must reach the minor veins
in order to develop, it seems reasonable that
they possess some mechanism that allows
them to perform a non-random search for
their tiny targets. If feeding probes were
completely random, the number of successful
ventures would be proportional to the relative
amount of space occupied by minor veins in
relationship to the amount of non—vascular
space within a leaf. Since cantaloupe leaves
have less than 15% of their volume dedicated
to minor veins, and cotton and lettuce have
even less (Cohen et al., 1996a), it seems that
the assumption of a non-random probing is
well-founded.

Over the past five years, several studies
have been published on various aspects of
feeding by B. tabaci (Genn.) and B. argentifo-
lit. However, what is lacking is a comprehens-
ive perspective that unifies the various ob-
servations and discoveries about Bemisia
feeding. This paper’s purpose is to present
such a unification, and it also presents some
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new information about the feeding biology of
this pest as studied by diverse techniques
including histological sectioning / light micro-
scopy, confocal microscopy and electron mi-
croscopy. We believe that a very clear
understanding of the feeding processes of
silverleaf whitefly will provide a solid founda-
tion for future work on the control of this
species and perhaps other phloem feeding
insects.

Materials and Methods

Sources of Plants: Field and Green-
house Studies. Leaf tissues from Cantaloupe
(Cucumis melo catalupensis 1..), cotton (Gossi-
pium hirsutum L.), lettuce (Lactuca sativa L.),
lantana (Lantana camara 1.) and hibiscus
(Hibiscus rosa sinensis L.) were collected in
the field (or as urban landscape plants in the
cases of lantana and hibiscus) in the Imperial
Valley, CA or in Maricopa County, AZ during
the summers of 1993 and 1994. Only fully
expanded leaves were used for these studies.
We wused four methods of leaf analysis
described below: 1) surface analysis by elec-
tron microscopy and dissecting microscopes,
2) sectioning and examination of cross—sec-
tions and 3) staining, clearing and examina-
tion of intact leaf disks and 4) leaf fracture
and electron microscopy. Sectioning / light
microscopy is currently used more widely than
the clearing of intact leaves. Cantaloupe and
cotton, Delta Pine 90 (DPL 90) and DPL 115
were grown during July and August of 1994
and 1995 in Phoenix, AZ.

Insects: Cantaloupe plants at the ten leaf
stage and cotton at the six leaf stage were
transferred intoc a greenhouse containing
plants that were highly infested with B.
argentifolii. All laboratory and greenhouse
studies included B. argentifolii that were
produced on cotton plants unless otherwise
specified. Whitefly specimens are vouchered at
the Western Cotton Research Laboratory,
USDA, ARS, Phoenix, AZ.

Histological treatment: Leaves were
prepared by the methods of Berlyn & Miksche
(1976) with slight modifications described by



Cohen et al., (1996a). Cotton leaves that were
heavily infested with silverleaf whitefly were
selected and the abaxial sides of leaves were
embedded with a 1% agarose solution poured
at 50°C to hold nymphs in place (Walker,
1985). Leaves were fixed in FAA (0.5 ml
formalin: 0.5 ml glacial acetic acid: 9 ml 50%
EtOH) for 20 h then dehydrated in an alcohol
series from 50-100%, cleared in xylene and
infiltrated with Paraplast®. Five, 10 and 20 mm
sections were made of tissues. We found the 10
mm sections to be most satisfactory for
examination of salivary sheaths. Sections were
stained with saffranin/fast green (Pollard,
1955) or with periodic acid (Berlyn &
Miksche, 1976). Sections were placed for 5 min
sequentially in each of the following solutions
serially: xylene, 100%, 95%, 50%, 256% EtOH,
distilled H.,O, periodic acid, H.0, Schiff’s
reagent, H,0, sodium metabisulfate, H.O.
Specimens were re-desiccated in an alcohol
series as described above and returned to
xylene before being mounted on slides.

