The three genes we have targeted in these
experiments are likely to be important in
mouse development and physiology, but
their functions remain undefined genetical-
ly. The adipsin gene encodes a serine prote-
ase with complement factor D activity and
has links to systemic energy balance and
obesity (15, 24); the aP2 gene product is an
adipocyte-specific fatty acid binding protein
(25-27) whose precise role in physiology is
unknown. The c-fos proto-oncogene is in-
volved in the regulation of gene transcrip-
tion (28, 29), and disruption of this gene
may have numerous effects on cell function.
The analysis of the phenotypic effect of
disruption of these three genes should lead
to a greater understanding of their function
in the organism.

It is probable that many factors are in-
volved in determining the frequency at
which detectable homologous recombina-
tion occurs at a given genetic locus (2, 3).
Our data, however, demonstrate that it is
feasible to target genes not expressed in ES

Table 1. Rates of homologous recombination
after double drug selection. Electroporations were
performed with the linearized vector described in
Fig. 2. The data are pooled from several transfec-
tions. ES cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) with 15% fetal bovine
serum (FBS) and 0.1 mM 2-mercaptoethanol on
gamma-irradiated (4000 rads) Sto feeder layers
made G418-resistant by transfection with the
vector pSV2neo. Cells (2 X 107) in 1 ml of
medium were electroporated at 750 V/em in
DMEM and FBS with vector DNA at 1 nM.
These cells were plated out on G418-resistant
feeder layers. The number of viable cells 24 hours
after electroporation was always between 40 to
60%. At 36 hours after transfection, G418 (100
pg/ml) and gancyclovir (2 pM) were added. After
selection for 10 days, drug-resistant colonies were
picked and expanded on Sto feeder layers without
further drug selection. The asterisk indicates that
one control plate for each transfection was select-
ed with G418 alone and was plated at 1/20 the
density of doubly selected plates (5 x 10° cells on
a 150-cm? plate versus 2 X 107 cells on a 150-cm?
plate), and the number of G418-resistant colonies
for the entire transfection was extrapolated from
this number. Clones listed as homologous recom-
binants were confirmed as such by digestion with
two or more restriction enzymes and Southern
blotting, as shown for the representative clones in
Fig. 3.

No.
G418 Ho-
Cells No. and molo-
traEslfi?tc g Clectro-  G418* gancy-  gous
porated resistant clovir recom-
resis- binants
tant
c-fos 4x10" 2x10° 16 1
vector
Adipsin 108 5x10* 22 2
vector
aP2 8x107 4x10* 142 12
vector
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cells in order to study their function in
mouse development and physiology.
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Foregut Fermentation in the Hoatzin,
a Neotropical Leaf-Eating Bird

ALEJANDRO GRAJAL, STUART D. STRAHL, RODRIGO PARRA,
MARIA GLORIA DOMINGUEZ, ALFREDO NEHER

The only known case of an avian digestive system with active foregut fermentation is
reported for the hoatzin (Opisthocomus hoazin), one of the world’s few obligate
folivorous (leaf-eating) birds. Hoatzins are one of the smallest endotherms with this
form of digestion. Foregut fermentation in a flying bird may be explained by increased
digestive efficiency by selection of highly fermentable and extremely patchy resources,
coupled with microbial nutritional products and secondary compound detoxification.
This unexpected digestive system gives a new perspective to the understanding of size
limitations of vertebrate herbivores and to the evolution of foregut fermentation.

OREGUT MICROBIAL FERMENTATION

as a means of digesting fibrous plant

matter has been reported in mammals
such as ruminants, monkeys, sloths, and
macropodid marsupials (7). Although a few
bird species display hindgut fermentation
(2), there are no documented cases of exten-
sive foregut fermentation structures or asso-
ciated digestive physiology in the entire class
Aves. We now report a well-developed ru-
minant-like digestive system in a neotropical
folivorous bird, the hoatzin, Opisthocomus

A. Grajal, Department of Zoology, University of Florida,
Gainesville, FL 32611.

S. D. Strahl, Wildlife Conservation International, New
York Zoological Society, Bronx, NY 10460.
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M. G. Dominguez, Rowett Research Institute, Bucks-
burn, Aberdeen, Scotland, United Kingdom.

hoazin. This is the first report of this diges-
tive system outside the mammals, and opens
new insights into the evolution of foregut
fermentation.

The hoatzin is a 750-g cuculiform bird
that ranges from the Guianas to Brazil and
inhabits riverine swamps, gallery forests,
and oxbow lakes (3, 4). Early descriptions
suggested that the crop of this species has
replaced the gizzard and proventriculus as
the primary site of digestion (5). None of
these authors documented or suggested
foregut fermentation, although some noted
that the characteristic odor of the bird was
similar to fresh cow manure (6).

