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ABSTRACT

The seeds of che six native species of Lenchocarpus (Leguminasae) crees in the tropical dry forest of Santa Rosa
Narianal Park in notthwestern Casta Rica are rejected by all species of vertebrate seed predators. Ligmys salvini
(Heteromyidae) mice, the primary vercebrace seed predatars in this hahitat, were found to die of starvation racher
than eat Lonchecarpus seeds in captivicy, in contrase, some of the species of Lonchacarpus seeds are preyed upon by
the larvae of hast-specific bruchid beetles (Crenocolum spp.). Lonchocarpus costaricensis seeds wete found to be rich in
ac least four nonprotein aming acids and a polyhydroxypyrrolidine alkaloid. However, when chis potentially roxic
alkaloid, and thus patential decerrent ta che mice, was added ca a laboratory chow diec ac concentrations approximating
that in the seeds, the mice consumed the adulterated chow with no effece or only slight effect. The L. cosraricentis
seeds also contained seven kinds of flavencids. When these potencially toxic molecules were added ro lab chow as
single campaunds or in pairs, at concencrations appraximacing those found in the seeds, the mice readily consumed
the adulterared laboratory chow. However, when a mix of Aavonoids that represented the entire flavonotd profile of
an incact seed in concencration and kind was added co laboratory chaw, this diet was absolucely rejecced by che mice
unil death by stacvarion. The flavonaids, rather chan the peculiar small nitcogenous molecules in the L. costariceniis
seeds, are ac Jeast one basis for seed rejeccion by (and chus, procection from) the mice. However, there is still the
appottunicy for other as yet unrecorded secondary compounds in che seed o also be a basis for seed rejecrian by the

MiCe.

SEED CHEMISTRY is the evolutionary and ecolagical
consequence of muldple challenges to a seed and
its seedling. However, the relationship of a seed's
chemistry to chese multiple challenges is complex.
The chemicals that defend a seed are also under
selection for other funcrions such as nutrient storage,
prefabricaced defenses for the growing seedling, in-
ternal biochemical and physiological regulatory pro-
cesses, hardness, density, and volume. Different por-
tions of the chemical defenses of a seed are the result
of both past and present selection by different species
of seed predacors, maay of which no longer pase 2
threat. Ecological ficting (Janzen 1986a) plays a
significant role in deterrnining the chemtcal com-
position of a seed char is found by a potential seed
predacor and in determining which potential seed
predators will confront a particulat seed. Thac is ro
say, the ecology of most seed—seed predacor rela-

t Received ¢ January 1989, revision accepeed 10 January
1994.
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tionships is in great part a function of the coloni-
zarion hiscory of a habitat and subsequenc ecalogical
adjustmenc by both members aof the relationship,
tather chan the result of in rifa evolution ot coevo-
lucion. Pinally, except for a few seeds procected only
by 2 hard and /or poisonous concainer, each species
of seed concains one o many kinds of chemicals
thac have che potencial for deterting or poisoning a
given seed predaror (Janzen 1978). Simultaneously,
many species of seed predators threacen a given
species of seed. These seed predators range from
manophagous insects {e.g., Janzen 1980) ro ex-
tremely generalise vertebrates (e.g., Hallwachs 1986).
Each of these animals will have differenc responses
t0 a given suice of seed chemicals; one species’ potson
may quite licerally be anather species’ food when it
comes to seed predation (e.g., Janzen 1981, Birch
et al. 1985, Bleller ez «f. 1988).

While the evolurionary history of the chernical
interface between seeds and seed predators is ex-
cracedinarily complex, the contemporacy reality is



thac chere are pacterns of seed rejection and accep-
rance chac correlace well with seed chemistry (e.g.,
Janzen 1977; Janzen ez zl. 1976, 1977). Here we
examine the chemical basis for one such pattern:
the rejection of Lonchocarpus seeds by vertebrace
seed predacors.

All six of the native species of Lanchacarpus
trees in che deciducus and semievergreen dry forests
of Sanea Rasa National Park in northwestern Cosra
Rica marure their indehiscent, dry and wind dis-
petsed fruits during che firse half of che dey season.
Adule trees normally produce hundreds o tens of
thousands of fruirs. The licter near a parenc cree is
commonly overlain by tens of the conspicuous flac
fruics per m2 The seeds in these fruics are ofcen
earen by the larvae of several species of Crenocolum
bruchids {Janzen 1980). Leuchacarpus seeds are
therefore unambiguously edible co at least one group
of anirnals.

However, the Santa Rosa terrestrial habirac is
also rich in vertebrate seed predators—mice, deer,
curassows, collared peccaries—and these animals
ignore the fallen mature Lanchacarpus fruies. The
developing seeds of five of che six species are even
ignored by che parrots chac inflice severe seed pre-
dacdion on orcher legume trees in the same hahirae
(20 years of unpublished field notes, DHJ). Lox-
chocarpus seeds are large and soft, and enclosed in
an innocuous and conspicuous papery o fibrous dry
fruir chat is easily rorn or penecraced. Ic cherefore
appears to he the seeds' chemical craics chac cause
thern co be rejected by the vertebrace seed predators
thac encounter them. However, which chemical traits
produce this effect’ To examine this question, we
focus here on Sanra Rosa's mosc omnipresent po-
cential seed predator, the spiny pocker mouse (Lis-
wmys salvini), a small heceromyid rodent, and ask
whar stops it from eating Lonchocarpus seeds.

THE HARITAT AND ITS ORGANIsMS.—The field com-
ponenc of this study occucred in Sanra Rosa National
Pack (Boza & Mendoza 1981, Janzen 1986¢, Flem-
ing 1988) in the lowland cropical dry foresc in
norchwescern Costa Rica (300 m elevation; 35 km
N of Liberia, Guanacaste Province; 1978—1986).
This park is contained within the larger Guanacaste
National Patk Project (Janzen 1986¢). Most oh-
servations were made on organisms from che areas
locally known as the Bosque Harmedo and Basque
San Emilio (e.g., Janzen 1986b), which lie along
the paved road from che Interamerican Highway to
the Adminiseracion Area of Santa Rosa. The forest
in chis secror of Sanca Rosa is a complex fine-scale
mosaic of many ages of secondary succession (1—
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400 years old) in abandoned pascures and fields.
Santa Rosa receives 900—2400 mm of rain per year
(Janzen 1987), with a six month rain-free period
from abour Decemnber co mid-May. The general
area has been the subject of numerous ather studies
of animals, planes and their interactions (g.¢., Janzen
1983, Hallwachs 1986, Fleming 1988).