Leaves used for whole-mounts were deco-
lorized with 95% EtOH, then cleared with
either 15% NaOH or lactic acid, glycerol,
water (L: G: W) (1:1:1). The clearing proce-
dure with NaOH took 20-44 h, depending upon
the leaf species or variety; and the clearing
with LGW took 25-45 min in an autoclave at
120°C, 1.05 kg ecm™ Whole-mounts of cotton
leaves that were to be used for measurements
of stained stylet sheaths were first placed in
McBride’s solution (Backus et al., 1988) for 10
to 20 h, until salivary sheaths were deeply
stained. Sections were then destained in 95%
EtOH for 15-30 min, and then cleared in LGW
and autoclaved as described above. Sections
that retained too much stain after this
procedure were either further destained in
95% EtOH or placed in fresh LGW and
re-autoclaved. Specimens were mounted in
LGW for microscope observations. Mounted
sections were viewed at 256x and measure-
ments made with a Boecleler VIA-170 video
imaging system. Specimens analyzed by com-
pound microscopy were examined at 400x, and
measurements were made with an ocular
micrometer. Measurements were made on

cotton leaves of the distance from the labium
of the whitefly at the point of leaf contact to
the point of attachment on the vascular
bundle in 200 specimens from a total of 25
whole-mounts. Evaluations of stylet course
were made by counting the number of sheaths
that went in a direction other than one that
would lead directly to the vascular bundle.
Instances were counted only where contact
with the vein was found.

Bright Field Microscopy: Using light
microscopy at 400x, we examined 225 specim-
ens (7500 sections) to determine placement of
mouthparts. We recorded salivary sheath
placement as 1) directly connected to veins, 2)
appearing to approach a vascular bundle, but
not visibly connected, and 3) seen approa-
ching only non-vascular tissue. Using the
same sections, we noted the frequency of stylet
penetration of epidermal cells versus insertion
between cells. Veins were classified as single-
stranded, double-stranded, triple-stranded (all
considered minor veins) and four—or-more
stranded, according to the number of xylem
elements that were noted.

We examined 100 stained specimens (clea-
red nymphs in intact feeding position on
leaves) with bright field light microscopy at
400x to determine placement of mouthparts in
relationship to plant structures. Veins were
classified as single-stranded, double-stranded,
triple-stranded (minor veins) and four—or—
more stranded, according to the number of
xylem elements that were noted.

Confocal Microscopy: We examined 45
cleared and acid fushin-stained nymphs
situated on both cotton and cantaloupe leaves
with the aid of a Leica TC-4D wupright
confocal laser scanning microscope. We ex-
amined specimens with 488/ 568 dual excita-
tion, using a transmission detector with a 590
longpass filter. We used 50, 100, 200 and 400x
to study the placement of sheaths throughout
the plant material, recording images at 0.5, 1,
2 or 5 mm intervals from the point of contact
of whitefly labia at the plant surface to the
vascular bundle region beyond the reach of
the salivary sheath. We used the Leica system
“movie” and three-dimensional reconstruction
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programs to view composite images of all focal
planes containing feeding structures.

Electron Microscopy. Leaves were ei-
ther fixed in glutaraldehyde, dehydrated in
EtOH and critical point dried using CO; as a
transitional fluid or fixed and dehydrated in
acidified 2,2-dimethoxypropane prior to crit-
ical point drying and viewed with a JEOL
JSM 6300 scanning electron microscope.
About 300 fractured leaf sections were ex-
amined at 15 kV from a transverse view.
Electron micrographs were used to make
measurements of the epidermal cells and for
assessment of epidermal surface contour as
well as for assessment of the appearance of the
salivary sheaths and their relationship to
epidermal cells, spongy mesophyll and veins.

