readily under milder condensation condi-
tions than HNO;+3H,0, and it is therefore
a probable component of PSCs.

The HNO; vapor pressure in a cloud of
HNO;-2H,0 would be supersaturated rel-
ative to HNO;:3H,0, but Syyo, 5150 does
not exceed the value needed for nucleation
(~8) until ambient temperatures fall close to
the ice frost point (where Sino.3n,0
~ 9). We infer that nucleation of
HNO,-3H,0 may coincide with the forma-
tion of ice clouds (type II PSCs). This se-
quence would be consistent with the idea (23)
that falling ice particles could play a key role
in denitrification: excess HNO; vapor, pre-
sent in a cloud of metastable HNO,-2H,0,
would be available for rapid, efficient transfer
to any HNO,-3H,0 on the surface of a falling
ice particle.

Temperatures below the ice point are
much more prevalent in Antarctica than in
the Arctic. The mechanism proposed here
would help explain (23, 24) observed den-
itrification in both polar regions, (7, 8) and
may contribute to the associated north-
south asymmetry in the severity of O; loss.
Thus, understanding the complex thermo-
dynamics of hydrates of HNO; may be
crucial to understanding the mechanisms
for severe depletion of polar O;.
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Identification of a Whitefly Species by
Genomic and Behavioral Studies

Thomas M. Perring,* Arthur D. Cooper, Russell J. Rodriguez,
Charles A. Farrar, Tom S. Bellows, Jr.

An introduced whitefly species, responsible for over a half billion dollars in damage to U.S.
agricultural production in 1991, is morphologically indistinguishable from Bemisia tabaci
(Gennadius). However, with the use of polymerase chain reaction—based DNA differen-
tiation tests, allozymic frequency analyses, crossing experiments, and mating behavior
studies, the introduced whitefly is found to be a distinct species. Recognition of this new
species, the silverleaf whitefly, is critical in the search for management options.

An introduced whitefly had a large impact
on the production of many food and fiber
crops in the southern United States in 1991
(1, 2). Integrated crop management and
increased applications of currently available
pesticides failed to curb the infestations.
The resulting agricultural losses have been
estimated at over a half billion dollars (2).

Whiteflies of the type referred to as the
sweet-potato whitefly, Bemisia tabaci (Gen-
nadius) “type A” or “cotton strain,” have
been present in the United States for ap-
proximately 100 years (3) without causing
losses of the magnitude experienced in
1991. The newly introduced variant that
apparently caused the 1991 damage became
known as “superbug” (4) (“type B” or
“poinsettia strain”) and, based on morpho-
logical similarities with the sweet-potato
whitefly, has been thought to be a strain of
B. tabaci (5). Isozyme (5, 6) and biological
(7) studies indicate differences between
whiteflies of types A and B. A national plan
for research on “B. tabaci” has been estab-
lished (8).

The sweet-potato whitefly first was de-
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scribed as Aleyrodes tabaci and was isolated
from tobacco in Greece (9). Since that
time, the whitefly has been redescribed in
synonymy 22 times and has been recorded
from nearly all tropical and subtropical
regions (10-12). However, the systematics
of this group of whiteflies and of the two
whiteflies predominant in the United States
must be determined because control strate-
gies based on existing knowledge of “B.
tabaci” (13) may not be successful when
applied to different species.

Species may be defined as “natural pop-
ulations that are reproductively isolated
from one another and that follow distinct
and independent evolutionary paths” (14).
We used crossing experiments and mating
behavior studies to analyze reproductive
isolation and genomic studies to elucidate
the evolutionary paths followed by the two
whitefly types.

All possible crosses among three whitefly
populations were performed (Table 1). Two
colonies (Al and A2) were of type A
whiteflies, and one colony (B) was of type B
whiteflies. To ensure that no mating had
occurred prior to placing whiteflies in pairs,
leaves with late-instar whitefly nymphs
were removed from respective colonies 15
to 18 hours preceeding the experiment; B.
tabaci females are not receptive to males for
mating the first 20 hours after emergence




(15). Newly eclosed, unmated adults were
removed from the leaves, their sexes were
determined, and they were placed as single
pairs in leaf cages. After 5 days of mating
and oviposition, each parent was collected
and identified with the use of isoelectric
focusing electrophoresis (IEF). Nymphal
development was observed until the stage
preceding adult eclosion, at which time
leaves with sessile nymphs were excised

A

Fig. 1. (A) Male (right) and female (left) white-
flies exhibiting courtship behavior. Individuals
will orient to each other in parallel fashion. (B)
Whiteflies in copula. Copulation lasts for an

from plants and held in petri dishes con-
taining moist filter paper to allow F1 emer-
gence. As adults emerged, they were col-
lected, their sexes were determined, and
they were identified by IEF.

