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THE PROBLEM

What are the affinities of the Lago-
morpha (hares, rabbits, conies)? Are
they allied to the rodents, or are the adap-
tive similarities between the two groups
the result of parallel evolution? Are the
lagomorphs more closely related to. any
other mammalian order than they are to
Order Rodentia? This paper adds sero-
logical evidence to the morphological evi-
dence which has béen marshalled in at-
tempts to answer these questions. The in-
vestigation forms part of a program of
serological research devoted largely to
rodents (Levine and Moody, 1939;
Moody, 1940, 1941, 1948; Moody and
Ttzkowitz, 1943).

The taxonomic position to be assigned
to the hares and rabbits has long been a
subject for disagreement. An historical
summary is given by Simpson (1945);
details will not be repeated here. Tradi-
tionally the Order- Rodentia has been di-
vided into two suborders: Duplicidentata
(hares, rabbits, comes) characterized by
two pairs of upper incisor teeth, and Sim-
plicidentata, characterized by one pair of
upper incisors. This systematic arrange-
ment is still not uncommon, particularly
among European authors (cf. Parker and
Haswell, 1940).

Evidence has gradually accumulated,
however, to indicate that dissimilarities
between the groups outweigh similarities.
In 1912 Gidley summarized the evidence
-and separated the hares and rabbits into
a distinct Order Lagomorpha. Accord-
ing to this author lagomorphs differ from
rodents in the following ways. Lago-

morphs have four functional upper in-.

cisors, 'six being present in young indi-
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viduals, while rodents have two upper in-
cisors, the number never being greater in
young individuals. Lagomorphs have
three functional upper premolars-and two
lower ones; rodents never have more
than one upper premolar and one lower
one. Lagomorphs have a broad palate,
the distance between the ‘upper tooth
rows being much greater than that be-
tween the lower; rodents have a mnar-
row palate, the distance between the up-
per tooth rows being less than' that be-
tween the lower. The upper cheek-teeth
of lagomorphs are much wider than the
lower ones, whereas in rodents the upper
and lower cheek-teeth are about equal in
width. The lagomorph glenoid fossa is
constructed so that the jaws are limited
to a lateral motion in chewing, while in
rodents both- antetroposterior and lateral
motions are possible. In lagomorphs the
cheek-tooth row lies in a plane with the
ascending ramus of the lower jaw, while
in rodents the cheek-tooth row lies in-
side the plane of the ascending ramus of
the lower jaw. The caecum of lago-
morphs has a spiral fold ; this is lacking in

"the rodent caecum. The elbow joint of

lagomorphs is modified so that rotary mo-
tion of the forearm is not possible ; motion
is not thus restricted in rodents. In
lagomorphs the fibula is fused distally
with the tibia and articulates with the cal-
caneum ; in rodents the fibula may be fused
or free but never articulates with the cal-
caneum. Wood (1940) called attention
to additional characteristics of lagomorphs
not shared with rodents, including the
fenestration of the lateral wall of the max-
illa, the weaker and less complex jaw
musculature, and the dissimilar enamel
pattern of the molars.

Evidence from paleontology has
strengthened the view that lagomorphs



26 P. A. MOODY, V. A. COCHRAN AND H. DRUGG

are distinct from rodents. - ‘Both orders
are known from as far back in geologic
history as the.Paleocene. No intermedi-
ate forms have been discovered, and there
is no tendency for the more ancient repre-
sentatives of the two orders to resemble
each other more than do modern repre-
sentatives, save as the more ancient ones
share primitive mammalian character-
istics common to early eutherian mammals
(Simpson, 1945; Wood, 1940, 1947).

Granted, then, that lagomorphs. should
be accorded ordinal rank, is Order Lago-
morpha more closely allied to. Order Ro-
dentia than it is to other orders of pla-
cental mammals? Gidley (1912) con-
cluded that the lagomorphs “seem not to
stand .any closer to the Rodentia than to
some other of the great groups of the
mammalia.” He enumerated a number
of characteristics in ‘which the lago-
morphs parallel higher ungulates. The
broad palate, the fact that the upper
cheek-teeth are wider than the lower ones,
the manner of chewing on one side at a
time with a lateral motion of the jaw, and
sithilar modifications of the limbs and feet
are among these parallel characteristics.

