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Biosynthesis and Accumulation of Formic Acid in the Poison 

Gland of the Carpenter Ant Camponotus pennsylvanicus 

Abstract. Formic acid synthesis in the poison gland of Camponotus pennsyl- 
vanicus is closely related to the C-1 metabolism of the glandular cells. Serine, gly- 
cine, and histidine are potential C-l donors to formic acid by several tetrahydrofo- 
late intermediates. Formic acid is accumulated by its transfer to an insulated reser- 
voir, so that the ant avoids the acid's cytotoxicity. This combination of biochemical 
and morphological features provides an autodefensive mechanism. Possible factors 
that regulate the Biosynthesis offormic acid in the poison gland apparatus are dis- 
cussed. 
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Formic acid, identified from a dis- 
tillate of formicine ants (Formicidae: 
Hymenoptera) more than 300 years ago, 
was the first natural product isolated 
from insects (1). Later it was identified in 
the defensive secretions of moth larvae 
(Notodontidae: Lepidoptera) (2), and as 
a pygidial gland product of ground 
beetles (Carabidae: Coleoptera) (3). In 
the notodontids and carabids, formic 
acid is utilized as a defensive compound, 
but in some species of formicine ants it 
also functions as an alarm pheromone 
(4). In view of the high reactivity of for- 
mic acid, we were interested in deter- 
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mining how insects biosynthesize and 
accumulate large amounts of this cyto- 
toxic acid. In order to understand this 
mechanism, we have studied its in vitro 
synthesis and storage of formic acid in 
the poison glands of the carpenter ant, 
Camponotus pennsylvanicus. 

We assumed that (i) formic acid was 
derived from one or more'of the free 
amino acids in the glandular tissue, and 
(ii) that its biosynthesis was closely re- 
lated to the C-1 metabolism in the gland 
and probably involved tetrahydrofolic 
acid (H4folate). All incubations were 
conducted with the 20 intact poison 
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glands dissected from worker ants be- 
longing to the same colony (5). Time- 
course studies, in which poison glands 
were incubated with uniformly labeled 
serine, in vitro, indicated that this amino 
acid serves as a precursor for formic acid 
production. Formic acid was synthe- 
sized at a rate of 40 nmole per hour for 
the first 3 hours of incubation. In- 
cubation of poison glands with [U- 
14C]serine, [3-'4C]serine, or [1-14C]ser- 
ine, suggests that serine contributes 
both its a and f3 carbons to formic 
acid but not its carboxylic carbon, since 
the incorporation of [U-'4C]serine was 
twice that of [3-14C]serine (Table 1). The 
a carbon of glycine was also converted 
to formic acid by the poison glands, sug- 
gesting that both serine and glycine serve 
as precursors of formic acid. Histidine 
also contributes a carbon fragment to the 
C-1 pool in cells (6), and in fact contrib- 
utes its C-2' (in the imidazole ring) to for- 
mic acid (Table 1). These results suggest 
that the production of formic acid by the 
poison gland is linked to the C-1 metabo- 
lism in its glandular cells. 

To test our second hypothesis, that 
H4folate is involved in the transfer of the 
,f carbon of serine to formic acid, we 
studied the incorporation of labeled 
H4folate derivatives, that could be pre- 
cursors. An Hifolate-free extract of 
poison glands (desalted on a Sephadex 
G-25 column) synthesized formic acid 
when incubated with 5,10-[14C]methylene 
H4folate-which is formed spontaneous- 
ly when [14C]formaldehyde and H4folate 
are mixed in solution (7)-whereas a 
similar extract supplemented only with 
[14C]formaldehyde failed to do so (Table 
2). But when ['4C]formaldehyde was in- 
cubated with intact poison glands, it was 
readily converted to formic acid. This 
was probably due to its intracellular 
combination with H4folate, forming 
5,10[14C]methylene H4folate. A second 
H4folate derivative, 5,10[14C]methenyl 
H4folate, had an even higher degree of 
incorporation when incubated with in- 
tact poison glands, suggesting that both 
H4folate derivatives are intermediates in 
formic acid biosynthesis. 
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Table 1. Incorporation of labeled amino acids into formic acid 
in the poison glands of C. pennsylvanicus. 

Formic acid Total Percent 

Precursor produced formic incor- 
(dpm/ acid pora- 

nmole) (nmole) tion 

L [U-'4C]serine 983 56 + 5 1.67 
DL [3-14C]serine 574 56 ? 5 0.98 
L [1-14C]serine 21.4 56 + 5 0.036 
[2-14C]glycine 605 47 + 3 0.87 
L-[2'-'4C]-histidine 347 42.5 ? 3 0.45 
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5,10[14C]Methylene H4folate Gland extracts 924 1.41 
[14C]Formaldehyde Gland extracts 12 None 

Intact glands 832 1.27 
5,10[14C]Methenyl H4folate Intact glands 1180 1.80 

0036-8075/78/0804-0454$00.50/0 Copyright ? 1978 AAAS 0036-8075/78/0804-0454$00.50/0 Copyright ? 1978 AAAS SCIENCE, VOL. 201, 4 AUGUST 1978 SCIENCE, VOL. 201, 4 AUGUST 1978 454 454 