At our study site (7), more than 80% of
the hoatzin’s diet is composed of green
leaves. Although the birds fed on the leaves
of 52 species of plants in 25 families, 90% of
the diet is composed of only 17 plant spe-
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cies. Hoatzins tend to prefer new growth of
their food plants (8). These preferred por-
tions both within a plant species and across a
season are significantly higher in water con-
tent and nutritive value than nonpreferred
portions (9).

The high mass-specific energetic demands
of a small, flying endothermic herbivore
must be met by a high rate of energy
assimilation. We studied the hoatzin’s possi-
ble morphological and physiological adapta-
tions to increase digestive efficiency, includ-
ing (i) high dietary selectivity, (ii) high
relative gut capacity, (iii) efficient reduction
of particle size, and (iv) selective passage
rates of fermentable substrates. Additionally,
we measured direct and indirect (in vitro)
digestibilities by hoatzins (10).

The hoatzin’s crop and esophagus are the
main fermentation gut structures, and some
additional fermentation occurs at the paired
ceca (Fig. 1). At these sites, neutral pH
supports bacterial concentrations within the
range of ruminants (11). Microbial fermen-
tation by-products, such as volatile fatty
acids (VFA), are an important energy source
for foregut fermenting vertebrates. Within
the hoatzin’s crop and esophagus, VFA are
present in high concentrations, suggesting

Upper [
esophagus |

Lower
esophagus

Proventriculus

Gizzard

Crop

Small intes‘tine ‘_)3

10 cm

Fig. 1. The unique form and function of the
hoatzin’s gut is similar to that of mammals where
foregut fermentation supplies a high percentage
of the animal’s energy requirements (18). The
contents of the enlarged muscular crop and lower
esophagus weigh up to 17.7% of the total adult
mass. The interior lining of the crop has deep
ridges that increase absorptive area. Moreover,
the greatly sacculated esophagus effectively delays
the passage rate of particles to the lower gut. The
paired ceca may be important sites for vitamin
microbial production as well as nitrogen, ion, and
water recycling and absorption.
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Table 1. Average relative weight of the full gut, pH, total concentration of VFA and proportions of
VFA in various segments of the gut of four adult hoatzins compared to other foregut fermenting
animals (18). Standard deviation in parentheses. VFA concentrations in the small intestine were very

low.
Percent {;{:Xj Molar percentages of VFA
Se weight
gment of total pH concen-
tration Acetic Pro- Bu- Isobu-
gut (mM) pionic tyric tyric
Hoatzin
Crop 60.6 (2.8) 6.3 (0.4) 114.5 67.6 15.3 6.5 10.7
Esophagus 139 (2.3) 6.7 (0.3) 70.3 68.9 14.9 8.5 7.7
Proventriculus 1.7 (0.2) 2.1 (0.6)
Gizzard 2.4 (0.3)
Small intestine 13.0 29) 5.7(1.2)
Cecum 22(0.5) 7.5(0.1) 94.7 77 4 9.0 0.0 13.6
Large intestine 4.5 (2.7)
Sheep rumen 6-7 94 50 29 9
Cow rumen 6-7 137 64 22 12
Colobine monkeys 5.5-7 103-219  50-70 17-28 10-14

that VFA metabolism accounts for a signifi-
cant proportion of the total energy require-
ments of the hoatzin (Table 1). The special-
ized gut is capable of a significant food
particle size reduction at the crop and caudal
esophagus (12). Particle size is likely reduced
by cornified epithelial ridges of the internal
ventral surface of the highly muscular crop.
This mechanism is functionally similar to a
rumination process, with the advantage that
“chewing” and fermentation occur at the
same site. The hoatzin gut is also capable of
selective particle retention, an important
trait for efficient fermentation. Mean reten-
tion times for 1-mm?, 8-mm? and 3-mm®
plastic markers (tape and beads) adminis-
tered orally at a single pulse dose were 19.5,
34.8, and 43.0 hours, respectively (13).
These retention times are among the longest
recorded for a bird and enough to maintain
a stable population of bacterial gut symbi-
onts (14).

Cell wall fractions of the digesta were
34% as low at the lower intestine as at the
anterior crop, suggesting active fiber diges-
tion. Indeed, digestibility trials with captive
hoatzins on a high-quality experimental diet
showed 34.4% cell wall digestibility (15).
We also compared in vitro fermentation by
bacterial extracts of hoatzin’s crop and cow’s
rumen, and no significant differences in
digestibility rate or total cell wall in vitro
digestibilities were found (16).

