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JNTRODUCTION

Disease resistance in enimals is a field in which there
has been relatively little im;estigation from the genetic
point. of view, With the develcpment of more precise methods
for laboratory control of diseases and of heredity, more
critical experiments from the genetic standpoint are demanded
of the snimal pathologist.

The experiments reported in this paper were planred to
investigate the factors involved in reaction differences
among various laboratory strains of mice when subjected to a
controlled infection with a specific bacterial disease,
Selection for resistance was the major object of the investi-
gation using the survival of progeny as a criterion for the
breeding in successive generations, Although this study was
concerned exclusively with reactions inherent in mice,
precedent for the generai plan of investigation was drawn
directly frdm experiments on rats conducted in the Genetics
Laeboratory by Irwin (1928, 1929) and on poultry by Lembert
ard Knox (1928).

The increased resistance among rats to the Denysz
bacillus observed by Irwin over three generations of selec-

tion, was attributed to complex genetic factors some of which
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apparently weré rartially dominant in inheritance, Lambert
and Knox, usi:ig the reaction in chicks as a basis for selec~
tion, also suggested that muliiple genetic factors, in part,
determine resistance to fowl typhoid. Roberts and Card
{1928}, likewise working with chicks, showed that resistance
to bacillary white diarrhea was definitely influenced by
hex'edi"‘by,. Preceding this, Frateur {1924) had proposed a

singie factor for determining resistance to avian diphtheria,

. hkmong highly inbred lines of guinea=-pigs, Wright and Lewis

(1921) noted appreciable differences in reaction to tubercu-
losis,

In reports dealing with bacterial infections of mice,
various authors have oonserved individuasl as well as sitrain
and stock differences in resistance. Tyzzer (1917) and
Hagedoorn~LeBrand and Hagedoorn (1920) observed that during
laboratory epidemics the Japanese waltzing mouse sSTOCKs were
much less resistant to infections than were other mouse
stocks, Pritchett (1526) reported distinet differences of
reaction between inbred strains of mice when subjected to
controlied doses of paratyphoid~enteriditis and Type II

mouse typhoid (Bacillus pestis caviael.

Among the investigations dealing with infections of mice,

Webster (1924, 1925) has presented the most clear-cut evi-

- dence of heredity as a factor in resistance, He has shown that
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by selective breeding resistance could be increased or dimin-
ished when using paratyphoid-enteriditis as the infective

agent,
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MATERTALS AND METHODS

The mouse {¥us musculus) was selected asg a subject for

this study because of its wide use in pathologicel work, its
adaptability to laboratory conﬁiﬁions-,_and its extensive use
in hereditary investigations, In 1928, when this study wes
initiated; the strains available for tests were the Bagg
glbino, Strong derk-brown, Little dilute-brown, arnd a com-
mercial sirein designeted as {Sch) Sehwing aibino., ILater,
three other lines were acquired, Short-sared, pink<eyed,
dilute~brovn; ¥nglish silver; and a white-faced, or piebald
straine

The foundation stocks for the strains came from variocus
sources as follows: DIr, E. C. HacbDowell of the Carnegie
Institution of Washington supplied the Bagg albino (Ba) strain
in 1824, This strain had been developed by Dr. He J. Bagg of
Memoriel Hospital, ¥, ¥, in 1916, and had been inbred by
tachowell sizﬁc.e 1922, Other stocks provided by HecDowell were
the Little dilute-brown (Li) streirn in 19263 a short-eared,
pink-eyed, dilute~brown {Pbr}, and an English silver (Sil)
strain eariy in 1929, The Li strair was develcoped by Ir, C.
Ce Little while at the University of Xaine; the Povr strain
was isclated by Dr. Clars J. Lynch of Rockefeller Institute;

and the Sil strain was from stock imported from Englsnd in
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1927 by Dr, L. C. Duan of Columbia University, The Sitrong
dark-brown {Str) strain originally came from Dr, L, C.
Strong of Bussey Institute in 1926, The Schwing albino
{Sch) strain came from Mr, =& Schwing, e dealer in Harris~
hrg, Pae in 1927. The white~faced (WF) strain came froam
Bussey Institute stock in 1930 through couriesy of Dr. i,
R. Irzwin, now of the University of Wisconsim.

All of the strzins except the Sch and Sil have been ¢on=-
tinued by brother-sister or parent-offspring mating. The
Sch strain has been carried as a pen~inbred line, Progeny
from all of the seven strains have been used in tesis as

describved in the body of this report.

