
DNA transfer from the bacterium to the 
plant cell and the subsequent steps involve 
the yirE gene product(s) and the integration 
of T-DNA into plant host chromosomes. 

Experiments in which Apobacterium is 
cocultivated with regenerating plant proto- 
plasts show that this bacterium is a highly 
efficient vector for DNA transfer, giving 
transformation rates of up to 50 percent 
(18). The availability of mutants ofrlgrobac- 
terium that efficiently transfer DNA into 
plant cells, but do not integrate the DNA, 
might provide a means for the isolation or 
identification of autonomously replicating 
sequences or of centromeres from plants. 
Agrobacterium also has the potential to be- 
come a "suicide" vector for the introduction 
of transposable elements into plants or for 
the assessment of plant transformation sys- 

tems on the basis of homologous recombi- 
nation. 
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The Cyclopean Ear: A New Sense for the 
Praying Mantis 

of the stimuli from each side, measured at 
the animal, was the same. 

By intracellular recording in the metatho- 
racic connective (5), we discovered two 

The praying mantis, thought to be deaf, possesses a sensitive and specialized acoustic 
sense. Neural recordings show that the auditory system responds primarily to 
ultrasound between 25 and 45 kilohertz with thresholds of 55 to 60 decibels. Other 
insects with auditory tympana possess paired, laterally placed ears; the mantis has only 
a single ear *at is located in the ventral midline between the metathoracic legs. Some 
species of mantis abruptly and dramatically alter their flight path when stimulated with 
ultrasonic pulses, sugges+g a behavioral response to insectivorous echo-locating bats. 

A LL ANIMALS THAT HEAR USING 

true ears have two functional hear- 
ing organs. Tympana1 auditory or- 

gans occur in members of four insect orders 
(1 )  and in all cases the ears are widely 
separated on the body allowing maximum 
opportunity for these small animals to ob- 
tain directional information about the sound 
source (2). We report tympanate hearing in 
another insect order, the Dictyoptera (man- 
tises, cockroaches, and termites). Moreover, 
unlike other animals, the praying mantis 
possesses a single ear located in the ventral 
midline: it is an auditory cyclops. 

Our evidence for audition in the praying 
mantis, Mantis religwsa, is first based on 
extracellular neural responses recorded from 
the ventral nenre cord of wild-caught adults 
(3). Stimulation with sound over a broad 
range of frequencies and intensities elicited 
strong stimulus-locked responses. At most, 
four action potential size classes could be 
distinguished. In the best frequency range 
for the response, the shortest latency to the 
first spike was 10 to 14 msec. The composite 
response was tonic, persisting throughout a 

300-msec tone burst, and showed very high 
initial spike rates (up to 750 spikes per 
second) followed by instantaneous rates of 
150 to 400 spikes per second. 

The frequency tuning of the overall extra- . . 

cellular response is shown in Fig. 1 (solid 
line). These mantises hear best in the ultra- 
sonic range. They are at least 30 times less 
sensitive at freauencies below 10 kHz as 
they are in their range of maximum sensitiv- 
ity: 25 to 45 kHz. The shape of the mantis 
auditon? tuning curve is similar to those of " 
lacewings, many moths, and to that of an 
interneuron important in the cricket audi- 
tory system (4 ) .  In the best frequency range, 
the mantis hearing sensitivity [55 to 60 dB 
SPL (sound pressure level)] is comparable 
to those of lacewings and crickets (50 to 60 
dB SPL), though less than that of moths (40 
to 45 dB SPL). 

We were not able to show anv directional 
component in the auditory response. Sound 
stimuli at 35 kHz presented from either the 
side i~silateral or contralateral to the record- 
ing electrode elicited an identical neural 
response as long as the sound pressure level 

types of cells that gave strong responses to 
sound. One of these types was penetrated 
twice, but only briefly. It was characterized 
by a best frequency range of 20 to 40 kHz, 
latencies of 20 to 30 msec, best sensitivities 
of 55 to 60  dB SPL, and a phasic firing 
pattern: over a broad stimulus intensity 
Iange it responded with only one to two 
spikes at the stimulus onset. 

The second cell wpe encountered with 
intracellular recordingshowed temporal and 
frequency response patterns closely resem- 
bling the extracellular recordings. The tun- 
ing curve for one of these cells-is shown in 
F&. 1. It differs from the extracellular curve 
only at the low and high extremes of the 
freauencies tested. ~o th - the  latencv and the 
number of spikes per stimulus varied with 
intensity in exactly the same manner as those 
for the extracellular response. This cell type 
fired tonically throughout a 300-msec tone 
burst; the initial rates of 550 to 600 spikes 
per second drop after 3 to 5 spikes to a 
steady rate of 100 to 200 spikes per second. 

Figure 1 also shows the anatomy of one of 
these tonically firing auditory interneurons. 
It has a large (7 to 12 ym) ascending axon 
that lies in the dorsolateral quadrant of the 
connective near the sheath. ~rocesses of this 
cell branch widely in the hemiganglion ipsi- 
lateral to the axon, and a major branch also 
crosses the midline. The soma was not filled 
in any of our preparations. 