Behavior of whitefly nymphs: We
exposed five DPL 115 cotton plants (hairy—
leafed 1isoline) to heavy infestations of
whiteflies in a greenhouse for two days. In 10~
20 mm’ randomly chosen abaxial surface
sections, we counted the number of eggs
within and outside of a 600 uym diameter
around lamina trichomes. We chose this
diameter as an extremely conservative dis-
tance that was less than the labium—-ovipositor
length of silverleaf whitefly (Cohen, un-
published observations). Twenty newly-
hatched 1st instar nymphs (crawlers) were
observed on fresh leaves and tracked with a
Boecleler VIA-170 video imaging system as
they moved over the surface of leaves. All
measurements were made in the laboratory at
25°C under fiber optics light. Distances tra-
veled over a 2 min interval and pattern of
movement were recorded in relation to po-
sition of surface cells associated with veins.
Positions of eggs were recorded in relation to
vascular bundle-related surface cells, stomata
and trichomes. Measurements were made to
determine what percentage of total leaf
surface area was within a 600 ym diameter of
trichomes (the approximate distance between
the labium and ovipositor). We conservatively
estimated that, if a female whitefly inserted an
egg within this area, she could have been in
contact with a lamina trichome. Distances
were measured between egg pedicels and
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trichomes using the video imaging system
calibrated with a stage micrometer. Difference
among these measurements were evaluated
with y* tests and ANOVA (SAS Institute,
1988).

Results

Leaf surface structure: Non-glandular leaf
trichomes in cotton leaves all appeared to
originate from vein—associated epidermal cells
(Fig. 1A). This conclusion was based examina-
tion by light and electron microscopy. Epide-
rmal cells in the areoles measured about 34.5
(SEM.=+/-1:69) um x 364 (SEM.=+ /-
2.54) mm, and epidermal cells associated with
veins were about 74.8 (S.E.M.=4.83) mm x
19.6 (+ /- 148) um in size. Surface cell
dimensions were well within the span of the
legs, antennae, and carapace of whitefly
nymphs (Fig. 1B). Elongated epidermal cells
(Fig. 1A) were evident wherever veins were
present, including even the finest, single—
stranded veins. The targets of whitefly nymphs
were always the most minor veins found at the
apex of the spongy parenchyma and immedi-
ately below the palisade cells (Fig. 1C).
Whitefly nymphs were never observed to
target the major veins (Fig. 1D).

Stomata on the adaxial surface were
about half as numerous as those on the
abaxial side of leaves (156.8+10.28 / mm’
versus 321.6 +13.51 / mm’, mean+S.E., respec-
tively; N=15). The width of bundles of minor
vein—associated epidermal cells was 35.6
um+0.86, (N=20), and the mean distance
across areoles or between closest minor veins
was 531 um+28.3 um, S.E. (N=100).

Leaf internal structure and salivary sheath
positioning: Observation of 300 stained
sheaths in cleared leaves revealed no evidence
of stylet penetration through stomatal open-
ings. In contrast to this finding, Lenteren and
Noldus (1990) mentioned that some probes by
B. tabaci penetrated stomata. In the cotton
leaves examined, the lower portions were
always characterized by spongy parenchyma
with abundant air spaces (Figs. 1C, 1D, 2A
and 2B). In cross section, the wupper



Fig. 1. A: Scanning electron micrograph (SEM) of abaxial (under) surface of cotton leaf showing 3 eggs deposited
into epidermal cells associated with a minor vein. An aerial trichome is visible, and the elongated epidermal
cells that are under minor veins can be compared with isodiametric cells from non vascular regions of the
leaf. B: A 2nd or 3rd instar Bemisia argentifolii nymph on abaxial surface. SEM shows relative size of nymph
and the leaf’s epidermal cells. C: Section inside cotton leaf showing upper epidermis with palisade cells
below, a medium sized vein surrounded by hollow bundle sheath cells. The large air spaces in the spongy
parenchyma are visible here as are the lower epidermis (bottom) with salivary sheaths visible in two middle
epidermal cells. D: A major vein in a cotton leaf. Note that neither of the veins in C or D is a suitable target
for Bemisia argentifolii (see text for comments). Bars=50 um.
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portions of leaves, were routinely densely
packed with palisade cells that appeared
nearly impenetrable to stylets. The minor
veins were usually located between the spongy
parenchyma and the palisade layer. The large
veins (Fig. 1D) were thick and appeared
impenetrable by stylets intending to reach
phloem elements. The phloem elements in
minor veins were characteristically located
abaxial of the xylem elements (Figs. 2A and 2
B). This positions the targeted phloem tissue
closer to the lower leaf surface than it would,
if the phloem were adaxial to the xylem
elements. The smallest veins (10-20 mm in
diameter) were the only ones not surrounded
by bundle sheath cells (Fig. 2A), and it
appears that the bundle sheath cells may be a
barrier to feeding by whitefly nymphs. Except
when salivary sheaths penetrated the epiderm-
al cells, sheaths were always found in the air
spaces of the spongy parenchyma or between
other mesophyll cells (Fig. 2B). Salivary
sheaths appeared to be sealed when