The disease organism used in this study is Salmonella

sertrycke, a species placed by Weldim (1927} and by Bergey

(1936, pp. 339-350} in the genus Selmonella of the colon-
T;’yph.Old gmup of bacterias. I#':.' is well known as a specific
typhoid producer in mice and typhoid~like diseases inm other
laboratory animals, Furthermore, it is extensively associa-
ted with food poisoning in man, Jordan (1931, DDe 144-147)
and Savage (1925}. A culture was supplied to us in 1926
through the courtesy of Dr. W. W. C. Topley, Public Health
Laboratory., Eéanchester » England. Topley and his associates
have carried cun extensive epiaemiologicel ax_zd virulence
studies with this organism using the mouse &s the Lost,

Topley (1925}, Lockhart (1926}, Wilson (1930}. A stock of
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the organism used in the Geretics lLaboratory is carried in
the American Type Culture Collection, John McCormick Insti-
tute, listed under material supplied by ¥. R. Irwin, 1926,
as S. aertrycke, No. 854-"2188(Typel".

In our laboratory the organism has been cerried by

monthly transfers on veal infusion agar slants, For each

i

inoculation an 18 hour culture weas suspended in 5 ce. physi
ological salt solution and transferred to a sterile stock

bottle. A semple was then drawn from the stock bottle and
heatgd for 20 minutes af 55-609C. to render the organism
non-x‘noti‘le. The number of organisms was then determined by
use of a Petroff-Hausser bac te:f:ia' eoun_ter > and the original

suspension &iluted so that the required numbsr of bacteria

were contained in 0.25 ce. of physiological salt solution,

The method of inocaiation in all cases was by intraperi-
toneal injection, the inocculations being made immediately
after the dilution was complete, This procedure was cone
sidered as a direct and controllable means of uniform infee-
tion with the disease,

At approximately 60 days of age the animls were we ighed
and teken into the isolation laboratory., After incculation

the animals were checked each morning and mortalities reccrded

over a pericd of 21 days,




STANDARDIZATTION OF DOSAGE

-£% the outset of this study 1t was not known how large
a dose could be given to an individual mouse of any given
strain and s$ill allow for survival and reproduction of a
few individuals within the tested group., Accordingly, at
consecutive times when animals were available, doses of var-
ious fixed numbers were admimistered,

A suggestion for the usable range of dosage was drawn
from Lockhart®s (1926) summery of mortalities under various
doses of the organism. Following intraperitoneal imoculation

with graded doses Lockhart's experiments show:

‘Ho. of mice Percentage mortality
Dose at risk at 14tk day
107 £00 90,75
10° 400 70,00
105 200 59.75
6 400 30,75

The results of the various doses used in cur labora-

| tory on the Schwing strain are summarized in table 1, Here
it is shown that a dose of 2 x 10° orgaﬁisms or over allows
for little survival, and it is of interest to note that none
of these survivors produced offspring, Doses of O X 104

organisms permitted some survival followed by ability to
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reproduce, The lowest dose adminis‘aered, 104 organisms, Q1=
lowed distinctly more survival, However, the survivors of
this low dose were not used in these experiments because it
was believed that animals surviving the nex’t higher dose would
possess more hereditary factors for natural resistance,

Table X, Percentage mortality in Sch mice following inocula-
tion with different numbers of S, asrirycke.

e

Number orgenisms: Number :  KNumber Percentage
in dose :_inocculated : dead : _mortality
1 x 107 | 64 64 100,0:
2 x 108 111 109 98,2
2 x 10° 225 219 96,0
5 x 104 558 443 82,3
1 x 10% 102 71 69.6

The large number of animals listed as tested under the
& x 104 dose is an accurilation of groups used throughout the
~experiment as checks for testing the consistency of fthe viru-
lence of the organism, The survivors from the earlier tests
with this standard dose were the progenitors of succeeding '
generations of our resistant strain,

The rate of mortality occurring under each of the vari-
ous doses is presented in figure l., The death rate in each
group is expressed in daily percentage mortalities over the

test period of 21 days,
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Figure 1, Death rates in Sch mice over a period of
21 days following various doses of -

S, aertrycke,
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- The morta?_ity curve of the liighe:st dose can be inter=
preted as the result of an acute fomm of infection, The
curves of tb;é 2x ,106.. and 2 X :IGS goses show Tew differences.
The small number of arimels in-these two groups living over
14 days can probably ne ascribed to their sustaining a sub~
acute-infection. Inm the Teaction represented by the curve
of the standard dose, 5 x 10%, the most rapid rise in mor-
telity occurs before the fourteenth day. This is followed
by a marked lessening of mortalrky, The appreciable percent,
of survivors is taken to represent those amimals which are
gble to throw off a sub-scubte infection. In the reaction
given by the lowest dose, 10% organisms, the sharpest rise
is before the fourteenth day, but the subsequent flattening
- of the curve is less marked them under the stendard dose.