Transections at several levels of the ventral 
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nerve cord established that the auditow 
response originated in the metathorax. The 
neural response remained unchanged after 
amputation of all six legs at the base of the 
coxa (6) and after covering all of the thoracic 
spiracles (in fact, the entire dorsal and lateral 
sbrfaces of the animal) with a heavy layer of 
Vaseline (7) .  

We discovered, however, that in a com- 
pletely intact mantis, a small drop of melted 
wax placed over a deep, narrow groove 
located in the midline between the metatho- 
racic legs entirely eliminated the auditory 
response. Therefore, this groove was neces- 
sary for hearing. In other animals we re- 
moved all legs, covered the animal except for 
the ventral-most surface in the area of the 
groove with Vaseline, and transected the 
abdomen at the first abdominal segment. 
Hearing remained intact, however, until we 
also covered the groove; this manipulation 
raised the threshold bv more than 25 dB. 
Thus we found that a single, midline suuc- 
ture-the 'ear'-was both necessary and suf- 
ficient for hearing in the mantis. 

The area of the metathoracic groove 
shows several specializations consistent with 
its role in hearing (Fig. 2) (1). As in other 
insect tympana, the cuticle of both lateral 
walls of the metathoracic groove is thinned, 
especially so in a longitudinal depression 

shaped like an elongated teardrop. Closely 
opposed to each lateral wall of the groove on 
its internal side is a large tracheal sac, one of 
the three stacked behind each wall. The sacs 
arise by narrow branches off the main tra- 
cheal commissure from the first abdominal 
spiracle. 

We discovered a small neural structure 
that may contain the primary auditory sen- 
sory neurons attached to the anterior-medial 
border of the largest air sac on each side. As 
in the tympanal end organs of other insects 
( I ) ,  the structure contains nerve cell bodies, 
many smaller nuclei, and scolopale caps and 
rods. I t  is associated with a ligament an- 
chored to the ventral body wall and near the 
border of the thinned cuticle (8). Innerva- 
tion is supplied by a nerve containing ap- 
proximately 20 axons, 3 to 5 pm in diarne- 
ter, as well as other, much smaller fibers. 
The nerve travels to the metathoracic gangli- 
on where it enters slightly anterior and 
ventral to the main leg nerve. 

The single ear of the mantis comprises 
two tympana facing each other in a deep 
cleft and separated by less than 150 pm. 
Functionally this suggests that the ear may 
be unable to provide directional informa- 
tion, a possibility that our data support (9). 
Sound shadowing of very high frequencies 
by the thorax could, however, provide a 

basis for localization if accompanied by rota- 
tional scanning motions of the body. 

Our discovery of hearing in mantises sug- 
gests that they possess a more complex 
behavioral repertoire than previously appre- 
ciated. We do not pet know what role 
detection of ultrasonic signals plays in the 
natural history of mantises. Perhaps weak, 
ultrasonic signals are produced during 
courtship. The rotatory abdominal motions 
reported by Liske and Davis (10) in Teno- 
dera courtship could produce such sounds as 
the abdomen rubs the wings. We know that 
some mantises aye not strictly diurnal (1 1 ) . 
Males fly after dark following pheromone 
trails produced by females; courtship and 
mating occur during the night or near dawn. 
Perhaps, by analogy with flying moths, lace- 
wings, and crickets, flying mantises listen to 
the ultrasonic biosonar signals of insectivo- 
rous bats (12). Our preliminary experiments 
show that an Asian hymenopodid mantis 
responds to batlike ultrasound pulses with a 
sudden 111 extension of its forelegs and a 
strong dorsiflexion of the abdomen. The 
response occurs only when the animal is in 
fight and causes an abrupt and dramatic 
deviation in its flight path. The mantis thus 
has independently evolved not only a novel 
ear but possibly a complex nocturnal preda- 
tor avoidance system. 

I I I I 1 I 

4 6 8 10 20 30 40 60 80 100 

F r e q u e n c y  ( k H z )  

Flg 1 (left) The graph shows the frequencv tunmg of the neural audtory 
response of Malztzc r e l ~ w s a  The solld l~ne 1s the mean tunmg curve (vert~cal 
bars, t 1 standard dev~at~on) obta~ned m extracellular recordmgs from seven 
males and SIX females (Tunlng curves for the two sexes were the same ) The 
lowest threshold observed extracellularlp was 49 dB SPL at 35 H z  The 
dashed curve shows the frequency tunmg of a smgle, tonically firmg aud~tory 
mterneuron recorded ~ntracellularly The four cells of th~s  type that we 
encountered had v~nually Identical tunlng curves and s d a r  anatomy The 
m e t  shows the anatomy of one of these cells m the metathoraclc ganglton 
drawn from photographs and camera luclda sketches of the Luclfer yellow- 
filled preparation Scale bar, 200 pm Flg. 2 (rlght) (A) Ventral view of 
female mantis (B) The box m (A) outllnes the region surroundmg the ear 
that 1s enlarged m (B) The arrow (G) pomts to the deep groove contamlng 
the tympana Cutlcle, the underlying fat body, and some tracheae have been 
removed on the an~rnal's left slde The tracheal sacs (TS), arlsmg from 
commlssural trachea (CT) near the base of the metathoraclc coxa (MC), have 