they were not occupied with stylets (Fig. 2B).
Salivary sheaths generally were positioned
along the cell exterior and were often fastened
to the cells with “tendrils” composed of sheath
material (Figs. 3A-3D and 4A). We found
several sheaths that seemed incompletely
formed and appeared to be a mass of spheroid
droplets (Fig. 4B), presumably of salivary
gland origin, as is the formed sheath material.
Spheroid droplets were found only in the
epidermal cells or within the space immediate-
ly adaxial to the lower epiderm al layer. Stylet
tips (Figs. 4C and 4D) were rarely found
protruding from the salivary sheaths, indica-
ting that most of the sheaths examined by
scanning electron microscopy were not active-
ly being used for feeding when we prepared
the specimens for examination.

Although we examined hundreds of leaf
sections by scanning electron microscopy, we
found only a few completely intact salivary
sheaths that could be traced from the plant
surface through their entire course to the vein

Fig. 2. A: A minor vein with a single xylem element (at the center) and three sieve elements immediately below the
xylem element. B: A salivary sheath from Bemisia argentifolii. This sheath, with a single branch was formed
in an air space in the spongy parenchyma and is seen to protrude from the lower epidermal cells. The
bead-like nature of the salivary sheath is evident here. Both branches of the sheath are closed at their

terminal ends. Bars=10 um.
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Fig. 3. A: Salivary sheath wrapping around a mesophyll cell. B: Salivary sheath attached to a mesophyll cell with
“tendrils” adhered to cell surface. C: Highly branched salivary sheath with at least 6 branches visible. D: A
single salivary sheath amid palisade cells. Bars=5 um.
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Fig. 4. A: Salivary sheath attached to spongy parenchyma cell, showing “tendrils” attached to cell walls. B: An
incomplete and malformed salivary sheath within an epidermal cell. This sheath terminated in a series of
“bubbles” of sheath material that hardened before a complete sheath could be formed, completing
connection with a phloem element. C: The stylet tips, showing the mandibular stylets with their
characteristic dentition. D: Stylet tips, showing the relationship of the stylets within the sleeve of sheath
material. Note the beaded appearance of all stylet sheaths, reflecting from the manner in which the sheaths
are formed. Bars=2 um.
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where they terminated. Because the tech-
niques of leaf fracture and scanning electron
microscopy permit examination of surfaces
only, these procedures did not permit exten-
sive tracking of salivary sheaths throughout
their entire range. The diameters of the
sheaths were consistently about 2 um, regard-
less of whether the sheaths were primary
structures (“main trunks”) or branches from
the primary structure. Sheaths, observed by
SEM, penetrated epidermal cells more than
90% of the time rather than passing between
them. This observation differs from a previous
report from our laboratory (Cohen et al., 1996a)
in which about 50% of all penetrations
appeared to occur between epidermal cells,
while the remaining 50% were intracellular
penetrations. The SEM study revealed a large
number of epidermal cells that had inclusions
that appeared to be partially formed salivary
sheath material. These structures were spher-
ical, and many were singular spherical while
others appeared to be fused (Fig. 4B). Also,
salivary sheaths frequently wrapped around,
and were attached to, spongy parenchyma
cells (Fig. 3A). The structure of salivary
sheaths in the spongy parenchyma was clearly
suggestive of their formation as a series of
fused spherical bodies made of solidified
sheath material (Figs. 2C, 2D, 4B and 4D).
Sheaths were highly branched and very
complex, the branching sometimes adjacent to
the leaf surface (Fig. 3C) while at other times
were closely adjacent to the target vein (Fig.
3C).