Another striking feature shown by the curves is the
similarity of the incubation period in the doses of 2 X 3.06, ,
2x 19’5», and 5 x 10% organismse ‘The first mortality oc eurs
on the third day in all three cases. With the dose of 107
organisus fatelities are evident on the first day, while with
the lowest do;se vir$ually no mortelities oceur wmtil the
seventh day, . ‘

Another feature of the standard dose may be noted in
the proportionate differences between the mortalities of the
vérirous groubs, These statisties have been caleulated

aécording to Fisher's (1930, p. 84) tests for independence




and are giver in table 2, The -&ifference between the stan-
dard dose (5 x 10%) and the one four times as large is well
beyond that ‘expected from rendom variation. The same can be
said of the standard dose in relation to the one which is
five $times smaller.

Teble 2, Gompai*;{son of the differences ip percentage mortal-
ity resulting from various doses of S, sertryckes,.

T Diiferences in - .
X2

Doses :  percentage . P
compared :  mortality W ¢ :
107 ang 2 x 10° 1.8 - 2,024 0,16
2 x 10% and 2 x 10° 2.2 3.424 0.07
2 x 10° and 5 x 10% 13,7 26,738 4.01
5 = 10% ana 10% 12.5 8.946 = <.61

Similtaneously with the preliminary tests on the Sc-}iwing
mice, animels from the Bagg albino strain were inoculated
with the three lower doses, ILikewise 'Strong dark-brown
entered the tests under the 2 x 10° and 5 x 10% doses., The
results from %hese tests are smmarized in table 3, and the

mortality rates are presented in figure 2.




14w

Table 3. DPerceatage mortality in Ba and Str strains follow-
ing various doses of S, aertrycke,

o

Dose Strain Number . Number : Percentage
: : inoculated : dead : mortality
2 x 10° Ba 90 90 100..0
2 x 105 Str 78 78 100.0
5 x 104" Ba 97 78 80.4
5 x 104" str . B4 49 90,7
i x 104 Ba 56 35 625

*Stendard dose

T should be noted that, ailthough the Ba strain is more
highly inbred than tbe(-sk;h stmin,__,.i_;he _znorta).i’;y in each
strain under similar dosege is almost identical {see tables
1 end 3}, The reaction of the Str strain is like that of the
Ba in the 2 x 109 dose, but with the standard dose the
mortelity is appreciéb}.y higher,

The reactions of these three strains of mice under the
various doses were ﬁak_en_ as an index of the utiiity of the

S5x 104 dose as 2 stendard..
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Figure 2, Mortality rate curves in Bagg albino and
' Strong dark-brown stocks following inocu-

- latiqn with»varying doses of S, aertrycke, .
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BELCTIO”“ UNDER THE STANDARD DOSE

A statistical method for use when the observations are
expressed in percent,. is illustfated with the data in teble
4 and the followiﬁg fo;ﬁnlae‘ The method, as developed
from verious statistical considerations by Professors G. ¥.

" Snedecor and L, E. Brand: of the Mathemstics Depariment,
Iowa State College, tests a series of percentage probabil-
ities for homogeneity., In cases of non-homogeneous material,
the method may reveal the'eharacter'of the variation.

Table 4. The percentage dead in 13 samples of Sch mice in-
_oculated with the standard dose, 3 X 104 organisms,

e

Humber : Kuwznber : Percentage
inoculated : dead : mortality
(1} : (D} : (p}
40 34 85.00
39 29 T4 ¢35
68 ‘ 5% 36..76
62 51 82,23
76 5S¢ 77463
52 28 8750
20 ile 80,00
66 €1 92,42
40 31 77,50
36 - 27 75,00
27 20 74,07
iz i3 21.66
20 17 - 83,00

538 443 82,34
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The Sample of 538 Sch mice was tested in sub-samples st
thixfteeﬁ different fTimes, vThe number inoculated at each
time is listed under I, the number dead under D, and the
percentage dead under p.