Whiteflies exhibit haplo-diploidy, that
is, males (haploid) are produced partheno-
genetically from unfertilized eggs and fe-
males (diploid) are produced from fertilized
eggs (16). Therefore, the production of F1
females indicates transferral of gametes in a
cross. F1 females were produced from cross-
‘es within each culture, and from crosses
between whiteflies from A1 and A2 cultures
(even though these cultures had been geo-
graphically isolated for over 11 years), but
not from crosses between type A and type B
whiteflies (Table 1). Thus, there is a failure
of gamete transfer between types A and B.

Courtship and mating behavior (15) was
studied with a video camera mounted on a
X8 binocular microscope. Five males and

five females, all of which had eclosed in the

lane 1.2 3 4 56 7 8910111213141516 1

Fig. 2. Single primer PCR amplification of DNA
isolated from type A and type B whiteflies.
Lanes 1, 3, 5, 7, 9, 11, and 13 contain amplifi-
cation products derived from type A whiteflies
with the primers (GACAC),, (GACA),, (TCC)s,
(AGG),, (ACTG),, (CAG);, and (GTG),, respec-
tively. Lanes 2, 4, 6, 8, 10, 12, and 14 contain
amplification products derived from type B
whiteflies with the primers (GACAC),, (GACA),,
(TCC)s, (AGG)s, (ACTG),, (CAG),, and (GTG);,
respectively. Lane 15 represents a control PCR
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previous 12 hours, were placed in a Plexi-
glas observation cell (6 mm in diameter,
1.5 mm deep). Each cell was pressed to the
abaxial surface of a lima bean leaf, and
behavior was observed through a perforated
cover of plastic wrap. Events were recorded
on a time-lapse recorder set at 2.4 pictures
per second. Three repetitions of the four
crosses (A females X A males, B females X
B males, A females X B males, and B
females X A males) were conducted for a
total of 15 pairs per cross. Courtship behav-
ior (Fig. 1A) was observed and the number
of copulation events (Fig. 1B) was recorded
for 24 hours. After monitoring, all adults
were collected and identified by IEF.

Whiteflies of the same type completed
courtship behavior and copulated. The av-
erage numbers of copulation events in 24
hours was 5.7 for the A female X A male
cross and 5.0 for the B female X B male
cross. Although whiteflies in the interstrain
crosses exhibited courtship behavior, none
of the pairs copulated.

Isoelectric focusing (5) was used to iden-
tify enzymes, representing 18 loci, for each

Table 2. Origins of type A and type B whiteflies
used for genetic distance analysis. Populations
of each whitefly type were maintained in culture
(type A) or collected from the field (type B).
Four type A cultures (TP2, RC1, RC2, and TB)
were derived from a parent culture (TP1), which
was established in 1981 from whiteflies taken
from Imperial County, California, and periodi-
cally introgressed with field-collected material
until 1987. Another type A culture (JD) was
established in 1981 and maintained on sweet
potato without introgression. Populations of
type B whiteflies were collected from 11 plants.
Populations CIT and GRP were collected in
Riverside County, California; populations ALF
through TAN were collected in Imperial County,
Callifornia; the PST population was collected in
Bakersfield, California; and the TOM population
was collected in Bradenton, Florida.