Egg placement and crawler behavior:
Eighty—one eggs were counted within ten
randomly selected 20 mm® samples of cotton
leaf surface. Of that total, 57 eggs were within
a 600 yum diameter of the trichomes and 24
eggs outside of this diameter. In the DPL 90
variety of cotton leaves, the amount of surface
of the leaf within a 600 um of trichomes is
10.1% (Cohen et al., 1996a) of the total leaf
area (excluding major veins which silverleaf
whitefly avoid as oviposition sites). Assuming
the hypothesis that egg deposition is totally
random, we would expect that about 10% of
the eggs (=8) would be placed within the 600um

diameter around trichomes, and 90 % or 73
eggs would be placed outside of the 600 um
diameter. Therefore, the 57 eggs found within
the diameter around trichomes is highly
significant (P<C0.005; »*=301.2; d.f.=1). The
responses of whitefly nymphs to the surface
features were evaluated by tabulating place-
ment of eggs, the position of nymphs, and
crawler (1st instar nymph) behavior. All 2000
lamina trichomes examined originated from
elongated epidermal cells that were associated
with veins.

Walking speed varied from a very fast
pace with infrequent stops soon after hatching
to a very slow pace with frequent stops prior
to settling. During fast-paced movement, 1st
instars walked an average of 2300 um per
minute+280 um (N=30) until they settled
upon feeding sites that were within about 60
pym from the center of the abaxial bundle-
associated epidermal cells. About 80% of their
searching time (=96 s, £28 N=30) was spent
in contact with the elongated vein-associated
epidermal cells apparently making contact
with these cells with legs or antennae.
Crawlers, frequently back-tracked, turning
around at a given leaf surface area while
searching for an appropriate feeding site.
Then they would either settle and begin a
feeding probe or commence walking again. Of
the 30 crawlers that we observed, none walked
onto the petiole or made any other apparent
effort to abandon the leaf upon which they
had eclosed. All the crawlers remained within
an area of about 100 mm of the initial point
where they were first seen. Although leaves
were observed with the abaxial surface orien-
ted upwards, crawlers made no effort to
relocate to the positional underside of the
leaves. This is in contrast with behavior
observed by Chu et al., 1995 where adults were
reported to relocate to the positional under-
side of leaves.

The geometric feeding model: We found
that whitefly feeding (and possibly feeding by
other phloem exploiters) can be described
parsimoniously by a “geometric model” (Co-
hen et al,, 1996). This model sets an upper
limit on the number of whiteflies that a given
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species (or variety) of host plant can accom-
modate per unit of leaf surface area. The
model (illustrated in Fig. 5A) includes an
imaginary plane projecting from a minor vein
through the abaxial surface of the leaf
(represented by the line “a”). If a whitefly
begins a feeding probe with labial contact at
any distance from the intersection of “a” and
the leaf surface, then its successful location of
the vein with the stylets forms (roughly) a
right triangle. One of the triangle’s legs is “a”;
the second is the imaginary line from the
point of labial contact with the leaf surface
and the closest point on the leaf surface
described by “a’s” intersection with the
surface. The stylet bundle of the whitefly can
be thought of as the hypotenuse of the
triangle. The constraints on this model, then,
are the length of the stylets (about 80 um,
according to Pollard, 1955) and the depths of
the minor veins (35-55 um, according to
Cohen et al., 1996). This means that the
maximum distances at which 1st instar
nymphs (crawlers) could begin potentially
successful probes are between 58 and 72 ym
from the point of intersection of “a” and the
lower leaf surface.

The implications of the geometric feeding
model are evident in Fig. 5B, where the minor
veins from six host plants have been traced in
proportion to their size and distribution and
the relative size of a crawler. It is evident
from this figure that such host plants as
cantaloupe and honeydew melon have greater
densities of minor veins than does lettuce.
Given the limited length of stylets in crawlers
of both B. argentifolii from the present study
and B. tabaci, described by Pollard (1955) and
the geometric constraints depicted in Fig. bA,
it is evident that plants with more minor veins
can support larger populations of these species
of whiteflies, and therefore are more likely to
be successfully exploited by an individual
whitefly seeking a feeding site.