Other symbols used in the formulae are as follows:
= the welighted mean mortality percentage

-

l1-p

It

the number of sub-samples

the average number in the sub-samples

the weighted standard deviation in percent:

u
&
d

e Bernoulll standard deviation

t 9 q\ H oo Wi
]

i

ot
by
®

ratio of %B {Lexian ratio)

Then

2 - 1002 Dp _ 52 _ 100 x 36669.69 . (82.54)2 - =
o =% P = s (82.3¢) 36.05

GfF = B2 = S2a3L E 17,66 - 55,14

2 _ 36,05 _

L = 1,18
When L = 1 a series is inferpreted as having & binomial
distribution of perceniages, the probability of death bheing
constant throughout the sample, Witk LD1 a series is said
to be supernormal, and is interpreted as due to variation of
probability of death from one sub-sample to another, When

L{1 the series is subnormal,; the probebility varying from
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individual to individual in each sub-sample, the sare series
of probabilities being repeated from sub-sample to sub-
sample, ”

The X° test for homogeneity furnishes a probability that
the variation in percentage dying is due to random sampling,.
To applj this to the data above:

X2 = NL?
= 13 x 1,0258 = 13,335 |
Then from Fisher's (1930, p.96) X° tables, the above X2
value is found under n = 18, that is N - 1, and the corre-
sponding P = .27, |

This value of P means that a X2 of 15.335 or larger
would be expected from random variation 27‘1‘:imes per hundred
in similarly drewn sampies, In other words, the variation
in morbality percent among the sub~-samples in table 4 is well
within that attributadble to random sampling.

It may be noted that the grouping of the Sch mice into
thirteen samples resulis from routine te.stiizg and is entirely
arbitrery. A more natural basis for the sub-sample is the
litter., Individual records on 25 1itters of Sch mice are
available. A comparison of these litters with the whole
population and with the three test groups into which they

fall is azs follows:
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- Total HNumber Percentage
number _dead mortality L 2(__2_ 2

13 test semples = 538 443 82,3  1.16 13,33 .27
25 litters 107 87 81,3 0,97 23,91 .47

The 25 litters in -
3 vest groups 107 87 8l.3 D69  Lo&4 49

Here the d¢ifferent classifications show no tendency to

disturd the binomial distribution., EHowever, in the Ba mice

we have:
| Total Number Percentage
tested _dead mortality L 2:_?_ P
30 litters g7 78 80.4 1,20 43,80 .04
In 4 test samples 97 78 80,4 1,03 4,26 .23

The smallness of the probability and the supernormal
Texian ratio under the litter grouping suggest that there
may be significant differences in probability of death from
litter to 1litter in this strain,

| A& summary of the reactions of the various sirains tested

with the standard dose is given in table 5.




Table 5. Percentage mortality and test for type of disper-
sior within each of the strains under a standard
dose of S. aertrycke, (5 x 10% organisms).

- - - L4

Strain:Number:Number: Per- :Number of: L =+ X2 : P
sinocu~: dead :centage: litters : : :
slated @ : dead : : : H

Sch 534 443 82,3 13* 1,16 13,33 27

Ba Q7 78 80,4 30 1.20 43,80 »04

str 54 49 80,7 18 0,88 18,67 «48

i 56 54 96,4 14 0.97 13, 230

Pbr 86 73 84,7 19 1,61 43,82 ,L,01l

Sil 108 108 100,.0

Wt 71 71 1060,0

*Number of test samples

Three of the strains, the Sch, Ba, and Pbr, Show &pproXi-
mately the same total mortality. The P of slightly less than
0.01 for the Pbr sitrain suggests some var‘ia‘i;iozi from litter
fo litter, The Sil and ¥ strains show total suseeptibility,
while the other two strains show a reaction intermediate be-
tween the higher and lower figures. Insofar as is known,
the Wf, Pvr, 1Li, Str, ard Ba strains are more highly inbred
$han the Sch and Sil strains, but the observed mortality
would seem to indicate no difference between the sirains on
the basis of the degree of inbreeding,

The percentage mortality rates of the seven groups are
given in figure 3. There is no slow or rapid reaction
characterizing the inbred strains as a group., The extremes

of the reaction rates are represented by the Ba, slow, and
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| the Li, rapid, among the inbred lines, The less highly in-
bred strains, the Sil end Sch, also fellow the extremes of

the mortality rate curves, the Sil high, and the Sch low,
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VIRULENCE OF TEE ORGANISK

Ir studies employing living bacteria over long periods
of time the question of constant virulence is most impera-
tive. It has élready been pointed out that & stangard dose
of 5 x 10% organisms was seleéted early in the course of
this experiment. Throughout a period of three years 1006
mice besides those directly under selectionvhave been tested
with this standard dose; and abt no test period has the
organism failed %o produce its quota.of‘fatalities‘