THe TREES,—Thete are six species of Lonchocarpus
with native breeding populacions in Santa Rosa
National Park (Janzen & Liesner 1980): L. cosiar-
tcensis Pictier (scartered chrough all ages of forese
succession, throughoue the park), L. acuminatus
(Schlectendal) Sousa (common in eatly to mid-age
secondary succession in the cencral uplands of che
parck), L. minimiflorus Donnell-Smich (common in
young to mid-age secondary succession in the cencral
uplands of the park), L. sratinus Pittier (common.
in nacural disturbance sices in the lowland western
end of the patk), L. ragosus Bentham (common in
oak forest ar the easeern end of the pack), and L.
eviocarinalis Micheli (common on tocky lowlands
in the western end of the park). These names are
in agreemenc wich upcoming revisions of Lonche-
carpri (M. Sousa, pers. comm.), are unambiguously
applied to each of the six different species in che
park, and ate based oo vouchers deposiced in che
Herbarium of che Missouri Boranical Garden, Se.
Louis, Missouri, and che [astiouto de Biologia, Méx-
ico City. In the host list for Costa Rican dty forest
bruchids that prey on Lonchocarpus seeds (Janzen
1980}, L. minimifloras was incorrectly identified as
L. nitidus and L. ovotinas was incorrectly identified
as L. parviflorus, if L. nitidus and L. parviflorus
are valid species names, they occur nowhere near
Santa Rosa (M., Sousa, pers. comm.). L. costaricensis
appears to be restricted to the dry northwestern
corner of Cosra Rica (Nicoya Peninsula and the
Guanacaste Province mainland) but the other five
species are widespread in che dry Neotropics (M.
Sousa, pers. comm.).

The Sanca Rosa Lonchocarpur are all medium-
sized trees. Lonchocarpus costaricensis, L. rugesus and
L. eriscarinalis grow to 20 m in height and indi-
viduals may live at least 100 years. Lonchocarpas
acuminatus, L. orotinus, and L. minimiflorus grow
to 3—13 m heighe and are abundant members of
woody secondaty succession (e.g., Janzen 1986¢);
they generally live to 20—40 years of age. All six
of these species of Lonchocarpus are bee-pollinated
and deciduous in che dry season.

THE seeps ann FrRUITs.—Sanca Rosa Lonchocarpus
seeds range from abourt 0.05 g (L. minimiflorus and
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L. rugorur) vo 0.2 g (L. costaricensis and L. erig-
carinalis) (Janzen 1977) but are highly variable in
weighe wichin and between conspecific seed crops.
Lonchocarpus seeds are so sofc chat chey can easily
be broken or splic wich the fingernail. The seed coat
is paper thin, red o brown in <olor, and concains
some tannins (PGW, pers, obs.}. The contents of
the yellow to beige cotyledons feel oily when crushed,
seemingly owing to che liquid in small packets scat-
cered chrough che tissue; che oil conrent of Lonchs-
cavpus costaricensis seeds may be as high as 30
percent dry weighe (PGW | pers. obs.).

The 1—G-seeded fruits cange from 3 o 12 em
in length. They are flac, dry, somewhar fibrous, and
show no morphological indication of ever having
been part of a “*bait” for a frugivorous animal in
their evolutionary past, They disperse by being blown
off the tree (e.g., Janzen 1982b, 1986h; Augspurger
1984; Augspurger & Hogan 1983), and the fruic
is released from the tree by breaking at its base.
" The fibrous fruic wall is easily corn by 2 human and
could be easily opened by any vercebrate seed pred-
ator.

THE POTENTIAL VERTEBRATE SEED PREDATORS.—Sanca
Rosa's dry forest is rich in species of vertebrates
(Wilson 1983) that prey on seeds and are inclined
o open or crush fruits in search of seeds co ear. All
of them are patencial Lenchocarpus seed predators.
Among these are six species of parcots (Psitracidae),
great curassows (Crax rubra), tapics (Tapirus baivr-
di), collared peccaries (Tayasia tajacu), agoutis
{Daryprocta punciatg), tepiscuintles (Agouti paca),
white-tailed deer (Qdocoileus virginianus), varie-
gated squirtels (Sciurus pariegatoider), and spiny
pocket mice {Liamys salvini). The latcer is the most
omnipresent seed predator in the habirar, wich den-
siies ranging from 8 to 80 per ha among years
{e.g., Janzen 1986b). Despite the fact char Loncho-
carpus seeds are of a seed size regularly eaten by
these vertebrates, chere is no indication thar any of
thern feed on matute Lonchocarpas seeds in Sanca
Rosa, except thac small pacrots in focks (Aratinga
canicularis) were observed (DH], pers. obs.) eating
enormous numbers of immacure L. minimifloras
seeds (well before they were ready for dispersal)
from a scand in the Sanca Rosa Administration Area.
However, the seed crops of other species of Lon-
chocarpus are not generally fed on by parrots. Wild
collated peccaries and agoutis ac feeding scations
ignore Lonchocarpus seeds when they are mixed in
with other species of seeds that they do eat (W.
Haltwachs, pers. comm.; DHJ, pers. abs.). A cap-
cive tepiscuincle rejected all six species of Loncho-

cavpus seeds both in cheir fruirs and cleaned of cheir
fruies (Hallwachs, pers. comm.}.

THE POTENTIAL INVERTEBRATE SEED PREDATORS.—With
the exceprion of an undescribed weevil (Curculion-
idae) char is on rare occasions found feeding on L.
acuminatus seeds, five species of Crenocalum bru-
chids are che only seed predacors thac have been
reared from hundreds of samples of wild-collected
Lonchocarpus seeds and fruits in Sanca Rosa (King-
solver & Whirehead 1974, Janzen 1980}. This hab-
itar coneains over a hundred ather species of bruchids
and weevils that prey on seeds (these are usually
legume seeds; Janzen 1980}, and hundreds of species
of bugs (Hemipcera) and moch. carcerpillars (Lepi-
doptera} chat feed on ocher species of seeds. Cren-
acolum are restriceed in Sanca Rosa and elsewhere
to preying an the seeds of Lanchacarpus and its siscer
genera Piscidia and Dalbergia (Kingsolver &
Whicehead 1974, Janzen 1980).