Histological observations of intact leaf
tissues: Using both light and confocal micro-
scopy, we found that all attached nymphs had
sheaths that went to veins. Many nymphs
were touching the elongated surface cells that
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directly below veins, but sometimes the
salivary sheaths of these nymphs were a-
ttached to a vascular bundle other than the
one corresponding to the elongated surface
cells that they were touching. The courses of
salivary sheaths were always indirect and
often tortuous and multi-branched (Fig. 6A).
Sheaths were never observed penetrating
mesophyll cells (spongy parenchyma or pali-
sade cells), and they rarely extended beyond
the adaxial side of the veins i.e., into the
palisade cells (Figs. 3A-3D and 6B-6D).
Sheaths that did reach palisade tissue were
never observed intracellularly.

Figure 7 is an example of the image
resulting from histological sectioning, stai-
ning, and conventional light microscopy. The

. stylets from this nymph are seen to penetrate

an epidermal cell and presumably extend to
the small vein visible to the lower left of the
penetration site (Fig. 7). Examination of
hundreds of such sections revealed several
broken or fragmented sheaths within the leaf
tissue (Cohen et al., 1996a). Such discon-
tinuities led to underestimations of the extent
to which Bemisia spp. are obliged to utilize
vascular tissue (Cohen et al., 1996a).

Figure 8 is a feeding model based on a
diagram of a potential feeding site super-
imposed on a cotton leaf surface with a single
areole outlined. The perimeter of this struc-
ture was about 2600 um and the area within
about 450,000 um®. Because a crawler’s stylet
tip cannot reach beyond 70-80 ym from the
site of labial contact with the plant’s surface,
this feeding model was conservatively based
on an 80 um boundary around minor veins
(Cohen et al., 1996b). An area whose perimeter
is about 80 um from the minor vein surrou-
nding the areole is demarked with another
line. The area within this smaller region
represented the total surface from which veins
would be out of reach to a probing crawler
(Fig. 8). Therefore, the defined area of about
250,000 ym® is the area within the areole (with
a perimeter of about 2000 mm) that was
unavailable as a potentially usable feeding
site. In this case, roughly 55% of the areole
surface and surrounding minor veins



Jascular bundle Point of labial contact
with leaf

L. Forlow Jech

Lower leaf Line perpendicular to leaf
surface surface and passing through
the vascular bundle’s center

L. Forlow Jech

Cotton Lantana Lettuce

Fig. 5. A: Geometric model of whitefly nymphal feeding. The hypotenuse of the right triangle (c) represents the
nymph'’s stylets; the distance represented by (a) is the depth of the sieve elements, and (b) is the distance
from the point of labial contact with the plant surface to the intersection of line (a) with the plant surface.
B: Vascular bundle (minor veins) distribution in 6 types of whitefly host plant. A crawler with its stylet
bundle is superimposed to show spatial relationships.
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Fig. 6. Composite confocal images of whitefly stylets in association with minor veins of cantaloupe leaves. A:
Highly branched salivary sheath showing the nature of “stylet wandering,” a phenomenon where the
whitefly nymph fails to make immediate contact with its targeted phloem element. B: a salivary sheath
wrapped around a@ minor vein, with branich b1 evidently penetiating a-phloem element. Arrow 82 peints to
a phloem element, and b3 points to a local mesophyll cell. C: a salivary sheath with multiple branches
wrapping around and penetrating phloem elements. Arrow c2 depicts the phloem element being targeted.

D: a close-up of a salivary sheath (d1) whose stylets are evidently penetrating the phloem element marked
d2. Bar=5 um.
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Fig. 7. A light micrograph of the stylets and sheath of a whitefly nymph penetrating an epidermal cell on their
course to a minor vein. Bar=50 um.

Fig. 8. Abaxial (under) surface of a DPL 90 cotton leaf showing minor veins. The areole is labeled “A,” and a non-
target area within the areole is labeled “N” (where stylets of crawlers cannot reach veins). The non-target
zone is nearly 60% of the entire areole.
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"were unavailable to a crawler searching for a

vascular bundle to use as a feeding target.
Areole perimeters measured 2.463+0.111 mm
(N=10), and areoles had a mean area of
0.3821+0.0374 mm (N=10).