That variations do occur in cultures of S, aertrycke ap-
parently spontaneously as ﬁell as under specific changes of
treatment has been shown by Lockhart {1926) and Wilson
{1g28, 1930, 1931), However, certain strains of the organism
have been observed to maintain a high virulence over many
years of culture on laboratory media. Using S. aertrycke and
other closely allied types of paraﬁyﬁhoid-enteritidis organ-~
isms, Webster (1923, 1924, 1925) and Pritchett (1926) have
observed consistent pathogenicity for the mouse over long
periods of time,

In summarizing his specific studies on the virulence of
Se aerirycke Wilson (1930) states: ™It appears probable that

the variation in the percentage mortality following the

N
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inoeulation of the control sirain was due nobt so much vo an
alteration in its virulence as to Tluctuzbions in the suscep-
Tibility éf fhe, mice,"

The summary of percentage morvalities of the various |
strains, as given in table 5, shows that the fatalities have
been hlgh and uniformly distributed through each sirain except
in perbaps Por and Ba., In the Tbr strain the total moriality
has been higher than that of the Ba or Sch strains and the
apparent fluctuation from litisr to litter within the strain
ir nc way invalidates the counclusion that the organism has

maintained a high and fairly consistent virulence,
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" RESULTS OF SELECTICN FOR RESISTANCE

Selection for resistance to the disease organism has
‘veen q-arried on through six generations. The original pro-
genitors for the selected group came from survivors of the
Sch strain. Suceessive selected generations are designated
as Sy, Sg, ebtc. A summary of the selected group is given
" in table 6, along with the reactions of the Sch and Sil
strains and a hybrid stock from Sch x Sil. The sbock listed
as Oc represents progeny from selected resistant animals
from the Sy to Sp mated with Silvers, Considerations of the
results of reciprocal matings are mede in the discussions

of passive immunity and sex differences.
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Table 6., Percentage mortality and type of dispersion in sue~
cessive generations of stocks selected for resist-
ance 0 the standard dose, 5 x 104 organisms, The
Sch and Sil groups represent the total number of
animals used as controls throughout the six genera-

tions,

: Hoa @ : : : : o
Stocks:inocu~: No, :Percent:Litters :+ L : X : P
slated : dead : dead : teshed : : H
Sil 108 108 100,0 - — — —
Seh 538 443 82,3 13T 1,16 13.33 27
S1 175 113 64,5 44 1,16 68,15 04
Sz 109 50 £5,.8 27 1,60 68,32 .01
S3 123 42 32,8 27 1.8 32,17 o 16
S4 0 154 58 3643 35 .22 852,15 »01
Sy 147 . 48 326 35 0,94 31,25 48
Sg 105 26 24,7 26 1.11 32,05 P v

i ( Sch

X Sil) 106 83 78e3 25 1,05 25.38 34
Oc {s* ' .

x Sil) 187 70 37.4 47 0,94 41,13 + 64

*Selected animals mated to Silvers
*Groups tested

The Si animals are progeny of survivors of the Sch strain
Trom the earlier tested groups. The Sg sitock are descendants
of S; survivors., In the remaining selected generations oc-
casionally an animal of Sy was mated to Sg or Sz, or an Sy
to an Sz, or Sy, if such matbtings gave promise cof greater ac—
cumuiation of resistance, Progeny from such Crosses wWere re~
corded as of the selection above the higher mumbered parent,
that is, a litter from an Sg x Sy mating was recorded in the
S4 group, Since all matings were made within closed and
closely related groups, extra classification wWas considered

as superfluous,
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The groups as considered in this section furnish a
general Sumery of the results of selection. The elements
of the selec%ien operating within the generations from the
standpoint of individuals are undoubtedly of more vital in-
terest, Their complete analysis will be found under the sec-
tion oh effects of individuacls on selection,.

The percentage mortalities in table 6 show a progres-
sive inerease in total resistanée over the entire period of
selection, The greatest =ffect was obtained in the first
and second generations after which the progress was somewhat
retardeds

Hybride from untested Sch x Sil show a mortelity ap-
proaching that of the more resistant parent strain, The dis-
persions of moritalities in this I; stock and the Sch strain
are remarkebly constant, being well within that expected from
random variability. The high resistance in the F, indicetes
that the parental Sch strain carries inherent factors for
resistence since the parental Sil strain is toitally suscep-
tible to the dosage used, Mo Sil animals have survived the
standard dose.

