combination. This analogy has recently
been extended to include three ‘‘revert-
ants’’ of another lethal Pgd allele which
represent mutations to reduced G6PD
levels (5).

Although fairly common among proka-
ryotes and lower eukaryotes, the rescue
of lethal mutations by genetic means is
relatively undocumented in higher
forms. The pentose phosphate shunt
pathway of Drosophila provides an ex-
cellent model system with which to
study this type of genetic interaction.

M. BEATRICE HUGHES
JounN C. LuccHESI
Department of Zoology, University of
North Carolina, Chapel Hill 27514
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Serum Complement-Like Opsonic Activities in Human,

Animal, Vegetable, and Proprietary Milks

Abstract. Human, animal, proprietary, and soy milks are comparable to human
serum C5 in opsonization of baker’s yeast. Bovine milk and human serum opsoni-
cally reconstitute C5-deficient mouse serum. Such reconstitution is selectively inhib-
ited by antiserum to human C5. Further characterization suggests that bovine milk
contains material structurally and functionally similar, but not identical, to human

Cs.

The serum complement system is a
major participant in the human inflam-
matory response (/). In the course of
studies involving one of the complement
proteins, that is, the fifth component, or
C5, we have observed functionally anal-
agous opsonic activities to serum C5 in
human, animal, proprietary, and vege-
table milks. In this report we review the
steps leading to our findings and com-
pare a number of functional properties of
human serum CS5 with those of bovine
milk.

In 1968, we described a familial opson-
ic defect (2). Clinical improvement of the
proband resulted upon the administra-
tion of fresh plasma, while stored plasma
was ineffective. The plasma factor re-
sponsible for the patient’s improvement
was identified through the use of an as-
say in vitro of the quantitation of uptake
by human polymorphonuclear leuko-
cytes (PMN’s) of baker’s yeast particles
opsonized by human serum. Serums
from the proband, her mother, and a
number of other family members were
deficient in their enhancement of yeast
particle uptake by normal human
PMN’s.

When opsonically deficient serum
from the patient was mixed with serum
from mice genetically deficient in C5, no
improvement in yeast opsonization was
observed. However, full reconstitution
of yeast opsonization occurred after ad-
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dition to the patient’s serum of either low
concentrations of normal mouse serum
(not C5 deficient) or normal human se-
rums. Further, full reconstitution of ei-
ther the patient’s serum or C5-deficient
mouse serum resulted from the addition

Table 1. Effects of various antiserums on
yeast opsonic activities of human serum and
bovine milk. Results are expressed as average
numbers of yeast particles ingested per PMN.
Each number listed for an individual antise-
rum is based upon at least four separate mea-
surements. Average values are shown, as no
appreciable variation was found among indi-
vidual measurements for any antiserum.

Normal

Antiserum human Bovine
against milk
serum
3.5 + 0.4* 3.4
C3 2.7% 3.3
C4 3.4 3.4
CS 2.0% 1.9%
IgG 33 3.6
IgM 3.4 33
IgA 33 33
Whole human serum 1.81 3.5
a,-Macroglobulin 3.1 3.4
Ceruloplasmin 3.2 3.2
ay-Antitrypsin 3.0 3.0
Albumin 3.5 3.5
Fibrinogen 3.4 3.5
Transferrin 3.1 3.0

*The mean value for normal human serum is based
upon determination of opsonic activity of 121 indi-
vidual normal human serums. 1tThe depression
of opsonic activity was statistically significant
(P < .001). For normal human serum, * 0.4 equals
two standard deviations.

of physiologic doses of highly purified
human CS5. In contrast to the mouse se-
rum, which completely lacks the C5 pro-
tein, however, the opsonically abnormal
human serums were found to contain
normal levels of C5 by immunochemical
and hemolytic measurements. Thus, it
was hypothesized that the abnormality in
the C5 molecule was functional rather
than quantitative in the abnormal sub-
jects 3).

The hypothesized defect was verified
through the demonstration of functional
abnormalities in the C5 isolated from the
opsonically deficient human serum (¢).
Studies of the isolated C5 from deficient
serum revealed a restricted, primary
functional defect analagous to the one
suggested in whole serum from the
patient. Yeast opsonic activity was ab-
sent, but hemolytic function was normal.

