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Abstract

Chemical communication via chemosensory signaling is an essential process for promoting

and modifying reproductive behavior in many species. During courtship in plethodontid sala-

manders, males deliver a mixture of non-volatile proteinaceous pheromones that activate

chemosensory neurons in the vomeronasal epithelium (VNE) and increase female receptiv-

ity. One component of this mixture, Plethodontid Modulating Factor (PMF), is a hypervari-

able pheromone expressed as more than 30 unique isoforms that differ between individual

males—likely driven by co-evolution with female receptors to promote gene duplication and

positive selection of the PMF gene complex. Courtship trials with females receiving different

PMF isoform mixtures had variable effects on female mating receptivity, with only the most

complex mixtures increasing receptivity, such that we believe that sufficient isoform diversity

allows males to improve their reproductive success with any female in the mating popula-

tion. The aim of this study was to test the effects of isoform variability on VNE neuron activa-

tion using the agmatine uptake assay. All isoform mixtures activated a similar number of

neurons (>200% over background) except for a single purified PMF isoform (+17%). These

data further support the hypothesis that PMF isoforms act synergistically in order to regulate

female receptivity, and different putative mechanisms are discussed.

Introduction

Information exchange in animals is mediated through a range of sensory systems—visual,

auditory, chemical, vibrational, etc.—yet the broad steps can be generally described through a

basic model of communication [1]: an information source produces a message, the message is

encoded in a signal, the signal is broadcast, a receiver acquires the signal, and the signal is

decoded. Arguably, chemical signaling—the most ancient form of cellular communication—

relies on a “simple” system of direct biochemical interactions between ligands from a sender

binding to target receptors in a receiver [2]. Olfaction is one form of chemical communication
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in vertebrates, and signal transduction is mediated through G-protein coupled receptors

(GPCR) from three divergent but highly duplicated gene families [3, 4]. Of the various types of

semiochemicals that may stimulate these receptors, pheromones are of particular interest for

their ability to elicit preprogrammed behavioral or neuroendocrine responses [5, 6]. Despite

>50 years of research [6], only a limited number of specific pheromone-receptor pairs have

been identified [7–10]. A different but related challenge in pheromone research remains multi-

component signals: pheromones are generally released from glands as complex chemical mix-

tures [9, 11, 12], and pheromone activity is often dependent on the combination of several

components in specific ratios [13, 14]. While multicomponent signals have been most well

characterized in invertebrate systems, there has been limited investigation into how complex

pheromone mixtures may influence vertebrate behaviors, and how these pathways are neuro-

physiologically mediated.

As basal tetrapods, salamanders are an excellent non-mammalian model to study the evolu-

tion and function of pheromone signaling in vertebrates [15]. For the salamander family

Plethodontidae, male salamanders deliver non-volatile proteinaceous courtship pheromones

from a submandibular gland to females in order to regulate courtship behavior and mating

receptivity [16–18]. Preceding the annual mating season, plasma androgen levels rise in male

salamanders and likely induce hypertrophication of a submandibular mental gland solely dedi-

cated to the production of courtship pheromones [19–21]. In our principal model, the red-leg-

ged salamander (Plethodon shermani), male salamanders privately deliver pheromones to a

female during an elaborate courtship ritual by “slapping” his hypertrophied mental gland to

her nares [22]. Pheromones diffuse into the female nasal cavity, activate neurons in the vom-

eronasal epithelium (VNE) that project to regions of the brain classically involved in phero-

mone response, which stimulates changes in mating behavior [23–25]. During staged

courtship trials, application of whole pheromone extract (WE) to female salamanders

decreased tail straddling walk time by ~20% [26]. One major component of the pheromone is

Plethodontid Modulating Factor (PMF), an ~7 kDa protein related to the highly diverse three-

finger protein (TFP) superfamily, which includes snake venom cytotoxins and neurotoxins,

the amphibian limb regeneration factor Prod1, and mammalian complement system receptor

CD59 [20, 27–29]. Through gene duplication and pervasive positive selection, PMF is main-

tained as a multi-isoform blend [30], with individual male salamanders expressing more than

30 unique PMF isoforms with only ~30% sequence identity [31, 32]. PMF isoform expression

levels vary between males, with three isoforms (G, H, and I; together defined as PMF-GHI)

almost always found in greater abundance than a mixture of>30 minor isoforms (referred to

as PMF-EF; see Wilburn et al. [31, 33] for details). In contrast, female behavioral response to

PMF was different depending on the isoform composition: a single abundant PMF isoform

(PMF-G) elicited no measurable effect, a mixture of minor isoforms (PMF-EF) increased

courtship time, but a complete mixture of isoforms (PMF-EFGHI) decreased courtship time

similarly to both WE and PRF [33, 34]. From these data, we hypothesized that PMF isoforms

are acting synergistically to increase female receptivity through an unknown neurophysiologi-

cal pathway. Hence, we sought to determine how these ultimate behavioral effects might be

mediated at the level of olfactory stimulation.

Our working model is that PMF signals to the central nervous system via vomeronasal

type-2 receptors (V2Rs) expressed on neurons in the VNE. Salamanders possess a single nasal

cavity with the main olfactory epithelium and VNE divided along the medial and lateral edges,

respectively [35]. Because of their large extracellular domains, V2Rs are thought to the princi-

pal receptors for peptide or protein pheromones in the VNE [4]. Notably, RT-PCR and in situ
hybridization revealed high expression of V2Rs in the P. shermani VNE [36]. In order to mea-

sure neuronal activation in this system, the amino acid derivative agmatine (AGB) can be used
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as a tracer that passes through non-specific cation channels during membrane depolarization