In following the type of dispersion through the selected
generations, it is worthy of mote that im the Sch strain the
probability for &eath is high and uniformly distributed

throughout, In the suceessive generationms, Sy, Sg, S3, and
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Sy, there is apparently some disturbance of the probability
accompanying the course of selection, The inbreedinz ace
companying m.ting in a closed population should concentrate
genetic factors for resistance, If such concentrations are
reflected in the tendency of a litter to react as a unit in
the teé%; then this tendency TLor litter differences should be
reflected in the statistics describing that generation,

The S5 and Sg .s‘coc;}a:s with a higher concentration of
factors for resistvance, or, inversely stated, carrying a low
probability for death, show the probability uniformly dis~
tributed from litter %o litter,

The Oc stock in table 6 represeris an aggregate of
hybrid litters, The Sil sirain was used as one parental line,
The animels represented by S were from various selected
generations, A4 comparison of the Oc stock with the F: stock
gives emphasis o the point that genetic factors for re-
sistance have been accumulated, The mortality in the Oc stock
is almost identical with that in Sy, 37.4 percent. 4s yeb,
no Sg animals have been mated Ito the Si}.vers;. Other features

of the Oc stock will be discussed under passive immmity and

the effects of individuals on selection. In table 7 is given .

a statistical statement of the proportionate differences be-

tween variously selected stockse.

AR Ag bt M s g 3, et A T 1
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Table 7, Tests for independence bebueen successive generas
tions of the selected in addition to the con"rol
and outcross stock

(A

Stocks Differences in : :
compared ¢ perceniage : X2 s P
: mortality : :
Sch and S3 17.7 22,07 <, 01
S1 and Sg 18.7 15,29 <.0L
Sg and S3 6.0 1,12 +«28
Sz and Sg 340 04,55 45
S4 and Ss Ba7 ) 0.23 65
Sy end Sp 79 1.26 27
Sg and S5 13,2 442 «04
S4 and Sg 11,6 - 363 .06
Sil and Sch 17,7 24,50 Z.01
Sil and & 21.7 17,58 <01
Sch and ¥, 4,0 0.66 pe-2: 1
Senr and Q¢ 45,9 134,05 <,0L
Sil and Oc 0248 112,45 <01
¥, and Oc 40 .9 53.20 <0%

The differences between Sch and Sy, and Sy and Sg are
statistically significant, indicating that causes other than
chance were operating to produce these differences., Taken
consecutively from Sg to Sg any single interval represents
ﬁifferenges :e:asily attributable to variation of random
sarpling. However, between Sp and Sg, and between Sa and Sg
the differences gpproach a significant Pigure supporting the
conclusion that cover the series of generations the selection
has been effective in increasing the level of inherent re-

sistance,
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-tical independence from the above three stocks.

B0

Considering Sch, Sil and their I, progeny the difference
between the parental strains is significant; between Sil
and I, the dif'férence is also beyond that expected {rom random
variation; while Sch and ¥, show statistical identity in their
proportionate mortality. The Oc siock shows complete statis~
In each case

the P is well beyond .01,
A comparison of the percentége mortelity rates among the

selected stocks is given in Tigure 4,

The curves show much the same rate of mortality from the
So to the Sg generations. The Sg group gives a somewhat re-
tarded rate of death, but in order to attach significance to

that it would reguire tests on much larger numbers cof simi-

larly selected animals,

In figure 5 is given a comparison of the percentage mor-
tality rates of the }; and Oc¢ stocks along with the rates of
the Sil and Sch strains,

The similarity of the F reaction to that of the Sch is
very striking, again lending support to the belief that the
Sch stock carries dominant, genetic factors for resistance,
The wide separation between the I, curve and that of the Sil
parental strain alsc supporis the conclusion drawn from data

in table 6 that the F; progeny inherited their resistance

from the Sch parental strain,
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The reaction of the Oc stock, as shown by its mortality
curve, has little in common with that of the Sil parental
strain, Its amalog is found amons the mortality curves of
the selected generations in figure 4, The point tc be em~
vhasized is that certain individuals efter selection for re-
sistance when mated to totally susceptible animsls can pro-
duce progeny tha% resist the disease as completely as progeny
ffom.matings among the selected animals themselves,

The conclusion that a complex of at least partially
dominant genes is largely responsible for resistance would
seen justified from the facts that; (1) unselected animals
from the Sch strain when mated to Silvers pfoduce progeny
practically as resistant as the Sch animals; and (2) selected
resistant animals when mated to Silvers produce progeny as
resistant as the fourth surviving generation. The fifth
surviving generation continues to throw a considerable
number of susceptible animmls, This indicates that the
selected population is still carrying some factors for suse

ceptibility.