As other patients with the disorder
were observed, clinical similarities were
noted to a syndrome described by Leiner
in 1908 (5). Of relevance was Leiner’s
observation that the illness was limited
almost exclusively to breast-fed infants
(41 of 43 cases). He observed clinical im-
provement upon placing the infant on
bottled (cow) milk feedings or, occasion-
ally, upon changing the wet nurse.

Based upon these observations, we
compared yeast opsonic activities in a
variety of milks with that of normal hu-
man serum.

Suspensions of baker’s yeast [1 x 10°
yeast particles per milliliter of Earle’s
balanced salt solution (EBSS)] were in-
cubated with one of the milks or with hu-
man serum for 30 minutes at 37°C. The
yeast suspensions were then washed
three times, resuspended in EBSS and
incubated with a suspension of human
PMN’s (5 x 10° PMN'’s per milliliter of
EBSS). After phagocytosis had oc-
curred, the average numbers of yeast
particles ingested per PMN were deter-
mined by microscopic examination.

The results of these experiments are
shown in Fig. 1. Human milk, bovine
milk, goat milk, and proprietary for-
mulas such as Enfamil and Isomil (which
contain no animal protein), were com-
parable to human serum in yeast opsonic
activity (6). The addition of antiserum to
CS significantly decreased the opsonic
activities of the milks and serum. Each
of these experiments was performed
with three different preparations of an-
tiserum to C5 (7).

In order to better assess the specificity
of the reaction with antiserum to CS, we
conducted similar experiments with a
number of other antiserums against a va-
riety of antigens, including C3, C4, IgG,
IgM, IgA, whole human serum, q,-

1115



macroglobulin, ceruloplasmin, «;-anti-
trypsin, albumin, fibrinogen, and trans-
ferrin (8). The effects of these antiserums
against opsonic activities of normal hu-
man serum and bovine milk are com-
pared in Table 1. Significant depression
of opsonic activity of human serum oc-
curred with antiserum to C3 and antise-
rum to whole human serum, as well as
with antiserum to CS. This might be ex-
pected since opsonic requirements for
yeast uptake in human serum include C3
9). By contrast, opsonic activity of bo-
vine milk was inhibited only by antise-
rum to C5. The addition of purified C3,
C4, IgG, IgM, or IgA to the milk treated
with antiserum to C5 had no restorative
effect upon opsonic activity. The addi-
tion of purified CS5, however, restored
opsonic activity to normal.

The effects of the same antiserums up-
on yeast opsonic activity were tested
with serums from CS5-deficient mice
(B10D2 old line) (Table 2). Such serums
have previously been shown to be op-
sonically deficient for yeast but can be
reconstituted by the addition of as little
as 1 ug/ml (final concentration) of puri-
fied CS (equivalent to 1 to 2 percent of
the normal serum concentrations) (3).
Normal plasma or milk become opsoni-
cally deficient when diluted to 1 percent.
Such preparations, however, still con-
tain adequate amounts of C5 to restore
opsonic activity to C5-deficient mouse
serum (3). The ability of 1 percent
plasma or bovine milk to reconstitute
yeast opsonic activity to CS5-deficient
mouse serum was inhibited by the same
antiserums as in the previous experi-
ment; that is, antiserum to C3, antiserum
to C3, and antiserum to whole human se-

Goat
milk

Normal|{Human |Bovine
human| milk | milk
serum

Isomil
(soy)

Enfamil

Yeast particles /PMN
(average no.)
w

N

1
Fig. 1. Comparison of yeast opsonic activities
of human serum and a variety of milks. Data
are expressed as the average number of yeast
particles ingested per polymorphonuclear leu-
kocyte (PMN).

rum inhibited the opsonic activity of
plasma, but only antiserum to CS inhib-
ited the opsonic activity of bovine milk.

These findings might tempt one to con-
clude that the opsonic activity in bovine
milk is due to CS. Not only was the opso-
nization by milk selectively inhibited by
antiserum to human CS5, but reconstitu-
tion of opsonizing activity in C5-defi-
cient mouse serum by milk was also in-
hibited by antiserum to CS.

However, there are other observations
that suggest the active material is not C5.
(i) Unlike human plasma, in which we
have previously found the functional op-
sonic half-life of C5 to be approximately
36 hours (9), functional yeast opsonic ac-
tivity was retained by the milk prepara-
tions for prolonged periods of time, often
as long as 3 to 4 weeks. Many of the
milks tested had, in fact, been on the
shelf at room temperature for prolonged
periods. (ii) Soy milk (Isomil), which
contains no animal protein, had the same
degree of opsonic activity as the other
milks.

