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Ecology 

Firefly "femmes fatales" acquire defensive steroids (lucibufagins) 
from their firefly prey 

(steroidal pyrones/Coleoptera: I,ampyridae/Photuris/Photinus/Phidippus) 

Section of Neul-obiology and Ue11avio1-. tl)ep;~rtment of  Chemistry, Corncll University, Ithaca. NY 14853 

C'ontr?h~ttc,dI>y 7'lzornas Eztnc~r, June 25, 1997 

ABSTRACT Female fireflies of the genus Photuris, the 
so-called firefly "femmes fatales," prey on male fireflies of the 
genus Photinus. The females are able to entrap the males by 
faking the flash signal characteristics of the Photinus female. We 
found that by feeding on Photinus males, Photuris females gain 
more than nutrients. They also acquire defensive steroidal 
pyrones called lucibufagins, which are contained in Photinus but 
which Photuris fireflies are unable to produce on their own. 
Photuris females that eat Photinus males or lucibufagin are 
rejected by Phidippus jumping spiders. Lucibufagin itselfproved 
to be a deterrent to such s~iders. Field-collected Photuris females 
contain lucibufagin in varying amounts. The more lucibufagin 
they contain the more unacceptable they are to Phidippus. 

Fireflies, thc Pamiliar luminescent bectles of the family Lampy- 
ridae, arc protected against predation. They arc known to he 
unacceptable to a number ol'vertebratcs (1-3), and wc showcd 
that species of thc gcnus Photinus arc unpalatable to thrushcs 
(4). Novel steroidal pyrones arc thc basis of this unpalatability, 
and wc found thcse pyrones systemically in all spccics of 
Photir~us that wc investigatcd (P. i,ynitus, P. mmagb~ellus, and P. 
pymlis; refs. 4-7). Rccause of thcir close structural relationship 
to the cardiotonic steroids (e.g., bul'alin) found in the venom 
of Chincsc toads ( B L L ~ ~  spp.) (8, 9), we callcd thc compounds 
lucibul'agins (LRG; for instance, 1) (4). 

Hccausc LRG are of intrinsic chemical intcrcst, we broad- 
cncd our study to include othcr l'irel'lics to sec whether they 
might producc variants of thesc steroids. Wc found Grcl'lics of 
another genus, f'/zzoturis, also to contain LRG. Howcvcr, we 
lcarned that thesc spccics d o  not producc LBG themselves, 
acquiring thcm instead by prcying on Plzotinus. Ncrein wc 
dctail thc particulars of this chcmical usurpation strategy. 

We knew that Pl~otui-is fcmalcs hunt species ol' Pllotirzus. 
Femalc Plloturis, appropriatcly callcd l'ircl'ly "femmcs latales," 

lure male P1zotir1u.s by masqucrading as females of the lattcr 
(10, 11). In l'irel'ly courtship, males fly about at night, flashing 
thcir light organs in a characteristic, species-specil'ic pattern. 
Females answer their respective males from their perchcs, 
usually with single Slashes, timed to l'ollow the male "calls" 
with a spccics-specific dclay. P/zoturis females lurc P1lotinu.s 
malcs by flashing with a dclay imitativc of that ol'thc Pllotinus 
l'cmalc. Thc P/zotirzus malcs arc thcrcby drawn to thc femmcs 
fatalcs, only to hc caught and caten (12-15). Thc femmcs 
fatalcs, in turn, arc enrichcd with LBG. 

Thc data wc prescnt herc dcmonstrate that (i) fcmalc 
PI~otui,is, in thc field, contain LBG, as do Plzotinus; (ii) fcmale 
PI~otui,is, at adult emergcncc, are LBG-frce, hut bccome 
LBG-laden if fcd on Photinus males or on purc LBG; (iii) 
l'cmale Plzoturis, fcd on malc Plzotinus o r  LBG, arc lcss 
vulnerable to predation by Plzidippus spiders than unfed con- 
trols; and (A!) the degree ol' protection ol' Geld-collected 
P/zzoturis females against Phidippus is a f ~ ~ n c t i o nof the l'cmale's 
LRG content. 

MATERIALS AND METHODS 

Statistics and Conventions. Statistical analyses (cxccpt of 
l'requcncy data) werc pcrl'ormcd by using s u s r ~ r(I 6). All t 
tests compared mcans of indcpcndcnt samplcs. Following 
ANOVAs that indicatcd significant dil'l'crcncc ( P  < 0.05), 
multiple comparison tcsts werc conductcd (Tukcy-Kramcr, 
expcrimcnt widc cx = 0.05). Contingcncy tcsts of frequency 
data cmploycd thc G-statistic (with Williams correction) (17). 
All valucs arc givcn as mcan -+ SE. 