been deflected sllghtly away from the tympanum to expose fully the neural 
structure attached anteriorly. The tympanal nerve tra~els wlthout branchmg 
to the metathoraclc gangl~on (MG) The suspensorv llgarnent remalns fixed 
at the tvmpanurn, but the end normally attached to the ventral cutlcle 1s free 
Scale bar, 1 rnrn (C) Mld-sag~ttal vlew of the r~ght tympanum showlng the 
elongated teardrop-shaped depression (TD) Anterlor 1s to the right Scale 
bar, 1 mm 
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Infantile Experience with Suckling Odors 
Determines Adult Sexual Behavior in Male Rats 

Because infant rats learn about odors that elicit suckling, and because certain 
chemosensory cues that help elicit mating behavior in adults are similar to those that 
elicit suckling, an experiment was undertaken to assess the influence of suckling- 
associated odors experienced during infancy on adult sexual behavior. Rat pups lived 
with and suckled dams whose nipple and vaginal odors were altered with citral, a 
lemon scent. The rats were weaned and never exposed again, until testing, to citral or 
females. At about 100 days of age, the males were paired in mating tests with a normal 
sexually receptive female or with a sexually receptive female that had been treated 
perivaginally with citral immediately before testing. The males ejaculated readily when 
paired with citral-treated females but were slow to achieve ejaculation when paired 
with normal females. These findings implicate an infantile experience as a determinant 
of adult sexual behavior in a mammal. 

T HE POSSIBLE EFFECT OF EARLY 

experience on adult sexual respon- 
siveness has long been a subject of 

debate. Whereas some birds "learn" in infan- 
cy certain features typifying the preferred 
mate ( I ) ,  such extreme plasticity has not, to 
our knowledge, been demonstrated in a 
mammalian species (2). We report here that 
adult male Norway rats respond sexually to a 
chemosensory feature of the sexually recep- 
tive female that was associated with suckling 
behavior in infancy. 

Chemoreception is crucial to both suck- 
ling and mating in rats. Suckling is prevent- 
ed by anosmia (3)  or nipple lavage (4, and 
mating is severely impaired by anosmia in 
sexually inexperienced males (5 ) .  Certain 
sulfur compounds affect the expression of 
both behaviors (6). In the case of suckling, 
such chemosignals appear to be acquired, as 

an artificial odor can be substituted for 
normal suckling stimuli (7) .  

Functional equivalence between suckling 
and sexual chemosignals is directly indicated 
by recent findings regarding "probing," an 
olfactorily controlled component (8) of 
suckling behavior in which the pup repeat- 
edly pushes its snout into the dam before 
attaching to a nipple. Probing is elicited not 
only by maternal odors but also by the odors 
of sexually receptive (estrous) females (9). 
Moreover, this responsiveness, like respon- 
siveness to maternal suckling odors, reflects 
particular rearing experiences. Specifically, 
pups reared with dams whose nipple and 
vaginal odors--odors that normally elicit 
probing-were altered by daily painting 
with citral, a lemon scent, probed normal 
estrous females only rarely, but readily 
probed estrous females scented with citral 
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(9). In the study reported here, males reared 
in this manner until weaning, and then 
isolated from both females and citral until 
adulthood, mated more readily with citral- 
scented than with normal estrous females. 

One group of male pups (group C, 
n = 39) was reared with dams whose nipple 
and vaginal areas were painted with citral 
(0.03 ml per dam per day; Aldrich) begin- 
ning 2 days before parturition and continu- 
ing until separation from the dam on day 
28. A control group (group S, n = 24) was 
reared with dams painted in the same areas 
with isotonic saline. A second control group 
(group CB, n = 16) was reared with dams 
whose backs only were citral-scented. CB 
rats, therefore, experienced the citral odor in 
association with the dam, but not as a 
conjunct of suckling. All males were reared 
in mixed sex litters. 

After weaning, the males were housed in 
groups in a room free of citral until being 
tested at 90 to 120 days of age. Each male 
was then observed in his first postweaning 
encounter with a female. All testing took 
place in wire mesh hoops 45 cm across by 30 
cm high under dim red illumination during 
the first half of the animals' dark cycle. The 
animals were tested two at a time (one male 
per hoop, hoops 60 cm apart) in videotaped 
sessions. Each male was allowed 10 minutes 
alone in the arena before a female was gently 
lowered into it. All the females were in 
natural estrus, but half of them had been 
scented perivaginally with citral (0.015 ml) 
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