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Proteinaceous Pheromone
Affecting Female Receptivity in
a Terrestrial Salamander

Stephanie M. Rollmann,’* Lynne D. Houck,? Richard C. Feldhoff3

A 22-kilodalton protein was isolated from the submandibular (mental) gland of
the male terrestrial salamander, Plethodon jordani (family: Plethodontidae).
This proteinaceous pheromone, termed plethodontid receptivity factor (PRF),
was experimentally delivered to the female during courtship and shown to
increase female receptivity. In most plethodontid salamanders, ovulation occurs
weeks or months after insemination, so the pheromone-induced change in
receptivity is the only known function of PRF. The messenger RNAs corre-
sponding to isoforms of PRF were transcribed into complementary DNA, cloned,
sequenced, and shown to have homology with cytokines of the interleukin-6
family. Pheromone activity would represent a previously unrecognized function

for cytokines.

Pheromones are chemical signals that can pro-
vide information on species identity, gender,
and reproductive condition to other individuals
within a species. Pheromones may modulate
reproductive interactions between potential
mates, affecting species recognition as well as
mate persuasion. Behavioral effects of phero-
mones have been documented for a wide vari-
ety of species, but very few vertebrate phero-
mones have been chemically identified [see, for
example, (I, 2)]. We report here the biochem-
ical identification of a male courtship phero-
mone in the terrestrial salamander Plethodon
jordani (Plethodontidae). Courtship phero-
mones are delivered only after a mate has been
located and after initial courtship interactions
have commenced. In plethodontid salamanders,
courtship pheromones function to increase fe-
male receptivity, thus increasing the probability
that the female will be inseminated (3). We
present evidence that a single protein compo-
nent of the male courtship pheromone is suffi-
cient to affect female behavioral response. Fur-
thermore, we identified a gene that codes for
this pheromone component.

During the courtship season, male P. jor-
dani develop a specialized (mental) gland un-
derneath the chin that produces courtship pher-
omones. The female typically receives these
nonvolatile courtship pheromones only during
one particular stage of courtship, tail-straddling
walk (4). A pair is in tail-straddling walk when
the female walks forward with the male while
straddling his tail and resting her chin on his tail
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base. While in this tail-straddling position, the
male regularly turns back and actively applies
his gland to her nares during courtship, thereby
delivering courtship pheromones (5). This high-
ly restricted delivery mode prevents rival con-
specifics or predators from detecting the pher-
omone. In contrast, male aquatic-breeding
salamanders (ambystomatids and salamandrids)
typically broadcast pheromones into the water.
These pheromones may attract females, but
these females already are highly receptive, and
usually will ovulate within a few hours or days
(2, 6). Maximal receptivity, insemination, and
ovulation are not closely linked in plethodontid
salamanders because oviposition typically oc-
curs weeks or even months after pheromone
delivery (6, 7). Also, a female does not receive
nutritional or other materials from male phero-
mone delivery, and clutch size is unaffected.
Thus, the only known function of plethodontid
courtship pheromones is to influence female
receptivity.

We isolated and characterized the court-
ship pheromone for P. jordani to identify the
specific pheromone component that alters fe-
male receptivity. Biochemical analyses of
mental gland extracts revealed that proteins
of ~10 to 25 kD were the primary phero-
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mone components (8). Using a combination
of Mono-Q anion-exchange high-perfor-
mance liquid chromatography (HPLC) and
gel filtration chromatography, we isolated
and purified the primary pheromone compo-
nent, a ~22-kD protein that we term pleth-
odontid receptivity factor (PRF) (9). Separa-
tions based on Mono-Q anion-exchange
HPLC revealed several PRF peaks (Fig. 1).
SDS-PAGE gels and amino acid sequencing
confirmed that multiple isoforms of PRF ex-
ist. These isoforms show 90% homology in
their NH,-terminal amino acid sequence and
in molecular weight ().