Thc onc LBG available to us for tcsting in pure form, 
12-oxo-2P,3P-di-O-acctyl-2P,5P-I
la-trihydroxyhul'alin (I), thc 
principal LBG from P. pym1i.s (S), is abbreviated as LRG-I 
throughout thc paper. 

Fireflies (Photinus and Photuris). Thc P1lotirzu.s wcrc of two 
spccies, P. ig11itu.s and P. rnagirzellus (Fig. 1 B and C). They 
wcre collected as adults at night in mcadows in the vicinity ol' 
Ithaca, l'ompkins County, Ncw York. Most werc taken in 
flight, dctectcd by thcir flashes. 

Most of the PI~otui,is also camc from Ithaca. Field-collcctcd 
adults (Fig. I A)  wcre takcn at night at the same sitcs and timcs 
as the Pl~otirzus. Individuals designated as "rcarcd" wcre 
collcctcd as full-grown larvae on thc ground in mcadows in late 
sumlncr and fall. Larvac emit a Paint sporadic glow, by which 
they werc spottcd. During winter, larvae wcre kept in thc dark 
at  10°C; cxccpt when taken to room tcmpcraturc for a day, at 
1- to  2-wcck intervals, to Seed on l'rcshly cut-up freshwater 
snails and/or earthworms. In midspring they wcre transl'crrcd 
to a 16-hr light/8-hr dark photocyclc at 24"C, which causcd 
thcm to pupatc and to cmcrge in early summcr, whcn they 
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FIG.I .  (A) Pholuris (versicolor. complex). ( R )P. i,qnitus. ( C )P. margir1el1u.s. ( D )I'hoturis felllale feeding on a 1'. ignitus male. ( B )Conlparable 
to preceding, later stage ol' meal. (I;)P. uudux eating a field-collected I'l~oturi,~female. (G) P. regius being offered a freshly killed D. melunogu.s/er. 
(A-C', Bar = 1 rnm.) 

would ordinarily have bccn active, and when Photinus were 
available for capture. 

A l'cw I'hoturis were reared from larvac takcn in Maryland 
(golf course near Bcthesda, Montgomery County) and in 
Florida (shores ol' Lake Alice, Gainesville, Alach~ia County). 
On the advice of J. E. Lloyd (Univcrsity ol' Florida, Gaines- 
ville), wc arc tentatively designating the Photuris from our 
three sources as P. versicolor, with the understandi~lg that they 
may represent a complex of sibling spccics indistinguishable by 
current taxonomic criteria. Wc are therefore rel'erring to  
l'holuris throughout this paper by their generic designation. All 
experiments with I'hoturis, except one (specil'icd in text), were 
done with Ithaca specimens. 

Adult I'hoturis raised from larvac were used in experiments 
at varying ages (l'cw days to over 2 wccks l'ollowing adult 
emergence). They were maintained as adults individually in 
small Petri dishes (4.8-em diameter) and given only water 
(soaked cotton wad). 

Spiders (Phidippus).Two congeneric spccics ol' jumping 
spider (hmily Salticidac) wcrc used, Phidippus audr~x,col-

lected in Ithaca and surrounding area, and Phidiyyus regius, 
takcn at various sites in Florida. All were maintained individ- 
ually in cylindrical plastic containers (8.0-cm diameter and 
height) and fed mostly houseflics. The tests with spiders were 
carried out in these containers. 

Firefly Reflex Bleeding. When disturbed, l'ircl'lics com-
monly emit droplets of blood, mostly l'rom the clytra and 
pronotum (Fig. 2; ref. 18). Emission may occur from sites 
traumatized (l'or example, ruptured clytral veins) but may 
occur cvcn l'rom regions not apparently injured. Thc amount 
ol' blood emitted by such "rcl'lcx bleeding" may be consider- 
able, and the behavior is generally rcg:udcd to be defensive (1, 
19). Wc found both Photinus and I'hoturis to rcflcx-bleed 
readily, and to withstand such blood loss without i l l  cl'fcct 
(individuals checked days after being induccd to reflex-bleed 
seemed normal). In conjunction with some of our experiments, 
I'hoturis females wcrc induccd to reflex-bleed to yield blood 
samples lor LEG analysis. 

Chemistry. The assays l'or LEG, whether of fircfly whole 
bodies o r  of l'hoturis blood samples, were based on our 
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Unfed Fed Unfed Fed Unfed Fed 

Treatment 

I 4 LB(; contcnt of I'hotz~r.i.sfemales that ate two P. (qnitzls 
niales (n = 0 )  or wcrc kept unl'ed (contl-01s; n = 15). LH(; values arc 
cxprcsscd as concentration (in blood ;ind hody) and ;is whole hody 
content. Only 5 ot' thc 15 controls werc analyzed for whole body 
content. In all thrcc casts, diffcrcnccs wcrc significant ( t  tests, P < 
0.01). 