[37–40]. Co-application of pheromone and AGB to female salamanders results in selective

uptake of AGB into activated neurons, and following tissue fixation, sectioning, and immuno-

histochemical labeling, a permanent record of neuronal activation is obtained [24]. Previous

studies suggested that PRF and PMF-EF activate different subsets of VNE neurons, yet inde-

pendently only accounted for ~70% of the activated neurons observed when females were

treated with WE [41]. In seeking to understand how PMF isoforms function synergistically in

affecting courtship behavior, it remained to be addressed whether each PMF-responsive VNE

neuron can respond to a single or multiple PMF isoforms. If each neuron responded to a single

isoform, we would expect proportional activation of VNE neurons based on the number of iso-

forms applied, and conclude that the behavioral synergistic effects are coordinated further

along in the central processing. Otherwise, if more or fewer neurons are activated in propor-

tion to the number of isoforms applied, we may anticipate functional synergy or redundancy,

respectively, at the level of VNE activation. Therefore, to better characterize the role of PMF

isoform diversity in regulating female courtship behavior, the aim of this study was to test the

efficacy of different PMF isoform mixtures on stimulating female VNE neurons using the

AGB uptake assay.

Results

Pheromone mixtures were prepared containing different degrees of PMF isoform diversity,

with pheromone whole extract (WE) and 0.5X PBS used as a positive and negative controls,

respectively (Fig 1). Prior to full immunohistochemical (IHC) processing, we optimized meth-

ods from the original Wirsig-Wiechmann et al. [24] protocol to reduce background staining

and enhance resolution (Fig 2). Pheromone treatment significantly affected the number of

AGB reactive neurons, determined by likelihood ratio test (χ2(6) = 38.5, p = 8.8 x 10−7). Com-

parison of effects are summarized in Table 1. As expected, WE activated the most neurons on

average of any treatment (�x ¼ 106:5), and 0.5X PBS the fewest (�x ¼ 7:0). Three of the five

PMF treatments (PMF-EFG, PMF-GHI, PMF-EFGHI) significantly activated more neurons

relative to saline (Table 1, Fig 3), and all to a similar degree (�x ¼ 38:3; 33:4; 33:8 neurons,

respectively). While PMF-EF was not significant at p< 0.05 (�x ¼ 22:7; p ¼ 0:057), the

observed effect relative to 0.5X PBS (+225%) was nearly twice the effect observed in Wirsig-

Wiechmann et al. [41] (+124%). Hence, this marginal p-value is likely a result of reduced

power from the large number of treatment groups and correction for multiple comparisons.

Except for PMF-G, there was no statistical difference between any of the PMF isoform

mixtures.

Discussion

In the current study, we evaluated the response of female vomeronasal neurons to different

isoform combinations of PMF, a hypervariable salamander courtship pheromone. Behavioral

studies of courtship indicate that PMF can either increase or decrease female receptivity

depending on the isoform composition [33, 34]. The principal goal of this study was to deter-

mine if these different behaviors map proportionally onto VNE neuron activation. When the

different mixtures of PMF isoforms were tested in the current study, all but the single isoform

(PMF-G) elicited a similar response >200% over background. The non-significant +17%

increase in neuronal activation from PMF-G was consistent with courtship trials where there

was no detectable response over vehicle [33]. However, the mixture of the three highly abun-

dant isoforms, PMF-GHI, elicited a robust response compared to G alone, suggesting that (1)

PMF-H and PMF-I are independently producing large effects, or (2) PMF isoforms act
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Fig 1. Pheromone isoform diversity. Representative reverse phase chromatograms of each tested

pheromone treatment using a 0–70% acetonitrile gradient with 1% acetonitrile/min (25–60 min shown,

adapted from Wilburn et al. [31]). Major PMF isoforms are denoted, as well as PMF and PRF in the whole

pheromone extract.

https://doi.org/10.1371/journal.pone.0174370.g001

Olfactory effects of a hypervariable multicomponent pheromone in Plethodon shermani

PLOS ONE | https://doi.org/10.1371/journal.pone.0174370 March 30, 2017 4 / 13

https://doi.org/10.1371/journal.pone.0174370.g001
https://doi.org/10.1371/journal.pone.0174370


synergistically to stimulate females. While we cannot definitively exclude the hypothesis that

PMF-HI has a large independent effect, this seems unlikely for several reasons. First, PMF-G is

consistently more abundant than PMF-H or PMF-I in the pheromone extract [31]. Second,

the three-dimensional structure of PMF-G was recently solved by NMR, with homology

modeling suggesting that PMF-H and PMF-I are structurally very similar to PMF-G such that

they may bind similar receptors [42]. Third, the only solution missing PMF-G (PMF-EF) acti-

vated the fewer neurons compared to other PMF mixtures, and while not statistically signifi-

cant, it is interesting that the same mixture plus PMF-G (PMF-EFG) activated approximately

twice as many neurons. Consequently, these data further support the hypothesis that synergis-

tic interactions between different PMF isoforms are required in order to enhance female

receptivity, but not in a linear relationship between VNE neuron activation and reduction in

courtship time.

One quality of PMF that seems common to multiple vertebrate protein pheromones is evo-

lutionary histories with pervasive gene duplication and neofunctionalization. In mice, both the

major urinary proteins (MUPs) and exocrine gland-secreting peptide (ESP) families are highly

polymorphic, with isoforms variably expressed both within and between inbred strains [11].

Many of these isoforms may have unique functions: specific MUPs are involved in regulating

female receptivity and promoting male aggressive behavior [43, 44]; and the male-specific

Fig 2. AGB immunohistochemistry. Transverse cross-sections of the olfactory chamber comparing the vomeronasal epithelium from females treated

with 0.5X PBS (A) and WE (B), with arrows pointing to the cell bodies of immunoreactive neurons. (C) Higher magnification of four AGB neurons in close

proximity. For greater detail on the architecture of the plethodontid olfactory system, see Wirsig-Wiechmann et al. [24].

https://doi.org/10.1371/journal.pone.0174370.g002

Table 1. Summary of pheromone effects on AGB-immunoreactive cells.