To explore this question further, we

Table 2. Effects of various antiserums on the reconstitution of yeast opsonic activity to CS-
deficient mouse serums (B10D2 old line) by normal human serum (NHS) and bovine milk (BM).
The results are expressed as in Table 1. In these experiments, however, the antiserums were
tested for their ability to inhibit the yeast opsonic reconstituting activities of serum or bovine
milk upon C5-deficient mouse serum. Here, we have used only 1 percent concentrations of milk

or plasma (see text for details).

Antiserum B10D2 old 1% 1% BI10D2 + B10D2 +
against line NHS BM 1% NHS 1% BM
1.4 1.4 1.6 3.3 3.4
C3 1.3 1.4 1.5 2.4% 3.2
C4 1.4 1.3 1.5 34 3.4
Cs 1.4 14 1.4 1.7* 1.5%
1gG 1.3 1.4 1.2 32 3.1
IeM 1.5 1.2 1.3 3.6 3.5
IgA 1.6 1.4 1.5 34 3.5
Whole human serum 1.3 1.4 1.7 2.2% 3.2
a,-Macroglobulin 1.4 1.4 1.7 3.1 32
Ceruloplasmin 1.4 1.5 1.6 3.3 3.5
a,-Antitrypsin 1.3 1.3 1.5 3.0 3.1
Albumin 1.4 1.5 1.6 3.4 33
Fibrinogen 1.6 1.5 1.4 3.4 3.4
Transferrin 1.2 1.4 1.4 3.5 3.4

*The depression of opsonic activity was statistically significant (P < .001).
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compared bovine milk and human serum
in a variety of assays reflecting C5 activi-
ties.

1) Molecular titration of hemolytically
active C5 in plasma or milk by lysis of
EAC14°%23 cells in the presence of a hu-
man serum source of C6 through C9 (/0)
was normal. Over a wide range of con-
centrations, however, no hemolytic C5
activity of milk was demonstrated.

2) The ability of milk or serum to
generate chemotactic activity upon the
addition of the antigen-antibody complex
or endotoxin was examined (4).

3) Heat stability (56°C for 1 hour) of
opsonically active portions was studied.

4) The pH ranges of opsonic activity
were determined.

The opsonic activities of serum and
bovine milk were each inhibited by an-
tiserum to CS5. Serum, however, con-
tained hemolytically active CS, generat-
ed chemotactic activity, and.contained
heat-labile opsonic activity, while bovine
milk was heat stable and lacked hemo-
lytic or chemotactic activity. Milk op-
sonic activity was retained through a pH
range of 2 to 8, while serum opsonic ac-
tivity was present through a much nar-
rower range (6.5 to 8).

Bovine milk thus contains material (or
more than one material) which shares
certain functional activities with CS and
has structural similarity (since it is inhib-
ited by antiserum to C5) but is not identi-
cal to C5.

This strongly suggests that bovine
milk contains a previously unrecognized
mechanism, either a simple substance or
an entire cascade, which will opsonize
yeast. The nature of this mechanism and
how it affects the membranes ‘of the
yeast particle have a number of implica-
tions.

1) The identification of a substance in
milk with functional analogy to a natural
component of the human complement
system: (i) increases the potential biolog-
ic significance of complement, and (ii)
provides an aid in the characterization of
complement dependent opsonization.
Biologically active products of C5 are
formed upon normal complement activa-
tion. In this process, the native C5 mole-
cule is cleaved into a smaller fragment,
C5a, which remains in the fluid phase,
and a larger fragment, CSb, which is
bound. Each fragment is biologically ac-
tive. The fragment CS5Sa can mediate
chemotaxis, histamine release, smooth
muscle contraction, and capillary per-
meability ({1). This is a very specific sys-
tem: C5a, for example, apparently acts
on the cell membrane, producing chemo-
taxis and smooth muscle contraction at a
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different site from that of C3a, a similarly
derived cleavage product of C3 (I2).
Fragment C5b can also participate in the
chemotaxis of PMN’s when it is com-
plexed with C6 and C7 (I3). A role for a
C5-derived product, possibly C5b, has
also been demonstrated in the opsoniza-
tion of baker’s yeast particles (9). Vari-
ous functional activities of C5 products
probably reflect different individual sites
on the C5 molecule (9, /4). Character-
ization of the biologically active material
in the milks may, therefore, contribute
significantly to the characterization of
the opsonically active fragment of hu-
man CS5.