The eggs of Crenacolum bruchids are glued sin-
gly to the fibrous wall of che mature or maruring
fruit before the fruirs disperse, and the larvae mine
through the fruic wall into the seed. They requite
1-2 monchs to emerge as adules, and then mose
individuals of most species spend che remainder of
the year hiding in the forese and waiting for che
nexe yeac's fruit ¢rop (DHJ, pers. obs.). In che
laboratory, some of che newly emerging adules will
mate and oviposit on fruits or seeds, and therefore
maintajn continuous generacions. However, there is
no sign of such behavior in che field during the
secand half of ¢che dry season (chough in some species
of Lonchocarpas the fiest beetles to emerge from eggs
laid at the beginning of macutation of the fruic crop
in Decernber may stare a second generation in Feb-
ruary or March). Even if che adule beecles were
capahle of avipasition, further generations cannot
occur during the rainy season because Lanchorarpus
seeds rot or germinate when soaked by the first
rains. Therefore, no marure fruics or seeds are avail-
able to the adult bruchids in this season.

MATERIALS AND METHODS

To explote che causes of vertebrate tejection of Lon-
chocarpus seeds in che field, seeds were offered to
wild mice in captivity, and then porentially deterrent
chemicals were extracted from che seeds and mixed
into laboracory chow thar was offered o the mice
as food.

Mice.—The spiny pockec mice (L. salvini) used in
this study were live-trapped in the secondary succes-



sional foreses in che immediace vicinity of Bosque
Himedo and Bosque San Emilio. These foreses ace
rich in adult L. costaricensis, L. minimiflorus and
L. acuminatus and during normal foraging che mice
would have encountered their seeds. The mice search
for other species of seeds on the forest floor, eae
some as they are found, and cache some in cheir
underground tunnels for lacer consumption; they
are therefore likely to harvest many more of a de-
sirable species of seeds than they can eat in a meal
(Fleming 1983; Janzen 1982a, 1986b). Before
placing che seed in a pouch, the mouse usually
removes it from a fruit husk {or animal dung) and
leaves che husk behind. If 2 mouse were to harvest
a Lonchocarpus seed, the dry fruic is large enough
that the seed would be removed and the conspicuous
dry fenic husk lefe behind. In 8 years of live-ccapping
mote than 2000 individual mice an numerous oc-
casions, only cwice has a Lonchocarpus seed (L. mini-
miflorus) been found in a mouse’s pouch (DH]J,
" pers. obs.);, such seeds probably represenc explot-
acory harvest (Janzen 198Gb) rather than willing-
ness co consume Lonchocarpus seeds.

Feepine TRIsLs—Each mouse was housed in its
own cubical screen cage (approximately 30 cm on
a side). Cages were kept in an open air laboracoty
in the Administration Area of Sanea Rosa, ac air
temperatures approximating those in the forese (18—
33°C during the 24 hour cycle), but 0—6°C warmer
than in their underground bucrows in rhe daytime
and during some nighrs. Each mouse made its own
nest out of sheedded toiler cissue and had excess
drinking warter and food. Mice were randomly ¢ho-
sen for rreatments from among those available, or
were chosen for their body weight and /or sex in
those cases where these traits were matched, They
were weighed each morning.

The mice normally fed ac night and slepr all
day, unless they had rejected the dier and were
therefote starving; a starving mouse would eac ac-
ceptable food at any time. “"Rejeccion,’ as used here,
means absolute refusal to consume che seed or seed
fragments, Diec rejection can be initially difficule co
detect because the mice often chip che rejected seeds
into many small pieces; the mouse is apparencly
searching for edible subpares. Careful weighing of
the chipped up seed macerial was not possible for
each mouse because it was mixed with bedding,
litter, and feces. However, when care was taken o
accumulate all che chips, they added up to the inirial
seect weight. Furthermore, the mouse quickly stops
chipping up tejected seeds and simply ignores the

seed parts.
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Pregnant or lactating mice were not used in
feeding trials. Some of the laboratory feeding trials
began on the day of a mouse’s capeure. Other mice
began their Lonchocarpus experimental diets after
they had been maintained in the labaratory on seeds
of wild plancs and laboratory rac chow, as partici-
pants in other feeding experiments (e.g., Janzen
1981). When the latter mice were used, they were
used only afrer they had fully recovered any bady
weighe chat had heen lost in a previous experiment.
Previous histary is not analyzed in detail here be-
cause throughout the study thete was no indicacion
thac che previous diet type affected a healthy mouse’s
responses o Lonchocarpus seeds ot co Lenchocarpus
chemical derivatives. However, spiny pocker mice
<an physiologically “adapt’ to some other species
of “toxic" seeds, such as acorns {Quercus oleoider)
(DHJ, pers. comm.). When not involved in an
experiment, the mice were fed highly desired wild
seeds as a staple diec (seeds of Enterolobium cyelo-
carpum and Acrocomia vinifera, ¢f. Janzen 1981,
1982¢, 1986b).

In numerous cases the mice wete taken off a
rejected experimencal diec before chey could die of
starvation, in order ta minimize che aumber of mice
thar had to be removed from Santa Rosa's wild
mouse population. Such mice ate indicated in the
data cables as “dying™ and there was no reason to
starve them to death. Mice were considered to be
dying when they were losing weight at the same
tate as if they had no food and they had reached a
body state whereby it was evident chat they would
be dead within 12 hours if nor given acceptable
food. The larrer condition is characeerized by pilo-
erection, drunken staggers, slow seeps, half-closed
eyes, and an emaciated appearance. These relatively
abjective traics are easily recognized by DHJ whe
inicially scarved many individual mice to death ro
“experimencally demonstrate’” chac 2 mouse who
was “apparencly’’ rejeccing a diet was in fact doing
s0, and would not suddenly ““change its mind" and
start feeding after a cerrain number of days of re-
jecting a food type. Throughour the feeding trials
with L. safvini, it was clear char once a mouse
reaches the condition whereby ic will die if not fed,
its hody weight does noc decline furcher before death
{DH], pers. obs.). The weight of a dying mouse at
the time of being taken off a diet is therefore treated
a5 equal to the weight of the mouse had it died.
The detailed responses of these mice to starvacion,
and cheir abilicy to tecover from starvation, will be
described elsewhere.