0.5X PBS PMG-G PMF-GHI PMF-EF PMF-EFG PMF-EFGHI WE

0.5X PBS 7.0 +16% +378% +225% +448% +383% +1421%

PMF-G 0.81 8.1 +312% +180% +372% +316% +1211%

PMF-GHI 0.0097 0.030 33.4 -32% +15% +1% +218%

PMF-EF 0.057 0.10 0.53 22.8 +68% +49% +368%

PMF-EFG 0.0090 0.017 0.83 0.42 38.3 -12% +178%

PMF-EFGHI 0.0016 0.029 0.99 0.54 0.85 33.8 +215%

WE 9.0 x 10−6 4.8 x 10−5 0.059 0.013 0.12 0.078 106.5

Mean number of activated neurons per treatment are along the diagonal, the upper block listing the effect size as a percentage of column vs row, and the

lower block reporting the p-values of differential labeling from 2-tailed Z-tests. Significant effects at p < 0.05 are denoted in bold.

https://doi.org/10.1371/journal.pone.0174370.t001

Olfactory effects of a hypervariable multicomponent pheromone in Plethodon shermani

PLOS ONE | https://doi.org/10.1371/journal.pone.0174370 March 30, 2017 5 / 13

https://doi.org/10.1371/journal.pone.0174370.g002
https://doi.org/10.1371/journal.pone.0174370.t001
https://doi.org/10.1371/journal.pone.0174370


ESP1, but not other ESPs, increased female receptivity [9]. In contrast to these mouse systems,

where the pheromones are dispersed into the environment as part of general bodily fluids, the

mental gland of plethodontid salamanders is only used to privately deliver signals to a single

female during courtship [45]. Based on the timing of mental gland development and its use

during tail-straddling walk, these pheromones presumably serve no functions beyond regulat-

ing behaviors that may impact reproductive success [23, 46]. Therefore, unlike the mouse

pheromones with disparate functions, the many isoforms of both PMF and PRF may be acting

on overlapping biological pathways, which fits within the “redundant-signal” hypothesis

[47, 48].

However, the precise mechanism by which these PMF molecules are interacting to activate

VNE neurons and affect female behavior remains unclear. All available evidence supports the

hypothesis that PMF binds to V2Rs in the female VNE [36, 41]. In mice, pheromone binding

to V2Rs induces the IP3 signaling cascade that eventually leads to opening of the transient cat-

ion channel TRPC2, allowing an influx of Ca2+, membrane depolarization, and signal trans-

duction to the central nervous system [49, 50]. The proposed mechanism of AGB uptake

during neuronal depolarization is via open TRPC2 channels following pheromone binding.

Critically, TRPC2 is highly abundant in the P. shermani VNO [36]. Recent work has shown

Fig 3. Summary of AGB neuron counts. (A) Box-and-whisker plots comparing the 7 pheromone treatments. The box defines the 25th and 75th

percentiles, the median as the dark line, and whiskers as the minimum and maximum. Outliers are reported as values outside the median ± 1.5 * the

interquartile range (box width). (B) Bar graph of the number of AGB reactive neurons per treatment (mean ± SE), with statistical significance relative to

PBS denoted (●, p < 0.1; *, p < 0.05, **, p < 0.01)

https://doi.org/10.1371/journal.pone.0174370.g003
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AGB can function as both a neurotransmitter and a tracer molecule [51], such that it is possi-

ble we are partially observing an synergistic response between pheromone and AGB in the

female VNE. However, previous work by Laberge et al. [25] showed that PMF activates the

vomeronasal amygdala (downstream of the VNE in the accessory olfactory system), as well as

the preoptic area and ventromedial hypothalamus (which are often involved in reproductive

behavior). In addition to a full suite of IHC controls [52], we believe there is little to no interac-

tion between pheromone and AGB in the female VNE. Both NMR and analytical ultracentrifu-

gation studies demonstrated that PMF is monomeric, both as a single isoform and a complex

mixture [42]. While some TFPs can form dimers [29], it is likely that the high negative charge

density of PMF precludes such interactions [42]. One possible explanation may be that differ-

ent PMF isoforms form a multimeric complex with a single receptor molecule. Compared to

other members of the three-finger protein superfamily, PMF-G has a novel protein topology

and three-dimensional structure that permits greater backbone flexibility in one of the three

fingers, which is also the most variable and rapidly evolving segment in the PMF gene complex

[42]. With less structural variation in the rest of the molecule, this may allow for any number

of different isoforms to dock with target receptors through the conserved regions, but activa-

tion may be dependent on proper interactions from the variable third fingers of the necessary

isoforms in the proper orientation. These potential kinetic constraints may help explain the

selection pressure for the large number of PMF isoforms (>30 expressed between different

male P. shermani) and their large abundance in the mental gland (~5:1 stoichiometry com-

pared to PRF, and ~50% of total pheromone in whole extract) [31, 32].

However, one previously unexplored hypothesis is that some isoforms of PMF may be func-

tioning as signature mixtures rather than pheromones. The classic Karlson and Luscher [6]

definition of a pheromone is a molecule that elicits a pre-programmed behavioral and/or neu-

roendocrine effect. In contrast, signature mixtures, proposed by Wyatt [5], are variable sets of

cues that provide information on identity of specific individuals in a population, but elicit no

innate, pre-programmed response in receiving individuals. What makes these terms somewhat

confounding is that, under the proper conditions, signature mixtures can function similarly to

pheromones. For example, the mouse pheromone darcin—a MUP isoform delivered alongside

many other proteins and volatile odorants in mouse urine—provokes learning of male odor

profiles in virgin females such that, upon subsequent exposure to the same odor profile minus

darcin, female receptivity increases. In this system, females are now conditioned to respond to

particular markers, but without initial co-exposure with darcin, there is no learning of these

individual cues [44, 53]. In P. shermani, male salamanders express unique, individual PMF