In the hoatzin, the functional conversion
of the crop and esophagus into fermentation
structures has caused considerable anatomi-
cal and behavioral modifications. The anteri-
or sternum is much reduced to allow room
for the voluminous fermentation structures.
This considerably reduces the area for flight
muscle attachment on the sternal carina (5).
As a consequence, hoatzins are poor flyers,
and young require 60 to 70 days to fly (4).
The anatomical and developmental costs of

folivory and foregut fermentation may be an
evolutionary reason for the development of
functional wing claws and the unusual pred-
ator-escape mechanisms of young hoatzins
(17).

Although foregut fermentation in a 750-g
endotherm is not predicted by current theo-
ries of herbivore digestive strategies (18),
our combined data demonstrate the pres-
ence of a well-developed foregut fermenta-
tion system in the hoatzin. Various anatomi-
cal, behavioral, and physiological adapta-
tions in hoatzins seem to overcome the size
limitations found in mammals with foregut
fermentation. Although herbivory establish-
es severe energetic and physical restrictions
on flying organisms (19), flying allows in-
creased food selectivity, adding a new di-
mension to foregut fermentation. A flying
arboreal folivore, such as the hoatzin, can
exploit extremely patchy and temporally dy-
namic resources that otherwise would not
be accessible to other herbivorous verte-
brates. The extreme selectivity of a high-
quality leafy diet maximizes fermentation
rate and digestive efficiency. Additional nu-
tritional benefits of foregut fermentation,
such as microbial production of essential
vitamins and amino acids and detoxification
of plant secondary compounds, may explain
the presence of this unusual digestive system
in the hoatzin. However, given the abun-
dance of leaves as a resource base, it is not
obvious why hoatzins are the only living
bird with foregut fermentation. Their highly
specialized digestive strategy may have aris-
en from an ancestral nonobligate folivore
because of an evolutionary trade-off be-
tween detoxification of plant chemical de-
fenses and enhanced use of cell wall as a
nutritional resource. Finally, the hoatzin di-
gestive system gives a new perspective to the
evolution of foregut fermentation in mam-
mals and other vertebrates.
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Neutrophil Mac-1 and MEL-14 Adhesion Proteins
Inversely Regulated by Chemotactic Factors

TakasHI KE1 KisHIMOTO,* MARK A. JUTILA,T ELLEN LAKEY BERG,

EuGeNE C. BUTCHER

The neutrophil Mac-1 and gpl00™®.* adhesion proteins are involved in neutrophil
extravasation during inflammation. Both the expression and activity of Mac-1 are

greatly increased after neutrophil activation. In contrast, neutrophils shed gp10

0MEL-14

from the cell surface within 4 minutes after activation with chemotactic factors or
phorbol esters, releasing a 96-kilodalton fragment of the antigen into the supernatant.

Immunohistology showed that gpl0

0MEL-14

was downregulated on neutrophils that

had extravasated into inflamed tissue. The gpl100™F.!* adhesion protein may partici-
pate in the binding of unactivated neutrophils to the endothelium; rapid shedding of

gp 1 00MEL—14
neutrophils.

IRCULATING AND BONE MARROW

neutrophils provide a front line of

defense that can be rapidly mobi-
lized and activated against infectious agents.
The first step in extravasation involves adhe-
sive interactions of neutrophils with the
vascular endothelium, which must be regu-
lated to allow localization of neutrophils
only to inflammatory sites. Similarly, activa-
tion of neutrophils must be limited to those
cells at the inflammatory site, so that dam-
age to normal tissues is minimized. The
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may prevent extravasation into and damage of normal tissues by activated

leukocyte integrins, LFA-1, Mac-1, and
p150,95 [collectively referred to as the
CD18 complex (1)], are essential in the
neutrophil extravasation process, as demon-
strated experimentally (2, 3) and from the
study of humans with a genetic deficiency of
CD18 expression (4). Optimal CD18 func-
tion requires cell activation (4-7), which is
also accompanied by rapid mobilization of
an intracellular pool of Mac-1 and p150,95
to the cell surface (8). A second class of
neutrophil adhesion protein, gpl00M=!-t4,

has been implicated in neutrophil extrava-
sation (9, 10). Neutrophil gﬁlOOMEL " is

related to lymphocyte gp90MEL14 which
mediates adhesion to the specialized high
endothelial venules (HEV) of peripheral
lymph nodes (11). The MEL-14 monoclo-
nal antibody (MAb) prevents murine neu-
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