The effects of purified isoforms of PRF on
female receptivity were then tested through the
experimental delivery of treatment solutions di-
rectly to the female’s nares (/0). The males had
their mental glands excised so that pheromone
delivery could be experimentally controlled (9).
After the mental gland was ablated, the male
still behaved as though the gland were present.
In staged courtship encounters, 11 male-female
pairs each were scored when the female re-
ceived the pheromone treatment (purified PRF)
and also (on a different night) when the female
received the saline control treatment. Purified
PRF significantly decreased the time a pair
spent in tail-straddling walk relative to the con-
trol (one-tailed ¢ test; P < 0.013; Table 1). The
11 male-female pairs varied in the time spent in
tail-straddling walk, yet PRF reduced courtship
time for 9 out of the 11 pairs (the times for one
pair were identical for both treatments).

The reduction in courtship time is signif-
icant in that courtship pheromones apparently
alter female behavior in a way that induces
the male to deposit a spermatophore sooner.
The male responds to cues from female be-
havior and is more likely to deposit a sper-
matophore if a female coordinates her for-
ward movements with those of the male (9).
The physiological mechanism underlying fe-
male behavioral response in P. jordani is not
known. The response to courtship phero-
mones is a robust phenomenon, however, as
demonstrated by eliciting such a response in
females that had been preselected on the basis
of an already high propensity to court under
laboratory conditions (10).

Fig. 1. Anion-exchange HPLC chromato-
gram of P. jordani pheromone extract. Sam-
ples of the mental gland extract (1.2 to 1.7
ml) were separated as described (9). Multi-
ple isoforms of PRF exist. These isoforms
were pooled and further purified by a sec-
ond round of anion-exchange HPLC fol-
lowed by gel filtration chromatography.
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The DNA sequences for four PRF isoforms
were determined (/7). Every salamander syn-
thesizes multiple isoforms. The derived amino
acid sequences are shown in Fig. 2. Searches of
protein databases revealed sequence homology
to members of the interleukin-6 (IL-6) cytokine
family (/2). IL-6 cytokines function in a variety
of regulatory activities that can be pleiotropic or
cell type specific. Members of this family have
similar molecular masses to PRF and often
show low homology (15 to 20%) in their amino
acid sequences (/3). It is noteworthy, therefore,
that PRF shows 22% identity with rat cardiotro-
phin and 15% with rat ciliary neurotrophic fac-
tor (Fig. 2). Many additional sites show conser-

Table 1. Differences in the duration of courtship
behavior (tail-straddling walk) for pairs in which
the female was treated once with a saline control
and once with PRF on separate nights. PRF signif-
icantly reduced courtship duration (P < 0.013, one
tailed t test).

Male-female Saline PRF Duration is
pair (in min)  (in min)  shorter for:
1 47 44 PRF
2 60 30 PRF
3 61 55 PRF
4 30 22 PRF
5 47 39 PRF
6 42 39 PRF
7 40 28 PRF
8 67 59 PRF
9 35 27 PRF
10 53 53 Same
11 35 42 Saline
PRFIsoform1 283 MRSTSLLTFLVVSLSTATSL
PRFIsoform2 23 MRSTSLLTFLVVSLSTATSL
PRFIsoform3 23 MRSTSLLTFLVVSLSTATSL
PRFlsoform4 23 MRSTSLLTFLVVSLSTATSL
Rat Cardiotrophin 1
Rat CNTF 1
PRF Isoform 1 17 [JE vV QK FJED T
PRF Isoform 2 17 JEVQKFIYED i
PRF Isoform 3 17 JEvaK F[JED T
PRF Isoform 4 17 FEV QK FEJED T
Rat Cardiotrophin 28 RQTHN LEYR L E
Rat CNTF 1BHERS IWLERK S
Human Genome 'S
PRF Isoform 1 o7 NIBRlEM K Q TDET NN L
PRFisoform2 67 NEOREEM K Q TD E T NN
PRFIsoform3 67 NOREI RO TDET NN L
PRFIsoform4 67 NVIMA . RQ TDE T NINER
Rat Cardiotrophin 78 HAGLP - - - VS E QDA
Rat CNTF 64 WSEMT - - - EAE EM
Human Genome YD T FiM
PRF Isoform 1 16 ELYUANSN T I SKILSDIFTAM
PRFIsoform2  116:EEQMAN SN TR 1 .S K. SD LT oM
PRFIsoform3 116 ERMMAN SN TIR 1'SK I SO+ [IT QM
PRFIsoform4 116 ERMNMIAN SN TIRI'SK' [ s D I[MT QM
Rat Cardiotrophin 124 DEYARQV R ARG A AV E TV.LAAL
Rat CNTF 1M1 TLU@MLQVSAFAYQLEELRVLL
PRFIsoform 1 161 ARG G VIR K [qEL] VI TLe 0
PRFisoform2 161 R[] G v A™ K KIARNL LK Rl
PRF Isoform3 161 [N REeJG v IEY K xEFrRMF L« RE
PRFIsoform4 161 [ REEG v EY K KRN F LK Rl
Rat Cardiotrophin 174 ¥. L[ L. HREY G LR4GIAWRA S RIE G
Rat CNTF iseAwielL KL QAL SQWTV.R S 1 H[3