profiles visible by high performance liquid chromatography (HPLC). Although the exact com-

position of these mixtures is hard to biochemically dissect, PMF-G, H, and I seem to be univer-

sally expressed at proportionally high levels [32]. Comparison of PMF cDNA sequences

revealed that while there exists more than 99 unique putative isoforms in a single population,

sequences were more accurately clustered into 13 common archetypes with only 1–2 SNPs

varying between the sequences within each cluster [31]. Each of these PMF isoform clusters

may be performing unique roles, either by targeting different classes of receptors or function-

ing as part of a signature mixture to convey identity. Because learning is an active component

of signature mixture response [5], and P. shermani are difficult to breed under laboratory con-

ditions (L.D. Houck, personal communication), it is a challenge to test these variable phero-

mone components on virgin females. However, female plethodontid salamanders can

distinguish between the odors of individual conspecifics [54]. Additionally, learning of preda-

tor cues has been tested in multiple amphibian species [55–57], and in mice, many of these het-

erospecific signals are mediated through specific vomeronasal receptors (both V1Rs and

V2Rs) [58]. Common isoforms such as PMF-G may be acting as more traditional pheromones,
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while other variable PMFs serve more as individual cues in signature mixtures. This hypothesis

is complementary to the longer standing view that PMF has been subject to extensive gene

duplication and pervasive positive selection in order to expand the functional breadth of PMF

as a “pheromone” [30, 31]. Testing this hypothesis will be difficult and likely require repeated

measurements on initially virgin female salamanders with careful manipulation of pheromone

composition using recombinant proteins.

In summary, PMF is a hypervariable vertebrate courtship pheromone that differentially reg-

ulates female courtship behavior at least in part through variability in isoform composition.

For the first time, we demonstrated that a single isoform of PMF (G) was unable to signifi-

cantly activate neurons in the female VNE; however, any mixture of PMF containing 3 or

more isoforms elicited a similar response of ~350% activation over vehicle. The exact receptors

and mechanisms mediating this response are still unclear. Multiple hypotheses to explain this

phenomenon were presented, including PMF isoforms forming multimeric complexes with

V2Rs, VNE neurons expressing multiple V2Rs, and/or learning in female salamanders as part

of signature mixtures. Future studies will seek to further characterize the molecular architec-

ture of the P. shermani VNE, identifying the specific PMF receptors, and elucidating the bind-

ing mechanics in order to better understand the evolutionary forces that have driven

exacerbated gene duplication and positive sexual selection on PMF over the past 100 million

years.

Materials and methods

Animals collection

P. shermani salamanders were collected from a single site in Macon Co., North Carolina, USA

(35˚10’48” N, 83˚33’38” W) during their annual breeding season, and housed at Highlands

Biological Station for duration of the experiment. Adult salamanders were identified and sexed

based on a well-developed mental gland in males and large ova in females. Animals were indi-

vidually housed at 15–18˚C and ~70% humidity in clean plastic boxes (17 x 9 x 13 cm) lined

with a damp paper towel, and a second damp crumpled paper towel for cover. Once per week,

salamanders were transferred to clean boxes with new substrate and fed 2 waxworms (Galleria
mellonella). All animals were collected under permits obtained from the North Carolina Wild-

life Resources Commission, and all animal methods were approved by Oregon State University

ACUP #4053 to L.D. Houck.

Preparation of male pheromones

Whole pheromone extract (WE) was collected from male salamanders following the methods

of Rollmann et al. [23]. Briefly, male salamanders were anesthetized in a mixture of 7% ether/

water for ~7 minutes. As P. shermani are lungless salamanders, there are few options for

anesthetics compared to mammals, and the use of diethyl ether has been part our approved

IACUC protocols for more than 20 years. In unpublished work, we evaluated the use of both

diethyl ether and tricaine methanesulfonate (MS-222) on P. shermani, and we found that when

using ether: time to anesthetization was more consistent between animals; there was lower risk

of bleeding during mental gland removal; and more pheromone was extracted. The mental

gland was then surgically removed from the dermis using iridectomy scissors, and incubated

in acetylcholine chloride (0.8 mM in amphibian Ringer’s solution) for 60 minutes to induce

pheromone secretion. Mental glands were removed by two rounds of centrifugation at 10,000

x g for 10 min, and pheromone extracts stored at -80˚C until further processing at the Univer-

sity of Louisville. WE was prepared by ultrafiltration and standardized at 2.0 mg/mL in 0.5X

phosphate buffered saline (PBS). PMF-EF and PMF-EFGHI were prepared based on the

Olfactory effects of a hypervariable multicomponent pheromone in Plethodon shermani

PLOS ONE | https://doi.org/10.1371/journal.pone.0174370 March 30, 2017 8 / 13

https://doi.org/10.1371/journal.pone.0174370


methods of Wilburn et al. [31] using HPLC. Briefly, WE was subjected to strong anion

exchange HPLC in order to collect the PMF-EFGHI fraction. PMF-EF and PMF-GHI were

resolved by a second round of strong anion exchange HPLC with a shallower elution gradient.

PMF-GHI was then purified to>99% purity by one round of reverse phase HPLC such that

the solution only contained the three most abundant PMF isoforms. PMF-EFG was prepared

by mixing natural PMF-EF with recombinant PMF-G in a 7:2 ratio (which approximates natu-

ral levels, based on integration of peak areas observed by strong anion exchange HPLC).

Highly purified recombinant PMF-G was prepared based on the methods of Wilburn et al.

[42] using the methylotrophic yeast Pichia pastoris. All biochemical and structural studies have

confirmed that recombinant PMF-G has an identical sequence and 3D structure to natural

PMF-G, and is thus suitable for bioassays. All PMF solutions were standardized using ultrafil-

tration to 0.5 mg/mL in 0.5X PBS.

AGB uptake assay and immunohistochemistry

The AGB uptake assay was performed based on the methods from Wirsig-Wiechmann et al.