The data from individual experimencal animals
are recorded here. Such information on chis species



276 Janzen, Fellows, and Waterman

TABLE 1. Woater, alkaloid and nonprotein amino acid content (percent dry weight}) for the seeds of the six species of
Lanchocarpus native to Santa Rosa National Park, Costa Rica (and see Fellotws er al. 1979, Evans et al.
19852, b).
Erythro-
Percent Percent gamma-
Percent Percent  retrahydra-  Percenc endura-  hydroxyhomo
Seed species water DMDP lathyrine PPN: cididine® arginine
Lonehocarpar costaricensis 9.1 6.8 1.3 0 0 0.9
Lonchocarpus acuminatus 12.9 08 0 0.8 1.2 0
Lonchocarpus eriscarinalis not available
Lonchocarpur orotinus 30.1 a9 0 1.2 1.3 ¢
Lonchocarpur minimifloras 3.5 1.0 0 0.8 0.9 ¢
Lonchocarpus rugorus 208 4.0 0 0.8 0.8 ¢

3 2-[2-amino-2-imidazolin-4{5)-yl} acetic acid.
b 3-[2-amino-2-imidazolin-4¢3)-y!} alanine.

of wild animal was nonexistent, and though we
cannacc anticipate the analyses that may use chese
data in the future, gachering this daca again would
entail greac efforc and expense (see also Janzen

19864).

Seeps.—All seeds used in feeding crials were marure
living seeds that had been hand-shelled our of fruirs
that were less chan cne year of age and had been
stored as dry and dormanr seeds. The fruits were
usually collected from the ground beneath the par-
ene after dispersal. In the cases where the fruits wete
collected direcely from the tree crown, the fruics
were always mature, dry, and ready to be dispersed
by che firse scrong wind.,

Only clean seed thac was free of bruchids and
bruchid damage was used in feeding rtials. Spiny
pocket mice also eac insects and could easily obtain
nourishment from bruchid larvae inside bruchid-
infested seeds. Bruchid-free seed was obrained by
dropping the shelled seed into water; seeds con-
waining bruchid larvae floaced and were removed.
The seeds were then dried on coweling in the sun.
The amount of seed maincained in a mouse's cage
was 5—10 g, which is more thaa twice che amounr
of a highly edible species of seed rhat was needed
for a spiny pocket mouse to maineain ies body weight
(¢.g., Janzen 1982¢).

SeED cHEMICALS, —The chemicals were extracted from
large samples of living seeds of L. cortaricensis that
were collected from multiple parent teees wichin
Santa Rosa and from a forest parch 10 km norch
of Santa Rosa in 1983—1985. These same seeds
were the basis for determinations of the cherucal
content of the seeds (Table 1).

The alkaloids (and uncommon amino acids)
were extracted from L. costaricensis and the other
Sanca Rosa Lonchocarpus species by methods de-
scribed in Evans ef 4/, (1985a, b) and Fellows ez
al. (1979}, and the flavonoids as described by
Waterman and Mahmoud (1985, 1997) and Mah-
moud and Waterman (19835). These chemicals were
all fed to mice in Sagta Rosa wichin a year of
extraction, and are stable compounds at room tem-
peracure. Survey of seeds for nonprotein amino acids,
alkaloids, and cyanogenic compounds was con-
ducted as described in Evan et af. (1985).

The alkaloid referred to here as DMDP is
2R, 3R-dihydrexymethyl-3R 4R -dihydroxypyrroli-
dine, and may more narrowly be tecrned a poly-
hydroxypyrrolidine alkaloid, It beats a close struc-
rural resemblance to the sugar fructose {in the beta-
D-fructofuranose form) wich che oxygen in the ring
replaced by nitrogen (Fellows 1986, 1987, Fellows
et al. 1986). DMDP was isolated in bulk by ion
exchange chromatography {as described in Welcer
et 2l 1976).

The flavonoids used in the feeding trials were:
Flavonoid A (dimethylpraecansone B with traces of
ovalichalcone), Flavonoid B (mainly 7-(3,3-di-
merhylallyloxy)-8-(3-hydroxy-3-methyl-trans -bue-
1-enyl)-flavanone with some obovatin mechy! ether
and traces of 7-(dimethylallyloxy)-8-(3,3-dimethyl-
allyl)-5-mechoxyflavanone), Flavonoid C (mainly
ohovatin methy! echer with some traces of 7-(3,3-
dimechylallyloxy)-8-(3-hydroxy-3-methyl-trans -
but-1-enyl)-flavanone and 7-{(dimethylallyloxy)-8-
(3,3-dimethylallyl)-5-methoxyflavanone), and
Flavonoid D (mainly 8-(3,3-dimechylallyl}-5,7-di-
methoxyflavanone with traces of 7-(3,3-dimethyl-
allyloxy)-8-(3,3-dimethylally!)- 5-mechoxyflava-
none).
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TABLE 2. Fater of Liomys salvini (spiny pockes mice), each confined to a puve diet of living mature seeds of one of the
tix species of Lonchocarpus #ative to the habizar of the mouse in Santa Rota National Park, Costa Rica.