MA .. ... EINBDVAD[MSSDTIV:RF
MA . ..o EINDVAGMSSDT I VRF
MA . . . . ... EINDVADSSDT I V[AF
MA . . ... DINDVADMSspT I VIRF
MSQREGSLEDHQTDSSFSFLPHLEAKI
MAFAEQTPMETLHRROMC
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vative amino acid substitutions. Sections of
PRF also have greater than 60% identity with
segments of the human genome (Fig. 2) on
chromosome 7 where other members of the
IL-6 family have been located (/4). Together,
these observations suggest that PRF may be an
IL-6—type cytokine acting in a specific manner
on the neurological system of female salaman-
ders to increase female receptivity.

Our characterization of P. jordani court-
ship pheromones is only the second amphi-
bian pheromone that has been biochemically
identified (2). In earlier work on an aquatic-
breeding salamander (Cynops pyrrogaster;
Salamandridae), a decapeptide produced by a
breeding male was identified and shown to be
attractive to females (2). Unlike in terrestrial
plethodontid salamanders, the demonstrated
action of this decapeptide is as a sex attract-
ant: females that are already highly receptive
apparently use this male-produced phero-
mone to locate a potential mate. In contrast,
most terrestrial plethodontid salamanders
have a relatively lengthy mating season, so
insemination can occur several months before
oviposition. Plethodontid courtship phero-
mones, therefore, differ from other vertebrate
chemical signals in that these specialized sig-
nals are produced and transmitted during
courtship interactions with a female that is
not ready to ovulate. In some mammals, male
odors also may elicit a female reproductive
response [for example, the “boar effect”
(15)], but in these cases, the effective male
odor typically is not produced by a special-
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Fig. 2. Comparison of PRF isoforms with two members of the IL-6 cytokine family, rat cardiotrophin
and rat ciliary neurotrophic factor (CNTF), and with segments of the human genome (line 7;
GenBank accession numbers AC003085 and AC004946). Residues of PRF identical to the IL-6
members and the human genome segments are shaded in black. Conservative substitutions are
shaded in gray. Purified isoforms of PRF have an identical 23-residue signal sequence preceding the
unblocked NH,-terminus (—1 to —23). Differences among PRF isoforms (relative to isoform 1) are
found at positions 1, 7, 15, 51, 58, 71, 72, 80, 109, 152, 158, 175, 182, 183, 186, and 191.

1908

ized gland and only estrous females respond.
Thus, the demonstrated responses of female
plethodontid salamanders, reported here and
in (16), represent the only known vertebrate
examples of pheromone-induced changes in
receptivity for females that will be inseminat-
ed long before oviposition occurs. Plethodon-
tid salamanders, therefore, may serve as a
model system to study changes in female
receptivity that are independent from ovula-
tory events.
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that had the highest courtship propensities, in order to
maximize the probability of obtaining animals willing to
court under experimental conditions. We are aware that
such prescreening may bias the results by increasing
overall courtship rates. Any bias, however, would tend
to minimize the probability of demonstrating courtship
pheromone effects and thus render significant results
more reliable. The experiment comprised eight trial
nights, with three “days off” between each trial night.
Courtship encounters were staged by placing male-
female pairs into individual courtship boxes at dusk.
Delivery of male courtship pheromones was controlled
experimentally because each male lacked a mental
gland. The time a pair spent in tail-straddling walk was
recorded. An increase in female receptivity was opera-
tionally defined as a decrease in the time a pair spent in
tail-straddling walk. A female that engaged in tail-
straddling walk became a candidate for treatment de-
livery when the courting male turned back and physi-
cally contacted the female’s snout with his chin. At this
time, the first of three 5-pl drops of the appropriate
treatment solution was delivered to the nares of the
female. Typically, the male delivers courtship phero-
mones multiple times during tail-straddling walk. The
experimental delivery of three drops (10 min apart)
mimics natural male delivery. Females received either a
pheromone (purified PRF pool from the G-75 column)
solution or saline (control) solution. If a female received
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Water Vapor Absorption in
Arthropods by Accumulation of
Myoinositol and Glucose

