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Chemical Usurpation of a Nest by 
Paper Wasp Parasites 

Anne-Genevieve Bagneres," Maria Cristina Lorenzi, 
Georges Dusticier, Stefano Turillazzi, Jean-Luc Clement 

The paper wasp Polistes atrimandibularis is an obligatory social parasite of another 
Polistes species, P. biglumis bimaculatus. To control the host nest, the parasite sequen- 
tially changes the composition of its chemical signature, the cuticular hydrocarbons, 
during the colonial cycle. Gas chromatography-mass spectrometry of the cuticular hy- 
drocarbons at every stage of the cycle showed that the parasite can switch on and off 
an entire chemical family, namely, the unsaturated hydrocarbons. In this way the parasite 
can match the host signature at a critical moment of the colonial cycle. 

H a v i n g  no  worker caste and being incapa- 
ble of nest bulldine, P .  atrlmandibularis is a n  
obligatory soclal parasite. During the  short 
4-month summer colonial cycle of the  host, 
a P .  atrimandib~ilaris queen usurps a nest of a 
P. biglum~s bimact~latt~s foundress ( 1 ,  2) .  
Nest inl~asion occurs within the snan of a 
few hours, during which the initially unag- 
gressive parasite becomes increasingly dotn- 
inant and begins egg laying. I11 contrast the 
host queen, at first very aggressive, becomes 
subdued (3) .  T o  date there has been 110 

satisfactorv e x ~ l a n a t l o n  for the  ease vcvith , 

which P ,  atrimandib~tla~is cor-itrols the host 
col011v. 

In  insects, environmental perception of- 
ten re l~es  heavily o n  olfaction, gustation, or 
both. In  social \\asps, nestmate-non-nest- 
mate discrimir-iation depends o n  odors (4) .  
These findines led us to susnect that chern- 
ical m~micry could be ir-ivolved in  nest usur- 
nation bv P.  atrimandibularis. Like other 
aocial inskcts, the host P .  biglumis blmac~ila- 
t t~s has a chemical signature that facilitates 
recognition between colony members (5). 

This species- and colony-spec~fic signature 
denet-ids mainlv o n  cuticular hvdrocarbon 
colnponents (6), which are dependent o n  
environme~ltal  and phys~ological factors 
(7) .  Plasticity or camouflage of cuticular 
hydrocarbon patterns has already been re- 
ported in insects living in natural and artl- 
ficial heterospecific colonies (8). 

T h e  purpose of this study was to better 
understand the ~ n t e g r a t ~ o n  lnechanlstn by 
cotnparing the chetnlcal signature of the 
parasite, the  host, and their descendants 
collected in the field at different tltnes of 
the colonial cycle. W e  extracted altllost 80 
different cuticular nroducts from the two 
species, all of which were hydrocarbons rang- 
ing in chain length from CL, to C3;. Data for 
mathematical and statistical analysis were 
obtained by gas chromatography ( G C )  o n  
individual extracts, and the identificatior-i of 
hydrocarbor-is was achleved by GC-mass 
spectronletry (GC-LIS) o n  pooled extracts 
(9 ) .  Col-isiderable variations in cuticular hy- 
drocarbons of individuals were noted during 
the short colonial cycle ( 1  0) .  

Polistes atrimandibularis queens, fertilized 
A.-G. Bagneres. G. Dusticer J.-L Clement CNRS UPR ill the previous suInlller, begin searching for 
9024. Laboratoire de Neurobiolog~e-Communica:~on 
Chimiaue, 31, Chemin Joseuh Aauer,  13402 Marsee  a about lnollth after , " 
~ e d e x ' 0 9  France nest f o u n d ~ n ~  in earlv lune bv the host , , 
b1.-C. Lorenz~. Dipattmento di lvlorfofis~ol Veter~nar~a. U n -  At &is time, just before invasion 
versta d Torno, Viae Mattioi 25, 101 25 Turin. Italy. 
S, Turlazzi Dpartmento di Bioogia Animae 6 Genetca, ( la te  June ) ,  the signatures of the 
Un~vers~ta d Flrenze. Via Romana 17, 50125 Florence, two species are distinct (Fig. 1 A ) .  T h e  sig- 
Italy naturk of P.  at~irnandibula~is females is ex- 
'To whom correspondence should be adressed. tre~nely rich in unsaturated hydrocarbons, 
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and some of the  saturated ~ r o d u c t s  charac- that is, alker-ies (Fig. l C ) ,  whereas the sig- ( 1  1) .  Soon after nest lnvasion in late June, 
nature of P.  biglumis btmaculatus foundresses all the  specific unsaturated hydrocarbons 
is composed only of saturated compounds disappear from the  cuticle of the parasite, 