Percent
Inical weight  Number
Seed species Mouse sex wt (g) change  of days Mouse fate
Lonchocarpur costaricensis male 41 -19 2 died
(April 1983) male 62 —-17 3 died
male 33 —18 3 died
fermale 32 —-19 4 died
fermale 52 —14 4 died
female 35 -21 3 died
fermale 47 -17 3 died
Mean -17.9 i1
Srandard deviation 22 0.7
Lonchocarpus acuminatus male G3 —15 3 dying
(July 1980, April 1983) male 47 -19 3 dying
male 39 -17 2 dying
female 46 —22 G died
female 38 —26 7 died
fernale 38 —24 4 died
fernale 32 -19 2 died
Mean —20.3 39
Standard deviation 39 2.0
Lonchocarpus eriscarinalis male 61 —23 3 died
{December 1980, February 1983} male 62 —14 4 dying
male 41 -19 3 died
femnale 52 —-19 4 died
female 39 —18 4 died
female 42 —20 4 dying
female 31 -17 3 dying
Mean -18.9 3.6
Standard deviation 2.3 0.5
Lonchocarpur ovotinus male 48 -17 3 dying
(April 1983) male 48 —17 3 dying
male 44 -21 4 dying
male 40 —20 4 dying
female 53 -17 2 dying
female 44 -21 5 dying
femnale 45 —23 4 dying
fernale 37 14 3 dying
Mean -19.40 3.8
Seandard deviation 2.6 1.3
Lonchacarpus minimiflorus male 48 -19 k) died
{December 1980, February 1983} male 64 -14 3 died
male 60 —13 3 dying
female 30 —13 2 died
female 23 -8 1 died
female 44 -16 2 died
fernale 50 -14 4 dying
Mean —-14.1 26
Standard dewviation 3.4 1.0
Lonchacarpus vugosus male a3 —14 4 died
(December 1980, Febraary 1983} male 31 —24 4 died
male G2 —14 2 died
male 47 —22 4 dying
female 21 —14 2 died
female 46 -17 3 died
fernale 52 -19 4 died
female 51 —22 5 died
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TABLE 2. Continsed.
Percent
Inicial weight  Number
Seed species Mouse sex wt (g) change  of days Mouse face
Mean —18.3 3.4
Standard deviation 4.1 1.1
Pooled contrals eacing mix of Enterolobiam
and Acrorgmiaz seeds {1980-1983}
Mean 20 males 51.6 -14 8 healthy
Seandard deviation 8.6 0.3
Mean 20 females 423 -0.2 4 healchy
Standard deviation 94 0.1
Pooling these 40 mice
Mean 46.2 -1.2 8 healchy
Standard deviation 93 g.2
Given ne food
Mean 20 males 50.2 -171 31 dying
Standard dewviation 88 3.0 1.0
Mean 20 femalas 40.1 -183 3.4 dying
Standard deviarion 88 3.0 1.2
Pooling these 40 mice
Mean 487 —17.2 3.2 dying
Standard deviation 9.3 28 1.2

CHEmMICALS IN DIETS.— Diets were prepared by mix-
ing che dry trial compounds into dry lab chow finely
ground in a caffee mill. The lab chow was 13 percent
water, and diers were constituted as a percent of the
dry weighe of the Jab chow (Ralston Purina Rodent
Laborarory Chow 5001). The finely ground mix
was then spread in a large pan, sprayed with a fine
mise of absolute alcohol, and stirced until che entire
mass was tacky. This sofc macerial was then hand-
pressed into small blocks. These blocks were air-
dried and fed to the mice within 48 hours of prep-
aracion. More blocks were given to 2 mouse than
ic could possibly have consumed during che exper-
iment.

All control diets of pure lab chaw were prepared
in the same manner. The alcohol trearment insures
that the chemicals contaminate the interior of even
the largest fragments of lab chow, since both the
alkaloid and the flavonaids are alcohal soluble. The
alcohol-treated conerol lab chow was very readily
eaten by the mice (e.g., controls in Table 2).

RESULTS

FEEDING TRIALS WITH LoNcHacarpus seens.—Fach of
44 adulc spiny pocket mice were placed on pure
diets of 1 of 6 species of Lonchocarpus seeds and
all died or were dying within 1-7 days and afeer
losing 8—26 percent of cheic body weight (Table

2). By inspection it is clear that these weight loss
values are not significantly differene from che values
for 20 mice that were given no foed. Likewise there
was no diffetence among che species of Lonchacarpaus
as food. By contrast, 40 control mice on a mixed
diet of E. cyclocarpum and A. vinifera seeds lose 1
percenc of theit bady weighe in the fiese 8 days and
all survived (there are G less controls and 2 less
experimental animals chan initiated the experiment
because these mice were eaten by snakes or wild
black rats {Rattus vattus) that invaded the labo-
catory during che trials). Again, by inspection, these
results are significantly differenc from eicher chose
when the mice were given no food or when the mice
were fed Lonchocarpus seeds.

These cesules conform to hundreds of other feed-
ing crials with orher species of seeds (eaten and
noneaten) in the same laborarory wich che same
species of mice. Spiny pocket mice cannot maintain
theit body weighe o survive on a pure dier of
Lonchocarpus seeds any betrer than they can on no
diet ar all. In concrast, these mice can maintain their
body weight indefinitely on a pure (or mixed) diet
of seeds chat they teadily eac (E. cyclocarpam, A.
vinifera, Cochlospermum vitifolium, Guazama ui-
mifolia, Crescentia alata, Luehea speciosa, and many
other species of Santa Rosa trees; Janzen 1981,
1982¢; DH]J, pers. comm.).

The reactions of the mice to Lonchocarpus seeds



were uncomplicaced, and the same as those usually
recorded wich other species of seeds not eacen. The
mice chipped up all the seeds given co chem, as
though searching for edible paces, and then contin-
ued about their daily coutine of sleeping and search-
ing for food until dead or dying. They repeatedly
returned to the seeds and condnued chipping them
up in the first one to two days, bur eventually
ignored chem. There was no evidence thac they ate
any of the seed material.

In preliminary experiments nor detailed here,
Liomys also ignoced L. minimiflorus and L. costari-
censis seeds mixed in with acceprable species of seeds
in che labotatory. Likewise, when dishes of seeds of
many species were set oue in the Sanra Rosa forest,
spiny pocker mice consistently lefe behind the seeds
of L. costaricensis, L. rugosus, and L. minimiflorus
after what appeared to be some exploracory harvest
on the firse night of encouncer (Janzen 1986b).
Addidionally, free-ranging wild Liomys quickly
leatned to leave L. costaricensis seeds behind when
collecting mixed species of seeds from dung (Janzen

1986b).