The 3-dimensional reconstruction and
“composite movies” made it evident that the
very complex twisting and folding of the
sheaths in horizontal and vertical planes
renders it impossible to fully interpret the
path of the salivary sheaths in 2-dimensional
histological sections (Fig. 6). At least 83% of
all sheaths, somewhere in their course to a
target vascular bundle, made a turn or a
branch of the salivary sheath that was more
than 90° away from the final point of contact
between the sheath and the vascular bundle.
We recorded these misdirected turns whose
corrections ended in successful feeding. There
were many other sheaths that were neither
attached to veins nor to nymphs, and since we
could not differentiate abandoned adult-fee-
ding sites from unsuccessful attempts by
nymphs to locate a vascular bundle, we did
not consider further sites that did not have
attached nymphs. Through the use of confocal
optical imaging of the feeding sites and of the
associated plant tissue, detailed studies of the
behavior of the salivary sheaths in relation-
ship were possible.

Discussion

The selection of a host plant to be used by
the developmental stages of aleyrodids is pre-
determined by the mother’s ovipositional
choices (Lenteren, van and Noldus, 1990;
Byrne and Bellows, 1991). However, the
crawler selects a specific feeding site on the
leaf, apparently according to surface features
that provide cues that target plant tissue is
within reach of the stylets (Cohen et al., 1996a
& 1996b). For homopteran insects such as
potato aphids that feed on larger veins, the
prominence of leaf veins may be a cue to
commence feeding (Gibson, 1972). While the
location of feeding sites has been the subject
of extensive investigation in aphids (e. g.,
Pollard, 1973 and Klingauf, 1987), there has
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been relatively little attention to specific site-
selection stimuli in aleyrodids (Cohen et al.,
1996a).

The importance of the silverleaf whitefly’s
host finding cues is underscored by four facts.
1) These insects are obligate phloem feeders
(Cohen et al., 1996a). 2) The stylets of first
instar nymphs can span less than 70-80 um
from the point of labial contact to the
vascular bundle. 3) Crawlers can survive for
only a few hours (due to either starvation or
desiccation) if they do not reach a food source
(Cohen, in prep.). 4) The greatest mortality,
in Bemisia tabaci occurs between egg hatch
and the onset of the second instar nymphal
stage (Horowitz et al., 1984). The geometric
model of feeding by silverleaf whitefly (Cohen
et al., 1996a) describes the constraints imposed
upon whitefly nymphal feeding and demons-
trates that nymphs must initiate their feeding
probes above or within about 70-80 ym from
the elongated epidermal cells found on the leaf
surface. These constraints are apparent in
Figure 8, which represents a typical areole.
The area of this areole is about 450,000 pm®. Of
this total area, less than 250,000 uym® is within
the span of the stylets of a lst instar nymph.
Probes by a crawler in the remaining area
would fail to terminate in successful contact
with the minor vein.

This model shows clearly that a crawler’s
chances of reaching a minor vein by probing
randomly would be less than 50%. If it missed
a vein in the first probe, its chances of missing
again in the second would also be a little more
than 50% and so on in subsequent probes.
Therefore, we would expect that about 50% of
all crawlers would miss once; 25% would miss
twice; 12.5% would miss three times, etc.
Without knowing how many misses result in
the death of a crawler, we cannot predict the
degree of accuracy that a crawler must
exhibit. However, considering the time and
material investment involved in finding a
suitable minor vein, a random search seems
non-adaptive. Crawlers can move over the leaf
surface at a rate of 2300 pm / min., indicating
that the full width or length of a cotton leaf
could be traversed in 2 hours. However, our



observations revealed that crawlers spend
considerable time turning and back-tracking,
s0 they do not search the entire leaf surface
area before they settle.

If the search for a suitable feeding site is
a non-random process, then cues regarding
the location of minor veins could feasibly be
surface features. For insects such as potato
aphids that feed on primary or secondary
veins (Gibson, 1972), locating veins may
simply rely upon the recognition of raised
sites corresponding to major veins. However,
minor veins are far less conspicuous and are
not characterized by raised surface features.