[24]. Pheromone solutions were mixed 1:1 with 6 mM AGB (Sigma Aldrich, St. Louis, MO) in

0.5X PBS. A total of 70 adult gravid female salamanders were placed in new, unused Tupper-

ware sandwich boxes lined with a single damp paper towel and allowed to acclimate for 30

min. Each salamander received one of 7 different treatments (n = 10 per treatment): 0.5X PBS

(negative control/vehicle), PMF-G, PMF-GHI, PMF-EF, PMF-EFG, PMF-EFGHI, or WE

(positive control). Two microliters of pheromone/AGB was applied to the female’s nares every

2 minutes for a total 40 min (20 applications), followed by 3 rinses with 5 μL 0.5X PBS over ~5

minutes. Females were then rapidly decapitated, the lower jaw removed, and heads incubated

overnight in 10mL 4% paraformaldehyde/2.5% glutaraldehyde (in 150mM sodium chloride/

100mM sodium phosphate, pH 7.4). Heads were then decalcified using DeCal (Decal Corpora-

tion, Congers, NY) for 3 days, cryoprotected in 30% sucrose for 2 days, and embedded using

Optimal Cutting Temperature (OCT) media (Sakura-Finetek, Torrance, CA). A total of 14

blocks were prepared with 5 heads each, and stored at -80˚C prior to cryosectioning. Heads

were sectioned coronally at a thickness of 20 μm, and thaw mounted onto superfrost plus slides

pre-coated with polylysine. Sections were collected in four sets such that each section in a set

was separated by 80 μm. However, due to a cryostat malfunction, a large percentage of sections

were lost for three blocks, and were excluded from the analysis (effective n = 55). Slides were

stored at -80˚C prior to immunohistochemistry. One slide set was used to optimize IHC con-

ditions from the original Wirsig-Wiechmann et al. [24] protocol to reduce background stain-

ing (adjustments were principally in the concentration of detergents used in pre-incubation

and washing steps): after equilibration to room temperature, slides were washed five times for

5 min each in 1X PBS, preincubated in 1% normal goat serum/1X PBS/0.2% Triton X-100/

0.5% Tween-20/0.02% azide for 30 min, and incubated in rabbit anti-AGB (EMD-Millipore,

Billerica, MA) diluted 1:2000 in 1% normal goat serum/1X PBS/0.1% Triton X-100/0.05%

Tween-20/0.02% azide for three days at room temperature. Slides were then washed five times

for 5 min each in 1X PBS/0.05% Tween-20 (PBST), incubated for 30 minutes in biotinylated

goat anti-rabbit IgG (Thermo-Pierce, Rockford, IL) diluted 1:500 in PBST, washed five times

for 5 min each with PBST, incubated in 0.5X ultra-sensitive ABC peroxidase staining reagent

(Thermo-Pierce) in PBST for 30 minutes, washed three times for 5 min each with PBST, twice

with 1X PBS for 5 min each, and developed with metal enhanced DAB (Thermo-Pierce) for 5

min before serial dehydration and coverslipped with Permount (Fisher Scientific, Pittsburgh,

PA).
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Histological and statistical analyses

Slides were visualized and imaged using an Olympus microscope with an attached 9 megapixel

digital camera. AGB reactive neurons were counted in VNE tissue for all sections from both

left and right nasal cavities, and the investigator was blind to the treatments. Count data was

analyzed using generalized linear models with negative binomial distributions using the R

function glm.nb in the package MASS. The overdispersion parameter τ was estimated to be

1.716. The effect of pheromone treatment was evaluated by likelihood ratio test against an

intercept-only model, with individual effects of the seven solutions/levels examined post-hoc
by z-test with corrected standard errors.

Supporting information

S1 File. Counts of AGB reactive neurons.
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7. Boschat C, Pélofi C, Randin O, Roppolo D, Lüscher C, Broillet M-C, et al. Pheromone detection medi-

ated by a V1r vomeronasal receptor. Nat Neurosci. 2002; 5:1261–2. https://doi.org/10.1038/nn978

PMID: 12436115

8. Leinders-Zufall T, Ishii T, Mombaerts P, Zufall F, Boehm T. Structural requirements for the activation of

vomeronasal sensory neurons by MHC peptides. Nature Neuroscience. 2009; 12(12):1551–8. http://

www.nature.com/neuro/journal/v12/n12/suppinfo/nn.2452_S1.html. https://doi.org/10.1038/nn.2452

PMID: 19935653

9. Haga S, Hattori T, Sato T, Sato K, Matsuda S, Kobayakawa R, et al. The male mouse pheromone

ESP1 enhances female sexual receptive behaviour through a specific vomeronasal receptor. Nature.

2010; 466(7302):118–22. http://www.nature.com/nature/journal/v466/n7302/abs/nature09142.

html#supplementary-information. https://doi.org/10.1038/nature09142 PMID: 20596023

10. Abe T, Touhara K. Structure and function of a peptide pheromone family that stimulate the vomeronasal

sensory system in mice. Biochemical Society Transactions. 2014; 42:873–7. https://doi.org/10.1042/

BST20140051 PMID: 25109971

11. Mudge JM, Armstrong SD, McLaren K, Beynon RJ, Hurst JL, Nicholson C, et al. Dynamic instability of

the major urinary protein gene family revealed by genomic and phenotypic comparisons between C57

and I29 strain mice. Genome Biology. 2008; 9(5):R91. https://doi.org/10.1186/gb-2008-9-5-r91 PMID:

18507838

12. Yoshinaga S, Sato T, Hirakane M, Esaki K, Hamaguchi T, Haga-Yamanaka S, et al. Structure of the

mouse sex peptide pheromone ESP1 reveals a molecular basis for specific binding to the class C G-

protein-coupled vomeronasal receptor. Journal of Biological Chemistry. 2013; 288(22):16064–72.

https://doi.org/10.1074/jbc.M112.436782 PMID: 23576433

13. Legrand S, Botton M, Coracini M, Witzgall P, Unelius CR. Synthesis and field tests of sex pheromone

components of the leafroller Argyrotaenia sphaleropa. Z Naturforsch. 2004; 59c:708–12.