FEEDING TRIALS WITH CHEMICALS

Alkaloids: Screening of the seeds of five of che
six species of Santa Rosa Lonchocarpus for poten-
tially eoxic low maolecular weighe nitrogenous com-
pounds disclosed no cyanogens bur did locate four
guanadino nonprocein amino acids (Evans e af.
1985a) and DMDP at high concentrations {Tzble
1}; at least four of these five nitrogenous compounds
are known to be toxic to insects (Janzen e al. 1977,
Fellows 1986, 1987; Fellows et 2. 1986; Evans ef
al. 1985a). The uncommon amino acids teteahy-
drolathyrine and erythro-gamma-hydroxyhomoat-
ginine were present only in L. costaricensis and are
potentially part of the seed's defenses. However,
these swo compounds were not tested in this study
as they are obviously not what keeps the mice from
eating Lonchocarpus seeds, since they occur in only
one of the species of the Lonchocarpus surveyed.
PPN and endutacididine are likewise potential de-
fensive uncommon amino acids found in the Sanea
Rosa Lonchocarpus seeds {Table 1), buc were absent
from L. costaricensis, and these are cherefore not
what keep the mice from eating L. certaricensis
seeds. Finally, in an unpublished screening of ou-
merous uncommon amino acids in L. safvini diets,
the mice have generally shown no aversion to con-
suming laboratory chow adulterated up o 10 per-
cent with uncomemon amince acids {DH]J, pers. obs.).
However, the alkaloid DMDP was found o be
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present in L. costaricensis and L. rugosus seeds ac
4-7 percent concentration and in much smaller
amounts in three other species.

Spiny pocket mice feeding on a diet of labo-
racory chow containing 3 percent dry weight DMDP
showed a small but significanc weight loss over a
7—8 day period as compared to che conerols on pure
laboratory chow (Table 3; ¢ = 2.4367, 18 df, P
< 0.03). The mice ceadily consumed all of the
experimental chow and in amounts approximately
equal to chac of the control mice. One mouse died
abrupcly withoue weight loss, and probably died of
factors unrelaced to che experiment.

The experimental mice became adjusted to feed-
ing on adulterated laboratory chow during che ex-
perimental feeding but had substantial weight loss
to recover when placed on pure laboratory chow,
When they were again given pure laboratory chow,
9 of the 10 averaged a daily rate of weight gain of
abour twice that of the control mice during the same
ten days (Table 3). A 4-8-day delay in a weight-
gain response o a pure laboratory chow diet {i.e.,
the concrol mice, Table 3) is commonplace with
spiny pocket mice at Santa Rosa. The greac indi-
vidual variation in response to pure laboratory chow
is also commonplace with these mice.

Flavonoids: It seems likely that DMDP is not
the chemical that was stopping the spiny pocket
mice from eating Lonchocarpus seeds. One of us
(PGW) then searched L. costaricensis seeds for fla-
vonoids and a total of 7 were isolated (Waterman
& Mahmoud 1985), at an overall concentration of
9—-11 percent dry weight flavonoids (PGW, pers.
obs ), there may be as many as 13 more in very
low concentrations {PGW, pers. obs.) (see rocal list
in Materials and Mechods). Three of these thac could
be obcained in. relacively large amounts were firse
tested as a cwo-compound mix and separacely on
the mice. A mixture of equal parts of Flavonoid B
and Flavenoid C was used ro adulterate che labo-
ratory chow at 10 percent dry weight flavonoids for
ten mice (5 males and 5 females), and the mice
eagerly ate this food as their sole diet for two days.
Laboratoty chow containing 10 percent Flavonoid
D was also eaten readily by che same ten mice as
their sole diet for two days. On both diets, the mice
sustained no significant loss of weight, and cleacly
demaonstrated that taken separately, these flavonoids
did not deter feeding. Flavonoid A from the L.
costgricensis seeds was not available in large enough
amounts to be used in these trials, but was mixed
back in with all the other Havonoids in the final
feeding crials.

All flavonoids that had been extracted from L.
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TABLE 3.

Effect of DMDP on Liomys salvini when incorporated at five percent (dry weight) in laboratory chow

Percent wr change

Inicial Percent weight Number days  after next 10 days
weight (z) change experiment  on laboratoty chow
Experimental diec
Male 4] -7.3 3 13.2
Male 43 -9.3 8 12.8
Male 44 —~23 7 died
Male 41 —49 7 0
Male 39 —-103 7 10.3
Female 40 -2.5 8 77
Female 40 —23 8 26
Female 44 - 10.0 8 19.4
Female 43 —16.3 ] 16.7
Female 43 7.0 ) 10.0
Mean —7.248 10.30
Standard deviacian 4.45 6.23
Labaratory chaw

Male 33 19 3 9.2
Male 34 14.7 4 5.1
Male 59 1.7 q 0
Male 54 7.4 o) 6.0
Male G3 -159 3 5.7
Female 34 1.8 8 10.3
Female 19 0 8 26
Female 38 —5.3 8 8.3
Female 30 3.3 8 ¢l
Female 36 —2.8 8 29
Mean 0100 5.03
Standard deviacion 8.91 3.66

2 These mice exhausted their food after 7 days.

b Significantly differenc from experimental diet by inspection.

costavicensis seeds were chen mixed back rogecher,
and this macerial was used to adulterate laboratory
chow at 13 percent of the dry weight; this concen-
tration was used because at chat rime it was believed
to be the overall concentracion of all flavonoids taken
cogether (as mentioned above, the true concentration
lies somewhere between 9 and 11 percenc). Mice

offeted only this diet refused to eat the laboratory
chow and reached a moribund state due ro starvation
(Table 4) as rapidly as did mice given no foed or
a dier of pure Lonchocarpus seeds (Table 2).

Mice given a pure diet of ground L. costaricensis
seed from which only the flavonoids had been ex-
tracted (Table 5) lived significantly longer chan did

TABLE 4.  Effect of crude L. costaricensis favongids an Liomys salvini when incorporated at 13 peveent laboratory chow
dry weight.

[nitial Percent weight Number days Mouse
Experimental diet weighe {g) chanpge experiment fate
Male 61 —23 b] dying
Male 34 —29 4 dying
Male 3G =23 5 dying
Female 40 —28 4 dying
Female 47 —26 5 dying
Female 46 -20 3 dying
Eemale 40 —25 3 dying
Female 41 —22 3 dying
Mean —24.8

Standard deviation

3.01
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TABLE 5. Response of Liomys salvini te & pure dier of ground L. costaticensis seeds with only the favenoids extracted.