(12 = 12, 7,  and 5) wcre given volumes of solution containing 
50, 100, and 150 pg, respectively, of tlic chemical. Eleven 
control fcmalcs were kept unfcd. All fcinalcs were bled, and 
both the blood and their bled bodies were analyzed for LBG 
content. 

Thc results (Fig. 5) show that ingestion of LBG itself leads 
to LBC; sequestration in the I'hoturis female, and that the 
fcinalc stores the chcmical at high levels in tlic blood. They 
show further that there may be a limit to the amount of LBG 
tliat can be retained by Photuris: whcn fed 150 p g  of LBG-I the 
female sequestered n o  more of the chcmical tlian when it 
consumed 100 pg. 

Phiclippus vs. Field-Collected P. ignitus. A total of 41 1'. 
l g ~ z i t ~ ~ s(36 males and 5 females) were individually offered to 1'. 
a u d m  and all werc rejccted. The spiders invariably attacked, 
but all dropped the prey, usually proinptly aftcr contact. 
Twenty-nine of the P. ign i t~~s  survived the attack and were alive 
when checked after 24 hr. 1'. lg1zif~l.sis evidently protected 
against Phidippus. 

Phidippus vs. Photinus-Fed Photuris. A total of 58 I'hoturis 
females wcre offered individually to P. nuday. Half of these 
fcinalcs had been fed two 1'. ignitu.~ inalcs each during previous 
days, whereas the otlicr half had been kept unfcd. While the 
spiders rejccted each of the fed I'hloturi.~(28 of 20 were alivc 
aftcr 24 hr), thcy killed and partially consuined 15 of the 
controls (Fig. (d). 
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Because of limitation in numbers, we were unable to un- 
dertake this experiment with raised I'hhoturl~,and used instead 
field-collected individuals. Because field-collected I'hoturl~ 
fcmalcs could be expected to  contain s o n ~ c  LBC; even before 
they wcre cxperimcntally fed on I 'hotin~~s,we anticipated that 
the controls would not be fully acceptable, as turned out to  be 
the case. 

Phidippus vs. Fruit Flies Treated with LHG-1. These tests 
werc carried out with 1'. regius rather than 1'. auda,~.The 
spidcrs wcre offered 80 individual freshly killed D. melano-
gaster, in four categories of 20 each, treated by topical addition 
of 0.01, 0.1, 1, and I0 pg LBC;-I, respectively. As is evident 
from the results (Fig. 6B), the chemical proved to be a 
detcrrent at the higher two dosages: all flies in these categories 
were re,jectcd uneaten. At  the dosage of 0.1 pg, the chemical 
was partly effective and it proved essentially ineffective at the 
lowest dosage tested. 

Plziclippus vs. Field-Collected Plzoturis. A total of 86 I'hoturi.~ 
females were field-collectcd and individually induced to reflex 
bleed 1-4 days after capture, by being held in forceps. The 
blood thcy emitted was collected in inicrocapillary tubes, 
weighed, and analyzed for LBG content. For each individual 
fcinalc, a value was therefore obtained reflective of its systcinic 
LBC; load. The fcmalcs were then individually offered to 1'. 
a u d u .  

The results (Fig. 6C) confirmed that I'hoturiLs feinales in the 
field contain variable quantities of LBC; (in Fig. 6, the feinales 
are grouped into four categories, according to thcir blood LBG 
level). More importantly, they showed that tlicrc is a corrcla-
tion between the vulnerability of I 'ho t~~r i .~to predation and 
thcir LBG content. I'hofuris that contained 1-10 pg LBC; per 
ing blood were all rejected live by the spidcrs, while a propor- 
tion of those containing lesser amounts werc eaten (that is, 
killed and at least partially consumed). Of the total of 59 
I'hot~~risrejected in this experiment, 58 were alivc whcn 
cliccl<cd aftcr 24 hr. 

DISCUSSION 

It seems established that the I'hoturis femine fatale obtains 
more tlian a nutritional boost by feeding on inale I'hotinus. By 
luring and consuming such prey she is able to procure free- 
of-charge chemicals that she appears unable to produce on her 
own and that protect her against predation. While LBG have 
been shown to be a detcrrent only to Phidippus and thrushes 
(4), there is no reason why the chcinicals should not be 
effective against other predators as well. We have tentative 
data, for instance, that LBG deter ants, and tliat spidcrs 
besides I'hidippus, including certain lycosids and orb-weavers, 

7 

a, -w 


w . 