14. LeMaster M, Mason R. Variation in a female sexual attractiveness pheromone controls male mate

choice in garter snakes. Journal of Chemical Ecology. 2002; 28(6):1269–85. PMID: 12184402

15. Otto SP, Lenormand T. Resolving the paradox of sex and recombination. Nature Review Genetics.

2002; 3:252–61.

16. Houck LD, Arnold SJ. Courtship and mating behavior. In: Sever DM, editor. Phylogeny and reproductive

biology of Urodela (Amphibia). Enfield, New Hampshire: Science Publishers; 2003. p. 383–424.

17. Woodley SK. Pheromone communication in amphibians. Journal of Comparative Physiology A: Neu-

roethology, Sensory, Neural, and Behavioral Physiology. 2010; 196:713–27. https://doi.org/10.1007/

s00359-010-0540-6 PMID: 20526605

18. Woodley SK. Chemosignals, hormones, and amphibian reproduction. Hormones and Behavior. 2015;

68:3–13. https://doi.org/10.1016/j.yhbeh.2014.06.008 PMID: 24945995

19. Woodley SK. Plasma androgen levels, spermatogenesis, and secondary sexual characteristics in two

species of Plethodontid salamanders with dissociated reproductive patterns. General and Comparative

Endocrinology. 1994; 96(2):206–14. https://doi.org/10.1006/gcen.1994.1175 PMID: 7851720

20. Feldhoff RC, Rollmann SM, Houck LD. Chemical analyses of courtship pheromones in a Plethodontid

salamander. In: Johnston RE, Műller-Schwarze D, Sorensen P, editors. Advances in Chemical Signals

in Vertebrates. New York: Kluwer Academic/Plenum; 1999. p. 117–25.

21. Sever DM. Induction of secondary sex characters in Eurycea quadridigitata. Copeia. 1976; 1976

(4):830–3.

22. Arnold SJ. Sexual behavior, sexual interference, and sexual deference in salamanders Ambystoma

maculatum, Ambystoma tigrinum, and Plethodon jordani. Z Tierpsychol. 1976; 42:247–300.

23. Rollmann SM, Houck LD, Feldhoff RC. Proteinaceous pheromone affecting female receptivity in a ter-

restrial salamander. Science. 1999; 285:1907–9. PMID: 10489368

24. Wirsig-Wiechmann CR, Houck LD, Feldhoff PW, Feldhoff RC. Pheromonal activation of vomeronasal

neurons in Plethodontid salamanders. Brain Research. 2002; 952:335–44. PMID: 12376197

Olfactory effects of a hypervariable multicomponent pheromone in Plethodon shermani

PLOS ONE | https://doi.org/10.1371/journal.pone.0174370 March 30, 2017 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/9288755
https://doi.org/10.1007/s00359-010-0564-y
https://doi.org/10.1007/s00359-010-0564-y
http://www.ncbi.nlm.nih.gov/pubmed/20680632
http://www.ncbi.nlm.nih.gov/pubmed/13622694
https://doi.org/10.1038/nn978
http://www.ncbi.nlm.nih.gov/pubmed/12436115
http://www.nature.com/neuro/journal/v12/n12/suppinfo/nn.2452_S1.html
http://www.nature.com/neuro/journal/v12/n12/suppinfo/nn.2452_S1.html
https://doi.org/10.1038/nn.2452
http://www.ncbi.nlm.nih.gov/pubmed/19935653
http://www.nature.com/nature/journal/v466/n7302/abs/nature09142.html#supplementary-information
http://www.nature.com/nature/journal/v466/n7302/abs/nature09142.html#supplementary-information
https://doi.org/10.1038/nature09142
http://www.ncbi.nlm.nih.gov/pubmed/20596023
https://doi.org/10.1042/BST20140051
https://doi.org/10.1042/BST20140051
http://www.ncbi.nlm.nih.gov/pubmed/25109971
https://doi.org/10.1186/gb-2008-9-5-r91
http://www.ncbi.nlm.nih.gov/pubmed/18507838
https://doi.org/10.1074/jbc.M112.436782
http://www.ncbi.nlm.nih.gov/pubmed/23576433
http://www.ncbi.nlm.nih.gov/pubmed/12184402
https://doi.org/10.1007/s00359-010-0540-6
https://doi.org/10.1007/s00359-010-0540-6
http://www.ncbi.nlm.nih.gov/pubmed/20526605
https://doi.org/10.1016/j.yhbeh.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/24945995
https://doi.org/10.1006/gcen.1994.1175
http://www.ncbi.nlm.nih.gov/pubmed/7851720
http://www.ncbi.nlm.nih.gov/pubmed/10489368
http://www.ncbi.nlm.nih.gov/pubmed/12376197
https://doi.org/10.1371/journal.pone.0174370


25. Laberge F, Feldhoff RC, Feldhoff PW, Houck LD. Courtship pheromone-induced c-Fos-like immunola-

beling in the female salamander brain. Neuroscience. 2008; 151:329–39. https://doi.org/10.1016/j.

neuroscience.2007.11.006 PMID: 18082970

26. Houck LD, Bell AM, Reagan-Wallin NL, Feldhoff RC. Effects of experimental delivery of male courtship

pheromones on the timing of courtship in a terrestrial salamander, Plethodon jordani (Caudata: Pletho-

dontidae). Copeia. 1998; 1998:214–9.