2) The identification of a biologic ac-
tivity in milks with the potential for en-
hancing the inflammatory response has
significance in a variety of human nutri-
tional deficiency states. Preliminary
characterization of the opsonically ac-
tive bovine milk fraction by Sephadex G-
200 chromatography showed no activity
in the casein micelle complex (molecular
weight 108). Heat-stable opsonic activity
was found between the lactalbumin and
lactoglobulin peaks. Lactalbumin lost
opsonic ‘activity and was denatured in
highly acid pH ranges, suggesting that
the opsonically active fraction resides in
the lactoglobulin fraction, with a molecu-
lar weight of approximately 36,000. Ef-
fects of the various antiserums upon this
partially purified isolated product are
identical to those shown with whole bo-
vine milk.

3) The identification of the material in
nonanimal milks (that is, soy) suggests a
wide biologic role for this molecule.
Precedents exist for such relationships,
for example, with the glycoprotein blood
group antigens which are found through-
out the animal and plant kingdoms. Com-
plete characterization of the opsonically
active milk fraction should permit explo-
ration of this point.

MicHAEL E. MILLER
RoLAND G. GANGES
Department of Pediatrics, University
of California, Los Angeles, School of
Medicine, Harbor General Hospital,
Torrance, California 90509
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Cleptoparasitism and Odor Mimetism in Bees:
Do Nomada Males Imitate the Odor of Andrena Females?

Abstract. Identical chemical compounds are present in the Dufour gland secretion
of female Andrena bees and in the cephalic secretion of many male Nomada bees.
Females of Nomada parasitize the nests of Andrena. Many Nomada species confine
their attacks to a single host species. In two such host-parasite pairs, Andrena hae-
morrhoa—Nomada bifida and Andrena carantonica—-Nomada marshamella, all-trans
farnesyl hexanoate was found to be the totally dominant component in respective
secretions. In two other pairs, Andrena helvola-Nomada panzeri and Andrena clar-
kella-Nomada leucophthalma, geranyl octanoate is the major component. This pair-
wise odor correspondence is discussed in relation to critical points of contact in the
life cycles of host and parasite, male and female.

In an investigation of biologically ac-
tive volatile chemical compounds in bees
of the genus Andrena F. we have found
all-trans farnesyl hexanoate or geranyl
octanoate to be the dominant component
in the female Dufour gland secretion.
These compounds are included in the
nest odor. In the cephalic secretion of
many male Nomada bees, which are
cleptoparasites (nest parasites) mainly of
Andrena, the same chemicals were
found to be dominant. We believe that
this finding will be of some importance
for understanding the evolution of strate-
gies that cleptoparasites use to gain entry
into host nest.

The bee genus Andrena is found in the
Holarctic and African regions and is of-
ten represented by populations rich in in-
dividuals. Most species of Andrena are
solitary, some are communal (/). The fe-
males build their nests, consisting of a
main burrow with short lateral tunnels,
in the ground. At the end of each lateral
tunnel is a nest cell coated on the inside
with a hydrophobic lining. This coating
is secreted from the Dufour gland lo-
cated in the abdomen of the female (2).
After the female has stocked the cell
with a food supply of pollen and nectar
and has laid an egg on top of it, the cell is
sealed.

Species of Nomada parasitize mainly
species of Andrena but also species in

other genera of bees (3). Each species
confines its attacks predominantly to a
single host species or a group of closely
related species. The Nomada female
first locates Andrena nests from visual
and chemical cues (¢), and later, she lays
an egg in a nest cell prepared by the host.
The Nomada larva Kills the host egg and
consumes its food supply ). In spite of
the harm caused by the Nomada larva in
the nest of the Andrena, an encounter
between females of the two species in or
just outside the nest causes no aggres-
siveness (5). The two females show no
resemblance in general appearance in ei-
ther color or pubescence (Fig. 1).

Members of the two populations of the
host-parasite pair also meet in another
situation. Andrena males make route
flights (patrolling flights) (6) in habitats
that are specific for different Andrena
species. The males aggregate in a certain
part of this habitat, where the flight paths
are marked by odor points perfumed
with volatile secretion from the cephalic
glands (7). In species nesting in aggrega-
tions, the nest areas are patrolled by the
males (8). The Nomada males make
route flights in the same localities as the
males of their host species. We have of-
ten observed Nomada males to join
groups (often the more numerous ones)
of Andrena males following certain flight
paths.
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