Nevertheless, the similarities between
the lagomorphs and the rodents must not
be overlooked. The most obvious of these
similarities is the gnawing mechanism pro-
vided by the opposed pairs of upper. and
lower incisors.
out, however, that scalpriform incisors
have been independently acquired by such
differing orders as toxodonts, pyrotheres,
lemurs, allotheres, tillodonts and Hhyra-
coids. Gregory (1910) enumerated the
following characteristics in which lago-
morphs resemble rodents: “a typically
complete uterus duplex, a discoidal decidu-
ate placenta, a 'small allanto-chorion, a
large cup-shaped invaginate yolk sack in
which the embryo lies, nineteen dorso-
lumbars, and four endoturbinals with five
scrolls.” He laid emphasis on the fact
that while these are mostly primitive mam-
malian characters they are not found in
this combination elsewhere.

Gidley (1912) pointed '

In view of ‘the similarities and despite
the differences, systematists have been
wont to indicate relationship between lago-
morphs and rodents. The two orders are
usually listed in contiguous positions, as
for example by Miller (1924), who placed
Order Lagomorpha between Order Ro-
dentia and Order Artiodactyla (even-toed
ungulates).  Simpson (1945) grouped
Order Lagomorpha and Order Rodentia
together in Cohort Glires, a category of
supraordinal rank. With disarming can-
dor he admitted, however, that such a
grouping “is permitted by our ignorance
rather than sustained by our knowledge.”

It will be evident from the above that
varying points of view as to the relation-
ships of lagomorphs are possible, depend-
ing upon the weight and interpretation
one places. upon this or that morphologi-
cal characteristic. It is our aim to add
serological characteristics to the morpho-
logical ones previously utilized.

It is generally assumed that the serum
proteins present . relatively conservative
characteristics and hence share the en-
hanced value for. relationship studies pos-
sessed by conservative characteristics as
contrasted with those more amenable to
evolutionary change. This line of thought
has been ably developed by Boyden (1942 ;
1943). Certainly it is true that from the
classic investigations of Nuttall (1904) to
the present, serological tests have on the
whole corroborated classification based
on morphology (see Erhardt, 1931, and
Boyden, 1942, for surveys). This fact
tends to instill confidence in the validity
of serological evidence applied to cases in
which morphological evidence is conflict-
ing or inconclusive.

MATERIALS AND METHODS
Antigens

Whole, normal sera rendered sterile by
passage through a Seitz filter were em-
ployed for inoculation of the cocks and as
the basis for the antigen dilutions used in
the tests, Sera from the following species
were utilized.
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Order Primates

Macaca mulatta. . .......... rhesus monkey
Homo sapiens. ............. man
Order Lagomorpha
Oryctolagus cuniculus. . . .. .. domestic rabbit
Lepus americanus. . ........ varying hare
Sylvilagus transitionalis. . . . . . cottontail rabbit
Order Rodentia
Rattus norvegicus. .. ........ albino rat
Peromyscus leucopus. . ... ... deer-mouse
Peromyscus trues. . ....... .. deer-mouse
Ondatra zibethica. . ... ... ... muskrat
Erethizon dorsatum. . . . ... .. porcupine
Cavia porcellus. ............ guinea pig
‘Order Carnivora
Procyon lotor. . ..........:.raccoon
Order Artiodactyla
Bostaurus................. beef
Odocoileus virginianus. . . . . .. deer
Antisera

Adult male domestic fowl were em-
ployed for production of antisera. Each
cock received from 9.5 ml. to 10.5 ml. of
whole serum in two series of intravenous
inoculations. The cocks which provided
antiserum for the photronreflectometer
tests received a third series of inoculations
(totalling 3.5 ml.). Antiserum obtained
following the two series of inoculations is
designated in Table 2 as “First Bleeding,”
that obtained following the third series as
“Second Bleeding.”

TABLE 1. Results of ring tests.

27

Blood was collected from the cocks by
cardiac puncture following the technique
of Genest (1946). The blood was de-
fibrinated by shaking with glass beads,
centrifuged, and the serum was removed
and passed through a Seitz filter.

Ring Tests

A progressive series of antigen dilu-
tions was prepared, starting with a 1
per cent solution of whole serum, and
employing as diluent 1.8 per cent sodium
chloride solution buffered to pH 7 (Evans,
1922). 0.1 ml. of antigen dilution was
carefully layered over a like quantity of
undiluted antiserum in each of a series of
small test tubes. The highest dilution in
which a ring of precipitate was visible at
the antiserum-antigen interface, follow-
ing incubation for one hour at 37.5° C.,
was recorded as the endpoint of the re-
action. Tests were performed in dupli-
cate; data in Table 1 are based on aver-
ages of the duplicate tests.

Photronreflectometer Tests

The photronreflectometer (Libby,
1938a) is a photoelectric instrument for
measuring turbidity. In the model utilized

The endpoint of each homologous reaction is given as “1009%,"”
in the body of the table, the actual titer of each being listed at the bottom of the table.