Fig. 1. Changes In the 
chemlca s~gnature of 
the two specles dur~ng 
the colon~al cycle Peaks 
on all panels are ~nd~cat- --- 
ed ~n relat~ve abundance 26 

(y ax~s) and have been 
al~gned by retent~on tlme 
(x %IS) Chem~cal chang- 
e s  can be seen In the 
total Ion chromato- 
grams (TIC) of the two B 12 

specles (P, atrimandibu- 1 P a .  h 26 41-42 

! laris above, and P biglu- 
m s  bimaculatus, below) 
before (A) and dur~ng (B) 12 
cohab~tat~on Changes ~b b 
were also detected by 
GC-MS w~th selected Ion 
chromatograms (SIC) of 
the two specles (C) SIC 
before usur~atlon (D) c 
SIC dur~ng chem~cal 8 0 

I p a  I I I .  

11 
usurpation, and (E) SIC of 5 # 

4 
paraslte and host off- E 22-24 x 

2b 39 
sprlng at the end of the 
cycle In P atnmandibu- w 
/ a r ~  wasps w~th unsatur- 1 P b b  

ated products [(C) and (E) w 
(even trace amounts)] rc -- - 

m/z 448. (43 = 10 20 30 40 
C32.1): and m/z 462. 4- Retention time (minutes) 
151 = C33:li at the end 

the follow~ng ions re- 
spond posit~vely (peak 
numbers and corre- 
sponding identificat~on In . 
parentheses): m/z of 350, '1 :. $:'a 4/?. 

6f the cycle [see P.a, of (E)]. In wasps w~th no unsaturated products (or a mixture) [see P.b.b. panels of (C) 
through (E)], some of the aforesa~d ions responding pos~t~vely were diagnostic ions for different methya- 
kanes Including m/z 350, 364, and 392. Ion m/z 350 (*) responds posit~vely because it is one of the 
d~agnostic Ions for 9(11 or 13 or 17)-dlmethylC31 (peak 44), the correspond~ng Ion being m/z 140/1. Ion m/z 
364 (0) corresponds to the follow~ng f~ve hydrocarbons: 3-methyC27 (peak 17). wh~ch has the additional 
character~stic lons m/z 56/7, 365, 379(M-15): 2-methyC28 (peak 23), which has the additional character- 
istic 1onsm/z365,393(M-15) and the same retention t~me as nonacosenes (22-24): 5-methylC25 (peak 29), 
wh~ch has the add~tional characterlstic Ion fragments m/z 84/5. 365, 403(M-15); 7-methylC31 (peak 42). 
which has the add~t~onal character~st~cs ions m/z 11 2, 365, 435(M-15): and 9-methylC33 (peak 53), which 
also has the add~t~onal diagnostic ions m/z 140/1, 365, 463(M-15). Ion m/z 392 (W) corresponds to one of 
the characterlstic ions of 3-methylC29 (peak 31 a) with m/z 56/7, 393, and 407(M-15), thls peak having the 
same retention tlme as  14-C30 : 1 (37b) In our chromatography column. Diagnost~c lons of unsaturated 
products are shown by thick lhnes w~th ~tal~cized numbers lndlcating the peak. D~agnostic lons of saturated 
products are shown by th~n Ihnes, the number 1s not In ~tallcs. 

(2b = 9.C25.1, a 2 5 -  

teristlc of the  host P .  biglumis bimaculatus 
appear (1 2 ) .  A t  this time the two signatures 

44 53 

do  not  match. 
By the end of July, at the  tlme of the 

emergence of the descer-idar-its of P.  biglumis 
bimaculatus (workers and reproductives), 
the signatures of the  two queens are ~r-idis- 
tinguishable (Fig. 1B) (13) .  T h e  results of 
multivariate principal colnponent analysis 
( P C A )  (14) show several P. atrtmandibularis 
queens from different nests blending in with 
P.  biglumis bimaculatus females (Fig. 2) .  This 
cpalitative and quantitative modification 
takes place despite the natural drift (15) 
that occurs in the signature of P. bielumis 

u 

bimaculatus regardless of whether or not the 
nest is ir-ivaded. Selected ion research by 
GC-MS reveals that the P.  atrimandibularls 

carbon atom akene with . 
the double bond at posi- P b. b. 17 • 
t~on 9): m/z 378. 0 ( 7  7 = 

42 

10+9-C27 : 1 .  a mlxture 23 1 44 53 

of akenes with the dou- 
ble bond at either posi- 
t~on 10 or 9): m/z 406. + 0 
(22,24,25 = 12+10+9- 11 