average of 134.5 s in the sweet-potato whitefly reaction devoid of genomic DNA. Lane 16 Date Group Rearing host
(type A) and 119.8 s in the silverleaf whitefly contains DNA size markers with some of the name
(type B). sizes indicated in kilobases (kb) on the right. Type A colonies established
6/1/1981 TP1 Bean
Table 1. Average number of F1 offspring (+ standard deviation, SD) produced per mating pair in 811981 JD Sweet potato
crossing experiments. A1, colony of type A whiteflies established in 1981, introgressed with Subcultures from TP1
field-collected whiteflies until 1987. A2, colony of type A whiteflies established in 1981, maintained ~ 11/11/1990 TP2 Bean
without introgression. B, colony of type B whiteflies established in 1991. Al colonies originated from ~ 6/15/1990 RC1 Bean
whiteflies collected in Imperial County, California. Colonies were maintained on Phaseolus vulgaris ~6/15/1990 RC2 Bean
L. as described (5). Number of crosses, n. 12/4/1990 B Bean
Type B whiteflies collected
Cross (n) Females (SD) Males (SD) 9/9/1990 CIT Citrus
9/9/1990 GRP Grape
A1 female x A1 male (10) 2.80 (2.60) 6.40 (4.80) 9/23/1990 ALF Alfalfa
A2 female x A2 male (9) 3.88 (3.37) 6.00 (4.00) 9/23/1990 CAN Cantaloupe
B female x B male (8) 6.43 (5.31) 6.43 (6.80) 12/13/1990 CAU Cauliflower
A1l female x A2 male (8) 2.13 (3.63) 9.25 (5.07) 12/13/1990 FIG Fig
A2 female x A1 male (7) 11.14 (5.11) 9.86 (6.87) 12/13/1990 LAN Lantana
A1 female x B male (13) 0.00 950 (467)  12/13/1990 LET Lettuce
B female x A1 male (14) 0.00 9.71 (8.15) 12/13/1990 TAN Tangelo
A2 female x B male (7) 0.00 19.57 (4.56) 12/19/1990 PST Poinsettia
B female x A2 male (9) 0.00 16.63 (11.18) 12/30/1990 TOM Tomato
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Table 3. Allelic frequencies of polymorphic loci. For each enzyme, the
allelic frequencies in any given population sum to 1. Allele represents the
ratio between the distance traveled by the protein, measured from the

cathode, and the distance from the anode to the cathode. Populations
(TP1 through TAN) are described in Table 2.

Type A Type B
Enzyme Allele

TPt TP2 RC1 RC2 TB JD TOM PST CIT GRP CAN FIG LAN LET CAU ALF TAN
Acid phosphatase 014 10 095 065 075 10 080 10 095 090 08 08 10 10 1.0 1.0 095 075
(ACP) 020 00 005 035 025 00 020 00 005 010 0.15 0.15 00 00 00 00 0.05 025
Adenylate kinase Il 062 10 10 10 10 10 10 10 090 08 095 095 10 10 1.0 095 090 0.90
(AK 1IN 064 00 00 00 00 00O 00 00 010 015 005 005 00 00 00 005 010 0.10
Esterase IV 042 00 00 0O 0O 00 025 00 OO OO OO 00 OO OO OO 00 00 00
(EST IV) 044 10 10 10 10 10 025 00 00 0O 00O OO 00O 00 00 OO 00 00
043 00 00 00O 00O 00O 00O 0O OO 0O 0O 00 00 OO 005 00 00 00
048 00 00 0O 00 00 0O 10 10 10 10 10 10 10 095 10 10 1.0
Nul 0O 00 00 00 00 050 00 00 00 OO OO 00 OO 00 OO 00 00
Fumerase 0.18 030 025 030 0.15 025 020 00 0.10 050 050 0.45 050 050 0.50 050 0.60 0.50
(FUM) 020 00 00 0O 005 00 00 00O 0O 00O OO 00O OO OO 00O OO 00 00
022 050 040 070 035 0.10 050 1.0 090 050 050 0.55 050 050 050 050 0.40 0.50
024 00 00 0O 005 00 0O OO 0O OO OO OO 0O 00 00O OO0 00 00
029 015 0.10 00 0.10 020 020 00 OO 00 O0O0O OO 00 0O 00 0O 00 00
042 005 00 00 00 00O 00O 00O 00 0O 00 0O 0O OO 00 00 00 00
050 00 025 00 030 045 010 00 00O 00 O00O 00O 00 OO 00 00O 00O 00
Hexokinase 054 0.15 0.15 0.10 045 025 015 00 ©0O0 00 O0O0O O0O0 00 0O 00 00 0O OO
(HK) 060 085 085 090 055 075 08 10 10 10 10 10 10 10 10 10 10 1.0
Malate dehydrogenase I 020 0.15 025 020 040 0.10 015 00 ©0O0 00 OO 00 00 0O 00 00 0.15 0.15
(MDH 1) 037 00 00 015 00 00 00 00 00 OO 00 00 OO 00 0O 00 0.10 0.0
047 00 00 00 OO 00 00O 00 00 OO 00 00 0O 00 00 025 00 0.0
0.56 085 065 065 060 090 085 0.85 040 090 10 1.0 095 095 1.0 045 065 0.85
064 00 010 00 00 00 00 015 060 010 00 00 005 005 0.0 030 0.10 00