Percent
Experimencal Inirtial weight Number days
diet weighe (g} change experiment Mouse face

Male 52 —23 9 died

Male 61 —13 12 thin but healthy

Female 39 =13 12 thin bue healchy

Female 40 -3 9 died

Female 44 -7 13 thin but healthy

Mean -16.2

Standard deviation 6.87

those given no food (Table 1) or given laboracory
chaw wich 13 percenc flavonoids (Table 4) (obvious
by inspection). The three surviving mice appeared
ta lase at least as much weight on a diec of avonoid-
free seed meal as did mice on a diet of laboratary
chow with 5 percent DMDP (Table 5 vs. Table 3).
However, when mice were given a pure diet of
ground L. costaricensis seed from which the flavo-
noids, the uncommon amino acids, and DMDP had
been removed (Table 6), they still lost weight as
fast as when given sced with only the flavanoids
removed (Table 5).

DISCUSSION

DMDP is dearly nor responsible for the face char
Liomys mice would racher starve to dearh than eac
Lonchocarpas seeds, since they readily ear laboracory
chow adulterated with it o a level equal co chae
occurring 0. Lonchocarpus costaricensis seeds. How-
ever, thete was significant weight loss by the mice
when they were resericted to a diet of laboratory
chow aduleerared with DMDP ac the concentration
(about 59%) ar which it occurs in the seeds of rwo
species of Lonchocarpus. Numerous other unpub-
lished studies with Liomys feeding on other seeds

and areificial diets {DH]J, pers. obs.) do not aid in
decermining whether the DMDP-induced weighe
loss is biclogically significant. A seed diet that ini-
tially causes a weight loss may later have no apparent
negacive effece, with the mouse later cegaining its
body weight and maintaining it on this diec. Al-
ternatively there may be a gradual decline in bady
weighe and evenmal death. When DMDFP was fed
to laboratory cats in their drinking wacer at a rare
of aboue 25 mg per day, it had no effect on eicher
body weighc or water intake (P. Dotling, pers.
comm.). However, the Liomys ate approximately
2.5 mg per g body weight of DMDP per day while
the rats ate 0.08 mg per g body weight per day.
While DMDP is relatively ineffective against mouse
gue digestive disaccharidases (compared with other
glucosidase-inhibiting alkaloids of plant origin, Sco-
field ez 4f. 1986), it has been shown to inhibit 2
range of other mammalian glycosidases, including
enzymes of glycoprotein processing {Cenci di Bello
et al. 1985) and this may have centribured to the
weight loss we observed.

DMDP likewise does not deter Crenocolum tu-
berculatum from earing L. costaricensis seeds; the
larvae of this beetle have a gur alpha-glucosidase
thac is abour 100 times as resistant to DMDP as

TABLE &, Rerponse of Liomys salvini fo 4 pure diet of L. costaricensis seeds with the favenoids, ancommon amins
acids, and DMDP extyacted.
Percent
Experimental [nitial weight Number days
diec weighe (g} change experiment Mouse face

Male 57 -16 13 chin buc healehy
Male 56 -9 12 thin but healthy
Female 48 —22 13 thin buc healchy
Female 42 —14 12 thin buc healchy
Female 33 —28 9 died
Female 31 —24 12 thin but healthy
Mean —18.8
Standard deviation 7.05
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is the sarne enzyme io the gur of the larvae of the
bruchid Callosobruchus maculatus (Nash ez 2l. 1986,
Fellows ef a/. 1989). C. maculatus feeds on the
seeds of che relatively undefended cow pea (Vigna
sinensis) (Janzen 2t af. 1977). DMDP is highly
toxic to C. maculatus and other insects when in-
corpotared in their diets (Evans ef 4. 1983a, Fellows
1986). However, it is scriking ¢hat the larva of the
brilliantly colored neotropical moth Urania fulgens
{Uranidae) eats the foliage of Omphalea diandra
(Buphorbiaceae), which is rich in DMDP {(LEF,
pets. comm.; N. Smich, pers. comm.}; this moch 1s
cestricred to Omphalea for its larval diec (Smich
1983).

On the other hand, there still cemains the pos-
sibility that DMDP may negatively influence Liounzys
in its celative ranking of che desirability or suieabiliry
of seeds in the diet. [t may also make a Lonchocarpus
diet more energerically expensive to Crenocolum or
Liomys than if ic were absent. It is reasonable to
hypothesize thac DMDP is one of the reasons why
some of the other 100-plus species of bruchid and
weevil seed predators in Santa Rosa (Janzen 1980)
have not ecologically or evolutionarily shifted o
preying on Lonchocarpus seeds.

Laboratory chow adulterated with just some of
the major flavonoids was not overwhelmingly re-
pellent to Liomys. However, when all che seed’s
flavonoids were mixed into chow at the 13 percent
concentratton, which is just slightly more than the
11 percent concencracion at which they normally
aceur, they totally deterted the mice. Lonchocarpus
seeds are not totally repellant to spiny pocket mice
as shown by the fact thar they will chip them up
thoroughly when starving. This has, however, lirde
or nothing to do with direct feeding because a rodenc
can chip up potenrial food with irs incisors wichout
ever taking it into its mourh.

The toral set of flavonoids in a Lonchocarpus
seed clearly does not stop Crenocolum bruchid larvae
from developing, even though flavonoids can be
toxic to other insects {Hedin & Waage 1986). As
wich DMDE, the bruchids are somehow either de-
toxifying, avoiding, or using the flavonoids.

It is tempting to accept the flavonoids as the
answer to the question of why Lismys do not prey
on Lonchocarpus seeds. However, while Lonchocar-
pus seed meal with both che DMDP (and the non-
protein amino acids) aad the fAlavonoids removed
was eaten, this diet still led to severe weight loss
(Table 6). There ate ac lease chree possibilities. The
rejection of extracted seed meal could be due to
incomplete extraction of the DMDP, uncommaon
amino acids and/or flavonoids from the ground

seeds. However, these potendally toxic compounds
would be present only in trace amounts and nothing
abouc che feeding rrials suggests that such trace
amounts would cause severe weight loss. The ex-
tracted Lonchocarpus seed meal may sdll contain
some toxic compounds of a quite different chemical
class chan chat for which we assayed. The seed meal
itself may be of relatively low nurtriene value. All
three caveats also could apply. Since the seed itself
is primarily stored food reserves for the seedling, 2
low seed nutrient value seems unlikely unless the
flavonoids, DMDP, and oooprotein amino acids
(about 13% of the seed's dry weight) ace chemselves
alse seedling nurrients. A complication is added by
the fact rhat che exeraction process also removes the
oils from the seed. However, the mouse should be
able to compensate by simply eating more seed
meal; chere was no sign of such “overconsumprion”
by the mice whose feeding pedigrees are presented
in Table 6.