C29: 1). and m/z 434, Jt  16171231 0 4  *4 x .:.+ 
(39 = 14+9-C31 : I )  in all 1 "' ?b 1 1 1122,1f4Gb;9+7?1 

cases, and In add~tion 
m/z 364. l (8 = 10- I P b. b. 17 W e  

queen no  longer produces unsaturated cu- 
ticular compounds but rather picks up or 

C26: 1 ) ;  m/z 392, W (76 
= 10-C28:l): m/z 420, 

produces the same saturated products as the 
host. Even the uuar-ititative ~ r o f i l e  of the 
diagnostic ions of long-chain methylalkanes 
is similar in the two species (Fig. I D )  (16) .  

In late August and September, 2 to 3 
mor-itl-is after inl~asion, the parasitized colo- 
ny has a complex structure. Polistes atriman- 
dibularis reproductive males and females 
have begun to emerge and outr-iumber the 
descendants of the host queen. Although 
the chemical signature of P.  atrimandibularis 

O 131b = 14-C30:l): 

031a 42* 

c3 

female offspring is qua~-it~tatively similar to 
the saturated signature of the queen in late 
June (Fig. 2),  GC-MS analysis showed that 
aualitativelv it is intermediate between the 

29 
23 1 

signature observed before nest invasion and 
that observed in lulv, with a number of 

44 • 
53 

, , 
peaks containing a mixture of saturated and 
unsaturated products (Fig. 1E). T h e  P. big- 
lumis bimaculatus signature continues to dis- 
play the characterlstic saturated speciflc 
profile and never acquires unsaturated prod- 
ucts from the parasite nestmates (Flg. 1E) 
(17).  Host workers take care of emerging P. 
atrimandtbularis despite the fact that they 
have a different snecific signature 118). T h e  
P.  biglumis bimaculatus four-idress usually 
leal~es the nest durine August, but the P.  - 
atrimandibularis queen generally stays. A t  
the end of the colonial cvcle, the oaraslte 
queen can be chemically distir-iguished from 
her descendants: She presents the preinva- 
sion signature whereas her offspring present 
a n  intermediate alkene-rich signature ( 1  9). 
Extracts from the walls of nests collected a t  
this time differ, depending o n  whether the 
comb was parasitized; thus, P .  atrimandibu- 
laris descendants emerge in a nest that al- 
ready has a part of their unsaturated odor 
(20). A t  the end of the summer, descen- 
dants of both s ~ e c i e s  leave the nests to 
mate. T h e  followir-ig summer, after hiberna- 
tion, females begin a new colonial cycle. 

T h e  variations in peak 11 illustrate the 
biochemical phenomena that take place in 
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the cuticle of the parasite. The proportion 
of methylalkanes increases during the first 
phase of the cycle then dwindles off but 
never disappears. Alkenes are more strictly 
regulated as evidenced by their complete 
disappearance from the cuticle of the para- 
site and then reappearance. At the end of 
the colonial cycle the offspring signature 
includes additional unsaturated products 
(Fig. 1E) as if there was a reinforcement of 
the P. atrimandibularis alkene signature. 

The present findings cast the cuticle in a 
much larger role than as a simple tegumen- 
tal barrier, or even as a surface allowing 
recognition, a concept that was revolution- 
ary only 10 years ago (21 ). This study dem- 
onstrates that the cuticle and its associated 
tissues and cells can act as a finely con- 
trolled system capable of starting or stop- 
ping synthesis (or release), of internaliza- 
tion, and perhaps even of storage of hydro- 
carbons. This system appears to have a 
mechanism that allows rapid regulation of 
the supply of products. Because the enzymo- 
logical kinship of this parasite does not 
appear to be greater than between any two 
randomly selected Polistes species (22), it 
can be speculated that the parasite has an 
inherent chemical flexibility. 

One hypothesis to explain our findings is 
a hormonal process that involves selective 
inhibition or stimulation (or both) of the 
genetic control of certain enzymes in the 

hydrocarbon metabolic pathways (23). Al- 
ternatively, there may be cessation of en- 
dogenous hydrocarbon production (possibly 
accompanied by degradation or internaliza- 
tion of the chemical signature of the para- 
site), followed by adsorption of the hydro- 
carbons of the host. Either of these process- 
es would allow the parasite queen to adapt 
her specific signature to that of the host. 
The system may be triggered, under hor- 
monal or neurohormonal control, by olfac- 
tory-gustatory perception of host hydrocar- 
bons, or by a genetically programmed re- 
sponse linked to the endocrine cycle. 