Mark Bayley and Martin Holmstrup*

Hydrophilic soil arthropods have been thought to respond to soil desiccation
exclusively by migrating to deeper soil layers. Numerous studies have shown
that their survival below 90 percent relative humidity dry weight, is limited to
hours. However, little attention has been paid to physiological adaptations to
more realistic desiccation regimes, such as at the permanent wilting point of
plants (98.9 percent relative humidity). A water vapor absorption mechanism
is described that allows a common soil collembolan, Folsomia candida, to remain
active down to below the permanent wilting point. A reevaluation of the water
physiology of this widespread and diverse animal group is required.

Soil-dwelling arthropods have several char-
acteristics that distinguish them from surface-
living forms, in particular with respect to
water balance. These characteristics include
small size, epidermal respiration, and high
integumental permeability to water (/). In
fact, soil-dwelling Collembola are reported as
having no physiological or metabolic means
of regulating water loss and generally have
high integumental permeability compared
with other terrestrial arthropods (2, 3). These
characters seem to match the soil environ-
ment, where the pore humidity is normally
very close to 100% relative humidity (RH).
However, during dry periods, evapotranspi-
rative removal of water throughout the root
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zone may reduce pore humidity. At about
98.9% RH, at which the water potential is at
—15 bars, plants normally wilt (4). The he-
molymph osmolality of soil arthropods, such
as Collembola, is usually about 300 mosm/kg
(5), roughly corresponding to an osmotic
pressure of —8 bars and 99.4% RH. Thus, at
soil pore relative humidities below 99.4%,
which occur frequently, Collembola and oth-
er soil arthropods must tolerate, or in some
way avoid, a net efflux of water.

Folsomia candida (Willem) is able to sur-
vive more than a week at 98.2% RH (6). This
RH corresponds to a water potential deficit of
about 17 bars between the environment and
the normal body fluid osmotic pressure of
these animals. We investigated this phenom-
enon by monitoring the water content, the
hemolymph osmotic pressure, and the sugar
and polyol (SP) contents of F. candida over a
7-day period of dehydration in an atmosphere
maintained at a constant 98.2% RH. The
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response of these animals was compared with
that of animals kept in an atmosphere at
99.6% RH without free water and with ani-
mals kept at 100% RH with access to free
water.

As was expected, animals held in an at-
mosphere at 98.2% RH dehydrated rapidly
during the initial 24 hours. They lost a third
of their initial total water content, equivalent
to a loss of half of their osmotically active
body water (OAW) (Fig. 1), and became
wrinkled in appearance and inactive, re-
sponding only to strong tactile stimulation.
Controls in 99.6 and 100% RH remained
unchanged in the same period. This pattern
was repeated in the osmotic pressure of the
body fluids, where the dehydrated animals
approached water potential equilibrium with
their environment at —24 bars (Fig. 2). Net
water efflux was therefore close to zero at
this time. The initial osmotic pressure of the
animals was —7.5 bars. A loss of half of their
OAW should result in an osmotic pressure of
about —15 bars, so these animals should still
be suffering from a water potential deficit
with their environment. However, the ani-
mals actively increased their osmotic pres-
sure to halt water efflux. Part of the explana-
tion for this active increase in osmolality can
be found in the synthesis of myoinositol (Fig.
3). This polyol, undetectable in control ani-
mals, constituted 1.4% of the dry weight of
animals after the first 24 hours. Under the
assumption that all myoinositol was dis-
solved in OAW, the contribution to the os-
motic pressure would be about 5 bars, leaving
less than 4 bars to be explained by other
osmolytes.

The animals did not become iso-osmotic
but within 48 hours of desiccation reestab-
lished their hyperosmoticity to their sur-
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