Here, we found that the minor veins in
cotton leaves were associated with elongated
epidermal cells and that vascular bundle-
associated epidermal cells were approximately
80 x 20 um, while the other epidermal cells
were about 35 x 35 pum. Although the minor
veins themselves were not readily visible in
fresh leaves (ones that were not cleared),
these veins were evident under about 200x
magnification where they were seen to be
darker green than areole regions. Under SEM,
the vascular bundle-associated epidermal cells
were apparent because of the elongated
appearance of these cells compared to the
isodiametric appearance of the other epiderm-
al cells. Although it was not apparent from
cross sections of leaves, SEM observations
reveal slight depressions or ruts in the surface
epidermal cells that are associated with minor
bundles. While it is possible that this is an
artifact resulting from differential drying, it
may represent a natural contour of the surface
of cotton leaves. Another characteristic fea-
ture that differentiates vascular bundle—associ-
ated epidermal cells from non-vascular as-
sociated epidermis is that trichomes were
present only in the former. One other dif-
ference between the epidermal cell types
(vascular-associated and non-vascular-
associated cells) is that stomata only occurred
In non-vascular-associated epidermal cells.
There were about twice as many stomata on
the abaxial surface than there were on the
adaxial side of the leaf. However, out of
several hundred stylet penetrations observed

silverleaf whitefly feeding, none involved
stomata; therefore, stomatal openings appear
to be of little or no importance in this species.

Whatever the surface features were that
allowed recognition of vascular bundle sites
(visual and/or tactile), the crawlers were
observed to spend a 80% of their search time
in contact with the vascular bundle-associated
epidermal cells. Because these cells constitute
less than 25% of the leaf surface, it might be
concluded that searching is not random, but
rather is in response to some feature of the
elongated epidermal cells. Because the surface
is comprised of elongated cells and the
proximate epidermal cells within a border of
80 um comprises nearly 50% of the area of a
typical areole, we reasoned that if search is
random, nymphs should spend about half their
time in this zone and the other half in the
“non-target zone.” The fact that nymphs spent
80% of their time within the “target zone”
suggests that there is a contact stimulus to
remain near bundles; and this pre—disposes the
nymphs to begin their probes close to sites
where successful feeding is most likely.

One of the most intriguing aspects of
these studies is the internal relationship
between the salivary sheaths and the plant
cells. It is important to remember that the
sheaths represent an exact history of the
movement of the stylets. The sheaths provide a
record of all of the places within the leaf that
the whitefly explored as potential feeding
sites. We found that the sheaths were present
almost exclusively in the air spaces in the
spongy mesophyll.

This study has shown that in hairy cotton
leaves such as DPL 115 (hairy isoline), there
is an obvious preference for oviposition sites
near the lamina trichomes. While it is not
apparent from this study what the advantages
are in placing eggs close to trichomes, it is
possible that the proximity of the trichomes to
veins might favor water uptake by the eggs,
which have been shown to derive much of
their water from plant cells (Byrne et al,
1990). The details and mechanisms of ovipo-
sitional site selection by silverleaf whitefly
warrants further attention, especially in rela-
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tionship to trichomes and other surface
features.

We feel that it is important to understand
this surface/ feeding relationship in order to
develop strategies alternative to pesticide
treatments to control whiteflies. Several stu-
dies have shown that whiteflies have definite
preferences for certain kinds of host plants, in
part, in relation to certain plant physical
features (Chu et al., 1995; Cohen et al., 1996a
and b). They also show definite preferences for
different varieties of host plants within a
given species (Natwick et al., 1995; Rao et al.,
1990; Puri et al., 1993; Wilson et al., 1993).
While the reality of these differences in
feeding choice are well-documented, the basis
is still poorly understood. If plant breeders or
genetic engineers knew which surface features
might confuse the normal stimulus-response
pattern of crawlers, they could use this as a
first line of defense in developing a manage-
ment system aimed at thwarting the impress-
ive efficiency of colonization and host plant
utilization of this important pest.
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