Phosphoglucose isomerase 0.16 10 10 10 095 10 08 00 00 00 00 00 00 00 00 00 0.0 00

(PGI) 020 00 00 0O 00 00 0O 10 10 10 10 10 10 10 10 10 10 10
029 00 00 0O 005 00 015 00 00O 00O 00 00 00O 00 00O 00 O00 O00

Phosphoglucomutase 017 00 00 0O 00O 00 0O 10 10 10 10 10 10 10 10 10 10 1.0
(PGM) 030 10 10 09 10 10 09 00 00 00 OO OO 0O OO 00O 00 00 00
042 00 00 005 00 00O o010 00 00O 00O 00 00 00O 00O 00O 00O 00 00

of 17 whitefly populations (Table 2). Alle-
lic frequencies were used to calculate genet-
ic distances (17).

Allelic polymorphisms were present for
8 of the 14 enzymes evaluated (Table 3).
Considerable variation existed among the
various populations within each whitefly
type. Fixed allelic differences between type
A and type B whiteflies were present at
three (EST IV, PGI, and PGM) of the
eight polymorphic loci. Comparison of the
allele frequencies of type A and type B
whiteflies resulted in a genetic distance (D)
value of 0.24, which is indicative of a
species (17).

Among populations within each white-
fly type, no fixed allelic differences were
observed, yet there were polymorphisms
(Table 3). For type A whiteflies, the high-
est D value (0.04) was obtained from the
comparison of the RC2 and JD populations.
The highest D values computed from com-
parisons among the 11 populations of type
B whiteflies was 0.01, again demonstrating
the high degree of genetic similarity.

76

Genomic DNA of laboratory-reared type
A and type B whiteflies was prepared from
50 to 100 ul of frozen whiteflies (18-20).
The genomic DNA was analyzed with the
use of polymerase chain reactions (PCR)
(21-23).

A unique set of amplification products
was generated for each type of whitefly with
each of the seven primers (Fig. 2). The
percentage of similarity between the two
whitefly types was defined as the percentage
of the total number of amplified DNA frag-
ments from both whiteflies that comigrated.

Three populations of each whitefly type
[A type: TP1, JD, and TP2; B type: CAU,
PST, and TOM (Table 2)] were analyzed by
PCR. Analysis of the amplification prod-
ucts generated from each of the primers,
(CAG),, (TCC)s, and (GTG)s, indicated
that populations of the same type shared 80
to 100% similarity, but less than 10% sim-
ilarity was observed between types.

Our work provides evidence that two
whiteflies types which, due to morphologi-
cal similarity, have previously been classi-
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fied as strains of a single species are in fact
distinct species. Because the type B whitefly
has been shown to be correlated with a
disorder in squash known as silverleaf (7),
we propose that the whitefly previously
named type B now be referred to as the
silverleaf whitefly.
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Mediation by G Proteins of Signals That Cause
Collapse of Growth Cones

Michihiro Igarashi, Stephen M. Strittmatter,* Timothy Vartanian,
Mark C. Fishmant

During development, motion of nerve growth cones ceases on contact with particular
targets. The signaling mechanism is unknown. In culture, growth cone collapse can be
caused by solubilized embryonic brain membranes, central nervous system myelin, a
35-kilodalton protein isolated from myelin, and mastoparan. Collapse induced by each of
these is blocked by pertussis toxin. Thus, collapse of growth cones is mediated by G
protein—coupled receptors, which may be activated by proteins associated with the cell

surface as well as by soluble ligands.

Inhibitory factors expressed on the surface
of cellular targets and along migratory path-
ways regulate the motion of growth cones
(1, 2). These guidance signals help to direct
the assembly of neuronal circuitry (1-7)
and their presence hinders regeneration of
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neuronal processes after brain injury (4).
Several inhibitory factors are associated
with the cell surface and have been identi-
fied in membrane fractions of embryonic
brain, optic tectum, somites, and myelin
(1, 2, 5-7). Those factors cause collapse of
neuronal growth cones in culture (5-7). G
proteins, which are known to respond to
soluble signals through transmembrane re-
ceptors (8), are enriched in the membrane
of the growth cone (9). We investigated
whether membrane-bound inhibitory li-
gands function through activation of G
proteins.
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