Finally, we attempted to isolate the 

possible H4folate intermediates formed 
when [3-14C]serine was incubated with 

poison glands. 5,10-Methenyl-H4folate, a 
rather stable intermediate, was isolated 
(i) by descending paper chromatography, 
which revealed a fluorescent, radioactive 
spot at RF 0.5, corresponding to the RF of 
standard 5,10-methenyl-H4folate, and (ii) 
by column chromatography on Whatman 
cellulose CF-11 (8). The eluted fractions 
from the column whose absorbance ra- 
tios at 350 nm and 305 nm were higher 
than 1.6, characteristic of 5,10-methenyl- 
H4folate (8), showed 14C labeling (that is, 
originated from the [3-'4C]serine in the 
incubation medium). These fractions 
were pooled, lyophilized, and then react- 
ed with adenosine diphosphate, in- 

organic phosphate, and a pure prepara- 
tion of 10-formyl-H4folate synthetase 
(E.C. 6.3.4.3.) from Clostridium 
thermoaceticum (9). The labeled com- 
pound isolated from the column was 
completely converted to [14C]formic 
acid, demonstrating unequivocally that it 
was indeed 5,10-methenyl-H4folate. 

In view of these results, we suggest 
the following pathway of the biosyn- 
thesis of formic acid in the poison gland 
of C. pennsylvanicus. Serine, serving as 
the main precursor, contributes its C2 
and C3 carbons to 5,10-methylene- 
H4folate; this is subsequently converted 
to 5,10-methenyl-H4folate and 10-for- 

myl-H4folate which is hydrolyzed to the 
final product, formic acid. In the last step 
H4folate is regenerated and adenosine 

triphosphate (ATP) is produced (6); in 

turn, the ATP may be utilized for an en- 
ergy dependent transport of formic acid 

through the glandular membrane into the 

gland lumen. Since the equilibrium be- 
tween formic acid and 10-formyl- 
H4folate is 1:20 (6), only small amounts 
of formic acid are produced in the 

glandular cells. For the acid to accumu- 
late, it is therefore necessary to transfer 
it to a second compartment (the poison 
gland reservoir), which is insulated by a 
cuticular intima (10). Thus the biochemi- 
cal equilibrium inhibits the accumulation 
of the acid in the glandular cells, and the 
insulated reservoir prevents it from dif- 

fusing out into the body cavity. When 
the reservoir fills up, the proposed for- 
mic acid carrier will be saturated, result- 
ing in the accumulation of 10-formyl- 
H4folate as well as ATP in the glandular 
cells, and inhibiting the biosynthetic 
pathway. This system would be readily 
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reservoir contents in a defensive encoun- 
ter. 

The biosynthesis of formic acid in the 
ant poison gland deduced from our ex- 
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periments is not different from that re- 

ported for bacterial and mammalian cells 

(6). The novelty of this system, however, 
is the adaptation of the biochemical char- 
acteristics of this pathway and the mor- 

phological compartmentalization of the 

gland for accumulating large amounts of 
this toxic compound. 
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There seems to be a special relation 
between pharyngeal infection with group 
A streptococci and the subsequent de- 
velopment of acute rheumatic fever. It is 
known that streptococci must be present 
in the pharynx for a prolonged period of 
time and must evoke an antibody re- 
sponse, and that treatment for less than 
10 days may not eradicate the infection 
or prevent the occurrence of rheumatic 
fever (1). Streptococcal infections of oth- 
er sites such as the skin do not lead to 
rheumatic fever (2). It is unclear why 
pharyngeal infection is necessary. Vari- 
ous postulates have been forwarded, in- 
cluding an antigenic change in the orga- 
nism induced by the oral environment or 
the neutralization of some toxic or anti- 
genic streptococcal products by the skin 
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(3). There are also no currently recog- 
nized host or bacterial factors that fully 
account for the observation that less 
than 3 percent of individuals with un- 
treated group A streptococcal infection 
of the pharynx develop acute rheumatic 
fever (4). Although it has been thought in 
the past that any strain of group A 

streptococcus is potentially rheumato- 

genic, epidemiologic studies have in- 
dicated that impetiginous strains may not 
have the potential to produce acute rheu- 
matic fever even when they infect the 

pharynx (5). It is therefore unclear 
whether the most important factor in the 

pathogenesis of acute rheumatic fever is 
the strain of streptococcus or the site of 
infection or both. 

Studies with streptococci, as well as 
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Abstract. We used an assay in vitro to investigate the possible role of streptococ- 
cal adherence to human pharyngeal cells in the pathogenesis of acute rheumatic 

fever. There was no difference in adherence of rheumatic fever-associated and non- 
associated strains of group A streptococci to pooled pharyngeal cells of normal 

people. Likewise, streptococci not associated with rheumatic fever adhered equally 
well to cells taken from normal people and from patients with rheumatic heart dis- 
ease. However, the pharyngeal cells of all nine rheumatic heart disease patients 
tested had increased avidity for adherence for a rheumatic fever-associated strain 

of streptococcus compared to the pharyngeal cells obtained from age- and sex- 
matched controls. Increased streptococcal adherence to pharyngeal cells of rheu- 
matic fever-prone patients may play a role in the pathogenesis of rheumatic fever. 
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