27. Palmer CA, Hollis DM, Watts RA, Houck LD, McCall MA, Gregg RG, et al. Plethodontid modulating fac-

tor, a hypervariable salamander courtship pheromone in the three-finger protein superfamily. FEBS

Journal. 2007; 274:2300–10. https://doi.org/10.1111/j.1742-4658.2007.05766.x PMID: 17419731

28. Garza-Garcia A, Harris R, Esposito D, Gates PB, Driscoll PC. Solution structure and phylogenetics of

Prod1, a member of the three-finger protein superfamily implicated in salamander limb regeneration.

PLOS ONE. 2009; 4(9):e7123. https://doi.org/10.1371/journal.pone.0007123 PMID: 19771161

29. Kini RM, Doley R. Structure, function and evolution of three-finger toxins: mini proteins with multiple tar-

gets. Toxicon. 2010; 56(6):855–67. https://doi.org/10.1016/j.toxicon.2010.07.010 PMID: 20670641

30. Palmer CA, Picard AL, Watts RA, Houck LD, Arnold SJ. Rapid evolution of Plethodontid modulating fac-

tor (PMF), a hypervariable salamander courtship pheromone, is driven by positive selection. Journal of

Molecular Evolution. 2010; 70:427–40. https://doi.org/10.1007/s00239-010-9342-2 PMID: 20407892

31. Wilburn DB, Bowen KE, Gregg RG, Cai J, Feldhoff PW, Houck LD, et al. Proteomic and UTR analyses

of a rapidly evolving hypervaraible family of vertebrate pheromones. Evolution. 2012; 66(7):2227–39.

https://doi.org/10.1111/j.1558-5646.2011.01572.x PMID: 22759298

32. Chouinard AJ, Wilburn DB, Houck LD, Feldhoff RC. Individual Variation in Pheromone Isoform Ratios

of the Red-Legged Salamander, Plethodon shermani. In: East ML, Dehnhard M, editors. Chemical Sig-

nals in Vertebrates 12. New York: Springer; 2013. p. 99–115.

33. Wilburn DB, Eddy SL, Chouinard AJ, Arnold SJ, Feldhoff RC, Houck LD. Pheromone isoform composi-

tion differentially affects female behaviour in the red-legged salamander, Plethodon shermani. Animal

Behaviour. 2015; 100:1–7.

34. Houck LD, Palmer CA, Watts RA, Arnold SJ, Feldhoff PW, Feldhoff RC. A new vertebrate courtship

pheromone that affects female receptivity in a terrestrial salamander. Animal Behaviour. 2007; 73:315–

20.

35. Woodley SK. Sex steroid hormones and sexual dimorphism of chemosensory structures in a terrestrial

salamander (Plethodon shermani). Brain Research. 2007; 1138(0):95–103.

36. Kiemnec-Tyburczy KM, Woodley SK, Watts RA, Arnold SJ, Houck LD. Expression of vomeronasal

receptors and related signaling molecules in the nasal cavity of a caudate amphibian (Plethodon sher-

mani). Chemical Senses. 2012; 37:335–46. https://doi.org/10.1093/chemse/bjr105 PMID: 22104031

37. Marc RE. Mapping glutamatergic drive in the vertebrate retina with a channel-permeant organic cation.

The Journal of Comparative Neurology. 1999; 407(1):47–64. PMID: 10213187

38. Marc RE. Kainate activation of horizontal, bipolar, amacrine, and ganglion cells in the rabbit retina. The

Journal of Comparative Neurology. 1999; 407(1):65–76. PMID: 10213188

39. Michel WC, Steullet P, Cate HS, Burns CJ, Zhainazarov AB, Derby CD. High-resolution functional label-

ing of vertebrate and invertebrate olfactory receptor neurons using agmatine, a channel-permeant cat-

ion. Journal of Neuroscience Methods. 1999; 90(2):143–56. http://dx.doi.org/10.1016/S0165-0270(99)

00077-1. PMID: 10513597

40. Schubert SN, Houck LD, Feldhoff PW, Feldhoff RC, Woodley SK. The effects of sex on chemosensory

communication in a terrestrial salamander (Plethodon shermani). Hormones and Behavior. 2008;

54:270–7. https://doi.org/10.1016/j.yhbeh.2008.03.009 PMID: 18460406

41. Wirsig-Wiechmann CR, Houck LD, Wood JM, Feldhoff PW, Feldhoff RC. Male pheromone protein com-

ponents activate female vomeronasal neurons in the salamander Plethodon shermani. BMC Neurosci-

ence. 2006; 7(26).

42. Wilburn DB, Bowen KE, Doty KA, Arumugam S, Lane AN, Feldhoff PW, et al. Structural insights into the

evolution of a sexy protein: novel topology and restricted backbone flexibility in a hypervariable verte-

brate pheromone. PLOS ONE. 2014; 9(5):e96975.

43. Chamero P, Marton TF, Logan DW, Flanagan K, Cruz JR, Saghatelian A, et al. Identification of protein

pheromones that promote aggressive behaviour. Nature. 2007; 450(7171):899–902. http://www.nature.

com/nature/journal/v450/n7171/suppinfo/nature05997_S1.html. https://doi.org/10.1038/nature05997

PMID: 18064011

44. Roberts S, Simpson D, Armstrong S, Davidson A, Robertson D, McLean L, et al. Darcin: a male phero-

mone that stimulates female memory and sexual attraction to an individual male’s odour. BMC Biology.

2010; 8(1):75.