Endpoints

of heterologous reactions are expressed as percentages of the homologous endpoint. *0” means

that no ring formed in the first, 1:100, dilution or any subsequent one.

Cocks 1, 2, 10 and 11 were

inoculated with domestic rabbit serum, cock 7 with cottontail rabbit serum.

Antigen Cock 1 Cock 2 olocks | Cock 7 Order
Domestic rabbit 100.09%, 100.0%, 100.09%, 66.09%,
Cottontail 90.0 67.0 66.0 100.0 Lagomorpha
Varying hare 90.0 75.0 100.0 50.0
Beef 30.0 25.0 66.0 25.0 .
Deer 10.0 12.0 Artiodactyla
Albino rat 25.0
Deer-mouse 60.0* 0.5% 0* 25.01
Muskrat 0 16.0_ } Rodentia
Porcupine 33.0
Guinea pig 1.0
Rhesus monkey 0 25.0 .
Man 50.0 Primates
Raccoon 33.0 Carnivora
Homologous titer 16,666 20,000 1,000 19,200

* Peromyscus trues.

t Peromyscus leucopus.
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Fic. 1.

Results of photronreflectometer tests with

pooled anti-domestic-rabbit antiserum from four cocks,
following three series of inoculations (second bleeding;

Table 2).

Numbers along the ordinate are galvanometer

readings, along the abscissa, tube numbers of doubling
antigen dilutions, starting with whole serum in tube No. 1.

in this investigation (Libby, 1941) a beam
of light enters a test tube (7 mm. X 70
mm.) through the closed end, If turbidity
is present in the contents of ‘the tube some
of the rays are diffracted onto a photo-
electric cell placed parallel to the side
wall of the tube and connected to a galva-
nometer. The galvanometer deflection is
proportional to the amount of turbidity
present (Libby, 1938a, 1938b, 1941 ; Boy-
den, Bolton and Gemeroy, 1947).

In utilizing the instrument a doubling
series of antigen dilutions was prepared,
starting with whole serum, and employing
0.2 per cent buffered saline solution as
diluent (cf. Boyden, Bolton and Gemeroy,
1947). Each test tube received 0.75 ml. of
antigen dilution and a like quantity of
antiserum diluted with equal parts of the
saline solution. Each tube was incubated
for 10 minutes, readings in the instru-

ment being taken before and after the in-
cubation period. The difference between
the two readings formed a measure of the
amount of turbidity developed. Each an-
tigen dilution was tested in the same man-
ner. There was obtained, therefore, a
series of readings which were plotted
as the points on a curve (Fig. 1). The
area under the curve was utilized as a
quantitative statement of the magnitude of
the reaction (Boyden, 1939). All tests
were performed in duplicate (sometimes
in triplicate -or quadruplicate); data in
Table 2 are based on averages of the re-
peated tests.

Attempts were made to minimize vari-
ables introduced by day-to-day fluctua-
tions in the photron’er and by the age
of the antiserum. A standardizing pro-
cedure suggested by the recommendations
of Baier (1947) for a different form of
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TABLE 2. Results of photronreflectometer tests
employing pooled anti-domestic-rabbit antisera from
Sfour cocks. Areas under the curves are expressed
as percentages of the area under the curve for
homologous antigen. Between the first and
second bleedings the cocks received an addi-
tional series of inoculations.

First | Second
Antigen Bleed- | Bleed- | Average Order
ing ing
Domestic rabbit | 100.0% | 100.0% | 100.0%
Cottontail 0737119997 | '96:6 7 }| Lagomorpha
(B;ee;f . gg Zgg %g? Artiodactyla
uinea pig . K 3 .
Albino rat 103 | 80 | 9 jjRodentia
Man 9.3 9.3 Primates

the instrument was adopted. To obviate
the variable introduced by age of the anti-
serum, tests to be compared were per-
formed within a brief period of time or,
when this was not possible, the duplicate
tests with a given antigen were spaced
as widely as possible in the span of time
during which the antiserum was. in use.
We found that chicken antiserum changes
its reactivity as measured in the photron’er
over a much longer period of time than the
12 days reported by Wolfe (1942) and
Wolfe and Dilks (1946) for changes in
ring test titer.

REesurts
Ring Tests

Table 1 gives the results of tests per-
formed with four antisera. Each of the
Tatter was obtained from a single cock, ex-
cept- for one which’ was composed of
pooled serum from two cocks. In the
table the heterologous reactions are ex-
pressed as percentages of the homologous
titer ; the latter is given at the bottom of
the table for each antiserum.