This usurpation strategy encompasses the 
full range of integration processes and pro- 
vides an unprecedented example of a phero- 
monal tactic in which chemical changes and 
behavior are closely linked in four practically 
monthly steps. But why is the chemical sig- 
nature of P. ammandibulmis so different from 
that of the host? In most parasite species the 
energy-consuming process of complete chem- 
ical disruption has been eliminated by evolu- 
tionary modifications in the basic signature. A 
possible explanation might be that this differ- 
ence of signature serves another purpose such 
as stimulation of secretion of hormones nec- 
essary for parasite reproduction or fast estab- 
lishment of dominance. This very powerful 
adaptive process, which can be compared to a 
chemical mystification, is crucial to the sur- 
vival and reproductive success of the parasite. 
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ard system with a GC 5890 11 coupled to a 5989A MS 
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and P. biglumis bimacu- .+ 

latus (green) from parasit- b 
5 - - 

ized and nonparasitized 
colonies. Analysis was 
carried out on 78 quanti- 
tative variables (the rela- 2 
tive proportions of cutic- 
ular hydrocarbons) auto- g 
matically normalized, 2 - 1 -  from 77 wasps (9). The 
first two axes account for ,$ 
30.2% of the variation 2 
(20.3% for the first and 
9.9% for the second). -4 

Axis 1 mainly separates 
individuals according to 
species, whereas axis 2 -7 
separates individuals ac- 
cording to the month of 
collection (June, plain ar- 
eas; July, cross-hatched - 10 

areas; and August, dot- 

- 
- 
- 
- 
- 

- 
- - 
- - 
- - 
- -.. 

- A 

- - 
- - 

- 
- 

I l l 1  

ted areas). Polistes atri- -6 -3 
, , , , , , , , , ,- 

0 3 6 9 12 

mandibularis from June Axis 1 (20.3%) 
(0) and August (63) are to- 
gether on the positive side of axis 1,  whereas P. atrimandibularis from July (+) are on the negative side with 
P. biglumis bimaculatus from June (parasitized, 0; nonparasitized, green 0), July (parasitized, W; nonpara- 
sitized, green 0), and August (parasitized, *; nonparasitized, green a). Polistes atrimandibularis females 
before invasion (@) (orange) are on the same side as those in June and August; however, because they are 
off center they are separated from the other two by axis 2. The black arrows indicate the cuticular cycle of 
P. atrimandibulars . 



Engine mass detector controlled by a Chemstation 
HPUX. Analyses were performed after electron m -  
pact (El-GC-MS, 2 bars He, 70 eV) with a program of 
scanned masses of mass-to-charge ratio (mlz) from 
45 to 600 and after chemical ionization (CI-CH,', 1.5 
bar He, 150 eV), scanning from 100 to 600 mlz. The 
capillary column and temperature program were the 
same as those used for GC. Injection was performed 
in the spitless mode for 1 min Analysis was done 
either by total o n  chromatogram or selected o n  
chromatogram. 

10. Peak 1 I, which often appears in Fig. I, was chosen 
as a reference to illustrate step by step the com- 
plexity of the qualitative and quantitative changes 
that occur in the chemical signature of P, atriman- 
dibularis. 

11. In P. biglumis bimaculatus, peak 11 contains only 
2-methylhexacosane and accounts for 0.76% of the 
signature mixture (relative proportion), Conversely, in 
P. atrimandibularis peak 11 is made up many of a 
combination of heptacosene isomers and the 
2-methylhexacosane and accounts for 31% of the 
mixture. The proportion of the 2-methylhexacosane 
IS low. 

12. At this time peak 11 accounts for 1.1 % of the 
cuticular mixture in P, biglumis bimaculatus found- 
resses and 6.46% in the P. atrimandibularis queen 
and is composed only of 2-methylhexacosane in 
both species. 

13. The P, biglumis bimaculatus descendants (workers 
and reproductives) cannot distinguish between their 
mother and the heterospecfc parasite. They work 
for the parasite and contribute to her reproductive 
success. In contrast, they recognize a conspecific 
parasite and refuse to cooperate with her. 

14. PCA displays different normalized variables (vectors) 
on a single plane, accounting for maximum dsper- 
sion. This unbiased representation allows one to dis- 
tinguish or associate individuals (wasps) according 
to their degree of similarity using the relative propor- 
tions of the different quantitative variables (cuticular 
hydrocarbons). 