PASSIVE TiRIUNITY

I passive immunity were considered as largely respon-
sible for the increased resistance resulting from selection,
the observations in this experiment could not be used to
support this assﬁmption. Nales in mammals are not known to
be able to transmit acquired immuﬁity to their progeny, If
males'surviving the disease be mated to females that are
from known susceptible siock, and these females themselves
having had no direct contact with the disease, the progeny
from these matings should be largely susceptible, A pért of
the Oc¢c stock was made up of progeny from such matings, AT

test the Tollowing resuits were cbtained:

No,. tested " o, dead Pércent dead
160 80 379

The argument for passive immunity in this case is invalid,

for the resistance in the 160 Oe mice is practicallyvequiva-

lent to thet in the Sz selected resistant generation, ie.,
36,3 percent.

If a latent infection capable of rendering mice highly
resistant were at large in the propagation laboratory at
eny time during the three years of the experiment, it would

seen remarkable that some animals of the Sil or WP strains




_had.not acquired the protection before coming to test.
Furthermore, four Sil fémales, each having first pro-
duced an Oc litfer, were mated to Sil males, Fourteen of
the Sil offspring from these matings came to test and none
showed indifference %o the infedtion. A comparison of the
vﬁrogeny,ﬂf the four Sil femalies shows the foilcwing: ‘

Stock No. tested No. dead Percent dead

Oc 17 & 35439
Sil 14 12 100,00
Ir passive immunity were operating, the progeny from
selected resistant females on Sil males should have a marked
advantage over the progeny from the reciprocal matings,
Progeny from six selected females mated to Sil males were

tested, and gave the fellowing reaction:

No. tested No. dead Percent dead
27 10 37 0

¥hile the number in this group is too szmall to carry
much weight, the rezction suggests no resl advantage in re-
sistance over éhe progeny fron the reciprocal Crosses.

The fact that the young mice in all cases were sepa-—
rated from their mothers approximately four weeks before
testing would seem to be sufficient ground for believing
that any temporary passive immunity derived. from the mother

would have been lost before the time of inoculation.
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From the above considerations. it 1is concluded that
passive immunity has played a minor, if any, part in the

sisvance cbserved in this study.
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AGE, WEBIGHT, AND SEX AS FiCTORS IN RESISTANCE

Ixperience with 2901 mice at test precludes the assump=-
tion that age within limits concerred in this study, or
weight as incidental Vo age, or sex, has played any critical
rard in,resistaﬁceﬂ 4 summary of these fealures relative te
certain salient groups is given in table 8.

The Sy gemeraticn was chosen as an example of the early
stages of the seleciion and the Sy is representative of the
advanced seiection, In the S1 males as shown in table 8

here is an apparent tendeney for a higher percentage of the
younger and lighter males Vo die. This is not apperent in

the corresponding female group, JoWever,

howing average age, weight, and days to death in
1 endé Ss male and female groupSe.

Average age : ALverage vwi, tAverage days

e ¥ N

Siock:Sex: Number

e ap s

in days in grams : 1o death
¢ Surv. 31 80.3 + 0.64 18,2 + 0,31
Tead 60 56.7 + 0.45 18.4 % 0.17 11.8 + 0.28
Sy
= Q0 Surv. 31 58.4 + 0,66 16.7 + 0.24
Dead 55 58.5 £ 0,75 16.5 % 0,18 1l.1 £ 0.46
Gd Surv. 48 49.9 + 0,94 18.9 + 0.18
Dead 23 62.8 + 0.60 19.1 + 0.26  11.4 + 0,47
S-—
N 99 Surv. 50 60.8 + 0.47 16.5 & 0.14
Dead 25 60.7 + 1.00 17.2 t 0.19 10.8 % 0.39

Mot sarLare




in tvhe Sg stock The apparent differences in Sy are re-
versed. Neithe: in these two groups nor in any other of the
six selec‘seci g’eﬁe’rations was any marked advantage in re-
sistance noted because of greater age or weight,

Heither has sex given any indication of association
wWith resistance in any group. In the 53 and Sg generations
the proporticnate mortelities in the sex groups are prac-
tically identical, '