Cocks 1, 2, 10 and 11 had been inocu-
lated with domestic rabbit serum.. Indi-
viduality of response to inoculated anti-
gen is evident in the results. - Each anti-
serum gave strong reactions with sera
from the two heterologous species of lago-
morphs, but differentiated these antigens
from the homologous one. In general
much weaker reactions were obtained with
antigens from other mammalian orders,
though the strong reaction of cock 1 anti-

serum with deer-mouse antigen and that
of cocks 10 and 11 antiserum with beef
antigen form apparent exceptions to this
statement. Beef serum was the only non-
lagomorph antigen to give consistent re-
actions of medium strength with all three
anti-domestic-rabbit antisera. The
marked discrepancy between the results
with cock 1 antiserum and those with the
other two antisera when tested with deer-
mouse antigen is inexplicable at present.

More extensive . tests than those with
the first three antisera were performed
with antiserum from cock 7, which had
been inoculated with cottontail rabbit
serum. This antiserum reacted most
strongly with lagomorph antigens, but in
addition reacted to considerable extent
with antigens from the other orders of
mammals tested. Indeed, the reaction
with human serum equalled that with vary-
ing hare serum. Explanation of this fact,
as well as of the marked differences in re-
action with the several rodent antigens,
must await further investigation.

It can be concluded from these tests that,
if the single aberrant result with cock 1
antiserum and deer-mouse antigen be
overlooked, there is no indication of
greater serological affinity between lago-
morphs and rodents than exists between
lagomorphs and a number of other orders
of mammals.

Photronreflectometer Tests

Figure 1 presents in graphic form the
results of tests performed with pooled an-
tiserum obtained from four cocks follow-
ing the third series of inoculations with
domestic rabbit serum (second bleeding).
The numbers on the ordinate axis repre-
sent galvanometer readings (expressing
the differences between the first and sec-
ond readings for each tube, as described
above). The numbers given on the ab-
scissa represent the series of doubling
antigen dilutions, starting with whole
serum in tube No. 1.

The curve representing the reaction
with homologous antigen (domestic rab-
bit) follows a course typical of precipitin
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OOMESTIC RABBIT
COTTONTAIL
BEEF

GUINEA PIG
ALBINO RAT

MAN

}LAG‘OMORPHA
ARTIODACTVLA
}RODE/V TIA

PRIMATES.

F16. 2. Bar graph of average results of photronreflectometer
tests with pooled anti-domestic-rabbit antiserum from four cocks

(data from column 4 of Table 2).

reactions measured photoelectrically or
quantitatively. In the zone of antigen
excess (prozone) precipitation was in-
hibited. The inhibition decreased with
increasing dilution until a point of optimal
proportions between antigen and antibody
was reached (tube No. 5). Following
this point there was a progressive decrease
in precipitation with decreasing concen-
tration of antigen.

It will be noted that the reactions with
the sera of the two lagomorphs greatly
exceeded the reactions with sera from
representatives of other orders of mam-
mals. The percentages given in Table 2
represent the ratios which areas under the
several heterologous curves bear to the
area under the homologous curve. This
table includes both the results of the tests
graphed in Figure 1 (second bleeding) and
those of the tests with antiserum obtained
from the same four cocks following the
second series of inoculations (first bleed-
ing). The principal difference between
the results obtained with these two anti-
sera lies in the decreased specificity re-
sultant from-additional inoculation of anti-
gen. This is evident from the fact that
following two series of inoculations the
reaction of the antiserum with cottontail
antigen was 67.3 per cent of the homolo-
gous reaction, whereas following an ad-
ditional series of inoculations the reaction
with cottontail antigen was 93.9 per cent

of the homologous one. This decline in
specificity is in line with the results of
previous workers (e.g., Wolfe, 1935).

. The fourth column of Table 2 presents
averages of the percentages obtained with
the two antisera (see Fig. 2). As was
true of the ring tests, the greatest heterolo-
gous redction was obtained with a lago-
morph antigen; reactions with antigens
from other orders were of much less mag-
nitude. There is no indication of greater
serological affinity between lagomorphs
and rodents than exists between lago-
morphs and representatives of other or-
ders of mammals.

Discussion

There are few results with which the
present ones can be compared. Bordet
(1899) recorded the production of anti-
sera in chickens by inoculation with rabbit
blood. TUhlenhuth (1905) obtained in
chickens antisera against the blood of the
European hare. These antisera reacted
with the serum of domestic and wild rab-
bits as strongly as they did with the ho-
mologous antigen, though precipitate with
the heterologous antigens formed a trifle
more slowly than it did with the homolo-
gous antigen. The antisera did not react
with serum from man, rat, mouse, guinea
pig, polecat, horse, swine, beef, sheep or
pigeon. The same author prepared anti-
sera by inoculation of chickens with rab-
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bit blood. These antisera precipitated rab-
bit and hare blood, the reaction with the
latter being somewhat weaker than that
with the former.