15. It is known that cuticular mixtures from a colony, or 
part of a colony, change continuously over time. 
These changes are controlled by a dynamic system 
of regulation that induces a chemical drift in the 
whole group of insects and probably contributes to 
establish the colonial odor of social insects [E. Pro- 
vost, G. Riviere, M. Roux, E. D. Morgan, A,-G. Bag- 
neres, lnsect Biochem. Molec. Biol. 23, 945 (1 993)l. 

16. At the time of chemical usurpation, peak 11 is still 
composed only of 2-methylhexacosane and ac- 
counts for a similar relative proportion in the two 
species. that is. 0.58% in P. biglumis bimaculatus 
and 1 .13% in P. atrimandibularis. 

17. Peak 11 follows the same pattern: It returns to the 
same proportions as in June, that is, 1 .O6% for P. 
biglumis bimaculatus and 6.4% for P. atrimandibu- 
laris (including both the 2-methylhexacosaneand the 
heptacosenes). 

18. Comparable 0bSe~atl0nS have been made in ter- 
mites n which soldiers are fed by workers despite 
differences in caste signature [A,-G. Bagneres, the- 
sis, Paris 6 University (1989)], and in slave-making 
ants in which the latter are fed by slaves taken at a 
larval stage, despite differences in specific signa- 
tures [C. Habersetzer and A. Bonavta-Cougourdan. 
Physiol. Entomol. 18, 160 (1 993)l. 

19. Peak 11 accountsfor 1.02% of the 2-methylhexaco- 
sane in P. biglumis bimaculatus female descen- 
dants, 6.13% of a mixture of 2-methyC26 and hep- 
tacosenes in P. atrimandibularis female descen- 
dants, and 30.3% of the heptacosenes in the P. 
atrimandibularis queen. 
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the epidermal layer are currently thought to be the 
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An Enhanced Immune Response in Mice Lacking 
the Transcription Factor NFATI 

Steven Xanthoudakis, Joao P. B. Viola, Karen T. Y. Shaw, 
Chun Luo, James D. Wallace,* Patricia T. Bozza, Tom Curran,? 

Anjana Raoi 

Transcription factors of the NFAT family are thought to play a major role in regulating the 
expression of cytokine genes and other inducible genes during the immune response. The 
role of NFAT1 was investigated by targeted disruption of the NFATl gene. Unexpectedly, 
cells from NFATl - -  mice showed increased primary responses to Leishmania major and 
mounted increased secondary responses to ovalbumin in vitro. In an in vivo model of 
allergic inflammation, the accumulation of eosinophils and levels of serum immunoglob- 
ulin E were increased in NFATl-'- mice. These results suggest that NFAT1 exerts a 
negative regulatory influence on the immune response. 

T h e  resnonse of the immune svstem to 
antigen ;s coordinated by an i n k a c t i n g  
network of transcriution factors that dictate 
expression of effector proteins such as cell 
surface receptors and cytokines (1 ,  2). The  
recentlv identified NFAT familv of tran- 
scriptick factors is thought to plaG a critical 
role in this process (3). NFAT DNA bind- 
ing activity has been detected in nuclear 
extracts of antigen-stimulated T cells, B 
cells, mast cells, and natural killer (NK) 
cells (4, 5)- and NFAT bindine sltes have " 

been identified in the promoter and en- 
hancer regions of many genes encoding im- 
munoregulatory proteins (4 ,  6). The NFAT 
family comprises several structurally related 
proteins that are encoded by at least four 
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distinct genes (7-9). The  best characterized 
member of the NFAT family, NFATl (tor- 
merly NFATp) (7 ,  8 ) ,  is expressed consti- 
tutively as a cytoplasmic phosphoprotein in 
resting immune system cells (10, 11  ); upon 
stimulation, it is rapidly dephosphorylated 
and translocated to the nucleus by way of 
a calcium-calcineurin-dependent pathway 
(1 1 ,  12). Individual NFAT proteins may be 
able to substitute for one another in regu- 
lating expresslon of certain target genes, 
because each can bind cooperatively with 
Fos and Jun to DNA and activate transcrip- 
tion of the interleukin-2 (IL-2) nromoter in 
transient transfection assays (8 ,  9 ) .  Howev- 
er, the differential expression of NFAT pro- 
teins in tissues and the differences in their 
binding preferences for recognition sites in 
cytokine genes (9)  suggest that each NFAT 
protein may control the expression of a 
distinct set of eenes in vivo. " 

T o  study the unique functions of 
NFATl in vivo, we generated mutant mice 
carrying a disrupted NFATl allele (13). 
The  targeting vector was designed to delete 
most of an exon encoding amino acids near 
the NH,-terminus of the DNA binding do- 
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