Protease inhibitors and lectins (phycohemaggiu-
tinins), cwo widespread groups of legume seed tox-
ins, are possible additional coxic chemicals. How-
evet, Lanchocarpus costavicensis and other Santa Rosa
Lonchocarpus show only very mild erypsin inhibitor
activity (Janzen ¢z al. 1986). Furthermore, Liomys
eagerly consume laborarory chow diets containing
up to 25 percent soybean crypsin inhibiror and
maintain theit body weight in the process (Janzen
1981). On the other hand, Ligmys mice starve to
death rather chan eat uncooked black beans (Pha-
seolus vulgaris) but eat cooked ones eagerly (Janzen
1981). Lectins ace the only known potencially de-
fensive compounds in black beans (e.g., Janzen er
#l. 1976) bur a first screening of Lonchocarpus seeds
for theee categories of lecting (Janzen et af. 1986)
shawed no activicy. Lecrins, however, may be very
active against one substrate and show no response
to others, so a negacive result in this screening is
not conclusive.

In conclusion, it is clear chae the flavonaids are
an absolute barrier ro the consumption of Lancho-
carpus seeds by Lismys mice. However, DMDP may
have some mild negative effect in the absence of
the flavonoids and may reinforce che impact of the
flavonoids. Furthermore, until the eatire secondary
compound profile of Lonchocarpus seeds is known
and tested against Liomys, there is no way o know
if the flavonoids are che only absolute deterrenc of
a Lonchocarpus seed against Liomys. For example,
while L. minimifloras and L. ovotinas seeds are as
rich in total Aavonoids (Waterman & Mahmoud
1987, Mahmoud & Warerman 1983) as are the
seeds of L. costaricensic (PW G, pers. obs.), there



is one unconfirmed report chac L. rugosus seeds lack
flavonoids (Gornes ez &/, 1981); if confirmed, this
lack suggests thac ac least L. ragosus seeds concain
yet another kind of repellant or toxic chemical for
the mice,

This investigation of the defenses of Loncho-
catpus lustrates ewo contexrual problems in the
interprecation of che chemical defenses of seeds.
First, in contemporaty time the nonpredation on
Lonchocarpus seeds by hundreds of species of po-
tential insect seed predarors in Santa Rosa habitats
may be due to the lack of either ovipositional stim-
ulants or the right nurrient compounds, as much as
due to the presence of deterrent or toxic chernicals.
The secondary compounds may chemselves be an
importanc food for the seed predaror, as appears to
be the case with the lacvae of the bruchid Caryedes
brasifiensis metabolizing the canavanine in Diocles
megacarpa seeds (Rosenthal 1983, Rosenthal & Jan-
zen 1983, Bleiler er 2/. 1988). Even on an evolu-
tionary time scale, there js no reason to expect the
interactions present to be as fully developed evo-
lutionarily as is physiologically possible. The fact
thae Crenacolum is resceicted to Lonchocarpus (and
Dalbergia and Piscidia) seeds (Kingsolver &
Whitchead 1974) suggests that some peculiar
chemical traits of these seeds ate essential to the
physiology of the beetle larvae; it is striking in this
context that these three genera are all well known
for the formation of appreciable amounts of fla-
vonoids and related compounds (PGW, pers. obs.).
Addirtionally, ic is likely chac ocher species of seeds
(including over a hundred species of legumes in
Santa Rosa, Janzen & Liesner 1980) conrain chem-
icals thae Clenocolum latvae cannot tolerate or have
not evolved to tolerate. We suspect that che beetle
larvae are in fact using the uncommon amino acids,
alkaloids, Bavonoids and perhaps other secondary
compounds in the seeds as diecary items; they may
even need them in combination.

Second, a secondary compound is eaten as a
portion of a meal. That meal may well contain items
that fully or partially compensate for a detrimencal
impact of the secondary compound on digestive or
physiological processes. For example, DMDP has
been shown to have reladvely lictle effece on labo-
rarory mouse (Mas maseaduns) gut disaccharide diges-
tion (Scofield ez 2. 1980) bur kills cells in culeure
ac high concencrations (Cenci di Bello 19835) and
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inactivates insect gur alpha-glucosidases (Nash er
al. 1986 and LEF, pers. obs.). The face char DMDP
does not have a severe effecc on Lismys may be due
to Liomys glucosidases being exceptionally resiscanc
to inhibition (as might be expected of an animal
thar feeds on many spedies of potendally toxic seeds);
laboratory chow containing so much disaccharide
chac pareial inhibition of its digesdion sull leaves an
absolutely large amount being digested;, and/or,
laboratory chow contains enough other high qualicy
energy sources to compensate for a reduced yield
from disaccharides. Equally, smaller amounts of fla-
vonoids added to an otherwise innocous diet of
lower nutrient value than laboratory chow mighe
deter the mice as thoroughly as did 13 percent
flavonoids in laboratary chow. This is to say that it
mighe cake a considerably greacer amount of chem-
ical weaponry o procect a seed with a high nucrient
value than a seed with a low nutrienc value, both
on. a contemporary and evolutionary cime scale.
This esoteric exploration of the seed defenses of
a tropical seed intersects with the widespread current
interest of how the specific traits of these distinctive
molecules ineerace wich cell funcrion. DMDP, for
example, inhibits enzymes required for the elabo-
ration of the side-chains of glycoproceins (Fellows
1986). It is, therefore, in demand as a laboratory
tool for probing the biochemistry of such things as
cancer merastasis and the immune response. An
assessmenc of che potential of a compound such as
DMDP for clinical use, necessitating whole animal
responses such as those that we report here, has been
hindered by scarcity and expense of the chemicals.
The present study shows that at least one mammal
can tolerate high levels of DMDP in ies diec for
several days without irreversible adverse effects.
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