100 150 0 50 100 150 

LBG-I Consumed (pg) 

Flc;. 5. LHG content of Pholur-1.5females, plotted as a function of LHG-I consumed. Data tue presented 21s coilcclit~.;~lioli and whole hotly conlent, 
as in Fig. 4. In all three cases, significant differences were detected [ANOVAs of log (x t 1) transfol-mcd d;it;~, 1'. 0.0001I .  Within a [)lot, columns 
not sharing ~~nderl ining = 0.05).ax-e significantly dil'l'crcnt (experiment-wide cu 
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Unfed Fed 0.01 0.1 1 10 

Treatment LBG-I Applied (pg) 
LGB (pg/mg blood) 

I ; .0. Predation tests with P11idippn.sspiders (A and C ,  P. audax; B ,  P. vc,giu.~). ( A )  Acceptability of 1'hotnvi.s females, plotted as a function of 
whether 01- not they had eaten 2 P. ignitus males (n = 29 pel- catcgol-y). (6)  Acceptability of D. rnc~l~zno~quslev, plotted as a function of quantity of 
I.BG-I added topically (n  = 20 pel- catcgol-y). ( C )  Acccptahility of field-collected female IY~ol~~r-is ,plottcd as a function of LHG concentration in 
blood. Acceptability was dependent upon treatment (A and 6 )  or blood LUG content (C) (G-tests, in each case, I' < 0.00001). 

rejjcct both Photinus and field-collected Plloturis l'cmales. It  
would be interesting to test lor the cfl'cct of LBG on predatory 
bats (21). 

By reflex-bleeding when disturbed, Photuris females essen- 
tially externalize the very fluid that acts as a major, if not the 
major, carrier of the acquired LBG. The amount of blood that 
females emit reflexively is substantial. The quantities that we 
obtained experimentally lor analysis l'rom the individual l'e- 
malcs ranged l'rom 0.22 to 4.40 mg (2.24 t 0.12; n = 46 
females), amounting on average to approximately 2% ol' 
female body mass. In fcmalcs that ate two Photinus, or  ingested 
100 pg of LBG-I (the approximate ecluivalcnt of LBG in two 
Photinus), such masses of blood contain on average over 8 p g  
LBG, well in excess ol' the I ~g proved to be absolutely 
deterrent to Phidippus. 

Vulnerability of field-collected Photuris fcmalcs to Pllidip-
pcrs proved to he a remarkably precise correlate of thcir LBG 
contcnt. Females containing in the order of 1to 10 pg LBG per 
mg blood, a concentration they could attain from ingestion of 
a single Pllotinus, were without exception rejected by the 
spiders. Females containing lesser amounts, as expected, 
proved less protected. 

One wonders how fcmalcs in the ficld come to possess LBG 
in quantities lower than cxpected from ingesting a single 
Pllotinus. One possibility is that they do not always thoroughly 
consume their prey, but this is contraindicated by what we 
observed in the laboratory (on the other hand, in the field, 
females might be sul>jcct to interruption while feeding). An- 
other possibility is that they are often induced to reflex bleed. 
Most likely perhaps is that females void the acquired chemical 
over time, nht by excretion, but with the cggs. As we will report 
elsewhere, Photuris l'emalcs endow thcir cggs with LBG, 
presumably protecting them (and possibly the emergent lar- 
vae) as a result. It is therefore impossible to estimate from our 
data on LBG contcnt of field-collected females, how many 
male Pllotincrs l'emale Plzoturis consume in the wild. In the 
laboratory we have observed individual fcmalcs to cat as many 
as six Pllotincrs over a period ol' days. 

Unexplained so Par is the finding that male Photuris in the 
l'icld also contain LBG, albeit in lesser amounts than the 
female. W e  know from cl~emical analyses that males lack 
LBG upon emergence l'rom the pupa, suggesting that thcy 
too acquire the compound from an exogenous source. Is that 
sourcc I'lzotincrs? Although there is no direct evidence, 
Photuris males could possibly prey on Photinus malcs in 
flight. Predation by aerial "hawking" may he more wide- 

spread among fircflics than suspected, and may be  practiced 
by Plzoturis l'emalcs as well (14, 22,23). Whatever the means 
by which male P11otcrri.saccluirc LBG in nature, we know that 
thcy attack and ingest Photinus in the laboratory, and that 
they sccluestcr LBG as a result. One  could even imagine male 
Plzoturis transferring acquired LBG to the female at  mating, 
for possible bestowal upon the eggs. Biparental endowment 
ol' cggs with dcfcnsivc chemical is not without precedent in 
insects (24). 

Photuris exemplifies a common strategy in nature, the 
procurement of ready-made dcfcnsivc chemicals from an 
exogenous sourcc. Insects, for instance, accluirc defenses from 
plants o r  other insects (25), plants bcncl'it from chemicals 
produced by microorganisms (26, 27), and we humans put 
countless natural products to medicinal use. But Photuris is 
nonetheless anomalous in that it procures its del'enses by 
aggressive mimicry, l'rom what arc essentially close, chemically 
more gifted, phyletic relatives. 
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