Olfactory effects of a hypervariable multicomponent pheromone in Plethodon shermani

PLOS ONE | https://doi.org/10.1371/journal.pone.0174370 March 30, 2017 12 / 13

https://doi.org/10.1016/j.neuroscience.2007.11.006
https://doi.org/10.1016/j.neuroscience.2007.11.006
http://www.ncbi.nlm.nih.gov/pubmed/18082970
https://doi.org/10.1111/j.1742-4658.2007.05766.x
http://www.ncbi.nlm.nih.gov/pubmed/17419731
https://doi.org/10.1371/journal.pone.0007123
http://www.ncbi.nlm.nih.gov/pubmed/19771161
https://doi.org/10.1016/j.toxicon.2010.07.010
http://www.ncbi.nlm.nih.gov/pubmed/20670641
https://doi.org/10.1007/s00239-010-9342-2
http://www.ncbi.nlm.nih.gov/pubmed/20407892
https://doi.org/10.1111/j.1558-5646.2011.01572.x
http://www.ncbi.nlm.nih.gov/pubmed/22759298
https://doi.org/10.1093/chemse/bjr105
http://www.ncbi.nlm.nih.gov/pubmed/22104031
http://www.ncbi.nlm.nih.gov/pubmed/10213187
http://www.ncbi.nlm.nih.gov/pubmed/10213188
http://dx.doi.org/10.1016/S0165-0270(99)00077-1
http://dx.doi.org/10.1016/S0165-0270(99)00077-1
http://www.ncbi.nlm.nih.gov/pubmed/10513597
https://doi.org/10.1016/j.yhbeh.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18460406
http://www.nature.com/nature/journal/v450/n7171/suppinfo/nature05997_S1.html
http://www.nature.com/nature/journal/v450/n7171/suppinfo/nature05997_S1.html
https://doi.org/10.1038/nature05997
http://www.ncbi.nlm.nih.gov/pubmed/18064011
https://doi.org/10.1371/journal.pone.0174370


45. Houck LD, Sever DM. The Role of the Skin in Reproduction and Behavior. In: Heatwole H, Barthalamus

G, editors. Amphibian Biology. 1. Chipping Norton, Australia: Surrey Beatty and Sons; 1994. p. 351–

81.

46. Vaccaro EA, Feldhoff PW, Feldhoff RC, Houck LD. A pheromone mechanism for swaying female mate

choice: enhanced affinity for a sexual stimulus in a woodland salamander. Animal Behaviour. 2010; 80

(6):983–9. http://dx.doi.org/10.1016/j.anbehav.2010.08.020.

47. Zuk M, Ligon JD, Thornhill R. Effects of experimental manipulation of male secondary sexual characters

on female mating preferences in red jungle fowl. Animal Behaviour. 1992; 44:999–1006.

48. Moller AP, Pomiankowski A. Why have birds got multiple sexual ornaments? Behav Ecol Sociobiol.

1993; 32(3):167–76.

49. Stowers L, Holy TE, Meister M, Dulac C, Koentges G. Loss of sex discrimination and male-male aggres-

sion in mice deficient for TRP2. Science. 2002; 295(5559):1493–500. https://doi.org/10.1126/science.

1069259 PMID: 11823606

50. Dulac C, Torello AT. Molecular detection of pheromone signals in mammals: from genes to behaviour.

Nature Review Neuroscience. 2003; 4(7):551–62.

51. Uzbay TI. The pharmacological importance of agmatine in the brain. Neuroscience & Biobehavioral

Reviews. 2012; 36(1):502–19. http://dx.doi.org/10.1016/j.neubiorev.2011.08.006.

52. Schubert SN, Houck LD, Feldhoff PW, Feldhoff RC, Woodley SK. Effects of androgens on behavioral

and vomeronasal responses to chemosensory cues in male terrestrial salamanders (Plethodon sher-

mani). Hormones and Behavior. 2006; 50:469–76. https://doi.org/10.1016/j.yhbeh.2006.06.014 PMID:

16860800

53. Roberts SA, Davidson AJ, McLean L, Beynon RJ, Hurst JL. Pheromonal induction of spatial learning in

mice. Science. 2012; 338(6113):1462–5. https://doi.org/10.1126/science.1225638 PMID: 23239735

54. Consortium TU. Ongoing and future developments at the Universal Protein Resource. Nucleic Acids

Research. 2011; 39(suppl 1):D214–D9.

55. Powell S, Szklarczyk D, Trachana K, Roth A, Kuhn M, Muller J, et al. eggNOG v3.0: orthologous groups

covering 1133 organisms at 41 different taxonomic ranges. Nucleic Acids Research. 2012; 40(D1):

D284–D9.

56. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene Ontology: tool for the unifi-

cation of biology. Nature Genetics. 2000; 25:25–9. https://doi.org/10.1038/75556 PMID: 10802651

57. Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating signal peptides from trans-

membrane regions. Nat Meth. 2011; 8(10):785–6. http://www.nature.com/nmeth/journal/v8/n10/abs/

nmeth.1701.html#supplementary-information.

58. Isogai Y, Si S, Pont-Lezica L, Tan T, Kapoor V, Murthy VN, et al. Molecular organization of vomeronasal

chemoreception. Nature. 2011; 478(7368):241–5. https://doi.org/10.1038/nature10437 PMID:

21937988

Olfactory effects of a hypervariable multicomponent pheromone in Plethodon shermani

PLOS ONE | https://doi.org/10.1371/journal.pone.0174370 March 30, 2017 13 / 13

http://dx.doi.org/10.1016/j.anbehav.2010.08.020
https://doi.org/10.1126/science.1069259
https://doi.org/10.1126/science.1069259
http://www.ncbi.nlm.nih.gov/pubmed/11823606
http://dx.doi.org/10.1016/j.neubiorev.2011.08.006
https://doi.org/10.1016/j.yhbeh.2006.06.014
http://www.ncbi.nlm.nih.gov/pubmed/16860800
https://doi.org/10.1126/science.1225638
http://www.ncbi.nlm.nih.gov/pubmed/23239735
https://doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://www.nature.com/nmeth/journal/v8/n10/abs/nmeth.1701.html#supplementary-information
http://www.nature.com/nmeth/journal/v8/n10/abs/nmeth.1701.html#supplementary-information
https://doi.org/10.1038/nature10437
http://www.ncbi.nlm.nih.gov/pubmed/21937988
https://doi.org/10.1371/journal.pone.0174370