In our investigation antisera formed in
domestic fowl by inoculation with lago-
morph sera were sufficiently specific to
distinguish between one species of lago-
morph and another, and at the same time
gave reactions with antigens from other
orders of mammals. This was true
whether the precipitin reaction was mea-
sured in terms of endpoint titer of a ring
test or in terms of turbidity developed
over the total range of antigen-antibody
reaction, as measured with the photron-
reflectometer. DeFalco (1941), Boyden
(1942; 1943), Boyden and DeFalco
(1943), and Boyden, Bolton and Gemeroy
(1947) have emphasized the advantages
of the latter method over the former,
stressing the importance of basing mea-
surement upon the entire range of a
serological reaction rather than upon its
limit alone, or upon measurement at any
single point in the range of reaction. The
error which might be introduced by the
latter practice is exemplified in Figure 1;
it will be noted that the point of optimal
proportions was reached in tube No. 5
for the two lagomorph antigens, in tube
No. 3 for albino rat antigen, in tube No.
4 for guinea pig antigen, and in tube No.
7 for beef and human sera.

Accordingly, we attach more impor-
tance to the tests with the photron’er than
we do to the ring tests. We are influ-
enced in this not only by theoretical con-
siderations but also by the fact that the
photron’er tests were performed with
pooled antiserum from four cocks, thereby
minimizing the variations introduced by
individuality of response on the part of
antibody producers (Table 1). Never-
theless, it seems to us particularly condu-
cive to confidence in the validity of the
present findings that in broad outline the
latter were essentially similar with both
methods of measurement.

Another check-on validity of serological
relationship values lies in agreement be-

tween reciprocal tests. Few tests applica-
ble to the present study are available. The
senior author immunized one cock with
beef serum. In ring tests this antiserum
differentiated sharply between beef and
deer serum and reacted slightly, when at
all, with non-artiodactyl sera ; a slight reac-
tion .was obtained with one of three lago-
morph sera tested (unpublished data).
Hartung (1948) immunized cocks with
albino rat serum. Employing the pho-
tron’er she found' that reactions of the
antiserum were greatest with sera from
other rodents, much less with lagomorph
sera. The order of magnitude of the re-
actions with the latter was similar to that
of reactions with rodent sera in the pres-
ent investigation. This result forms con-
firmation of our finding that rodents and
lagomorphs are not closely similar sero-
logically.

Our tests demonstrated that there is
no more similarity between the sera of
lagomorphs and those of rodents than
there is between the sera of lagomorphs
and those of a number of other orders of
mammals. Is there any indication that
lagomorphs are more akin to any one order
than they are to others? In view of all
the results save those with cock 7, it is
tempting to see greater affinity between
lagomorphs and artiodactyls than exists
between the former and any other order
included in the study (Fig. 2). It will be
recalled in this connection that Gidley
(1912) enumerated several morphological
characteristics in which lagomorphs re-
semble ungulatés. Serological data avail-
able to date are too few and indecisive to
warrant conclusions with regard to lago-
morph-artiodactyl relationships, however.
A survey including representatives of most
or, preferably, all mammaliari orders is
needed and would undoubtedly yield re-
sults of value.

SUMMARY

1. The present status of the question of
lagomorph .relationships is summarized.
2. Male domestic fow] were immunized
with lagomorph sera. The antisera so
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obtained were employed in (1) ring tests
on sera representing five orders of mam-
mals, and (2) turbidity tests, using the
Libby Photronreflectometer, on sera rep-
resenting four orders of mammals.

3. The antisera differentiated between
the lagomorph sera tested and reacted, in
general, to less a degree with sera from

representatives of other mammalian or-

ders.

4. On the whole we found no evidence
of greater serological similarity between
lagomorphs and rodents than exists be-
tween lagomorphs and other orders of
mammals. Thus the present results-form
serological confirmation of the wisdom of
separating lagomorphs and rodents into
distinct orders, a separation based origi-
nally on morphological considerations.
Our results also offer some comfort to
proponents of the view that the two or-
ders are not even closely related and that
their adaptive similarities arose through
parallel evolution (Gidley, 1912; Wood,
1940).

5. Most, though not all, of the tests
gave evidence of greater serological simi-
larity between lagomorphs and artio-
dactyls than exists between lagomorphs
and the other orders included in the study.
Conclusions here would be premature,
however ; the present results on this point
can merely serve to indicate a promlsmg
field for investigation.
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