In the Sil stock where, presumably, factcrs for re-
sistance are absent the effect of age and weight car be
spoken of onl:,r} as they are asspciateé with réte of mortali-
257 ‘;’he correlation cvoeffic‘:‘ienés between age s&nd days 1o
death is 0,017, snd that between weight and days to death is
0,298, Between weight and age there is an r of 0,134, If
one refers to Fisher's (193Q, D. 176) table for significance
of correiation coefficients,; the r of 0,299 is significant,
The heavier animals in the 5il strain tend %o live slightly
longer than the ligh’cér ones,

Among the Oc animals which were sired by selected males
it might be expected, since the male is heterozygous for sex,
that the association of r-e»sis‘sénc_e with maleress or female-
ness would nave opportunity of expression. The 160 Oc mice

fron selected resistant sires show:

e et
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XO. Percent Percent

Ko. tested dead _dead gire., X2

$é 87 . 31  35.6
a 4’1 Oqés

99 73 29  39.7

£

0.635

The proportionate difference in mortelity beiween ma2lies and

females in this group is toc small to suggest any advartage

of one sex over the other.




-.g:o-

*,«-JR EDING IN THE SELECTED GROUPS

¥eting within a -closé& population from generation Y
generation shouid automatically increase the homozygosity
of the groun, The inbreedirg and relationshinp coefficients
in the selected generations have been célculated according
to the method of ¥right (1923]. .

The swviving animals from the earlier tesis on the Sch
strain were maved vogether, Thelr surviving progeny in turn
were Iintermated, and the whole series of releted znimals
through six generaticns was designated as Group I. Another
similar series, Group II, was developed from Sch survivors
that were at test later than the progemnitors of Grc«up I.
Group II was also mated entirely within itself and includes
animals from the Sy bo Sy generations.

The percentage mortality in Group I in each consecutive
generation with the average inbreeding is given in table S.
The percentage dead from generation to generation does nov
decrease unitormly, while the inbreeding increases at a quite

wniform rate.
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Table 9, Percentage mortality and percent inbreeding per
generation in Group I.

-

Generation : No. : ©No, : Percent Average percentage

e 2o B

tested : dead dead inbreeding
Sy 30 18 5343 0.0
Sg 46 12 41,3 14,2
Sz 65 30 46,0 23,9
Ss 119 38 ' 31,9 33D
Sg 105 26 24,7 43,0

The distribution of mortalities in each generation re-
lative to the amount of inbreeding is listed in table 10,
Here it will be noted that there is a considerable range of

inbreeding in each generation after the Si,




Table 10, Conerations in Group I showlng percentage mortality for esach ten
percent range of inbreeding,

: ! : : : 1 Ty
Perscent : L : 52 : 8z 54 s 8 ', Be
inbreed« % { NO, & % ¢ NO, & % ¢ Noe 1§ % ¢+ NOos, & @& t Noe 1 % ¢t HNoe

ing  sdead:inoc, :dead:inog, :deadiinoc, i deadiinoc,: dead:inoc,: dead:inoc,

BO = 59 ' o 55,9 (26)
40 - 49 | 78,0 (4) 87,0 (27) 26.8 (41) 19.5 (46)
30 - B39 28,5 (14) 40,0 (10) 25,0 (28) 31,6 (38) 23,9 (17)
20 - 290 - 41,4 (41) 56.2 (18) 40,0 (15) 57.5 (16)
10 - 19 48,8 (14) 12,8 (7) 26,3 (24) 3640 (25)

0«9 53,3 (30) 50,0 (18) 100,00 (3)

-3
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In the second series of matings designated as Group IT
the same general trends and relationships are apparent as
were unoted in ércﬁp I. The summaries of the ‘Group 1T percent-
ages are giver in tables 11 and 12,

Table 11, Percentage mortality and percentage inbreeding in
the generations of Group II,

»
-

" a0

Generation Nos = Yo : Percent : Average
: tested : dead : gead - inbreeding
Sy 37 19 51.0 0.0
Sg 83 31 49,2 Bed
Sz 58 18 32,7 23,9
Sz 59 25 42,4 32,8
Ss 28 10 35,7 29,8

Table 12, Distribution of inbreeding irn corsecutive genera-
tions relative to mortality in the generations of

Group IT.
Percent : S1 ;. Sg e Sz S . S5
inbreed=: % : NOs : % - NOe : % + NOs : % - NOw : % : NO.

ing :dead:inoc, :dead:inocec, :dead:inoc,::dead:inoc, tdead:incc,

50 - 59 » . 33,3 {3)
40 - 49 | | 33.3 (6)

30 - 38 - - B8.4 (13) 38.4 (28)

20 - 29 ‘ 31.1 (45} 48,1 (287) 36,0 (25)
10 - 19 : 42,8 (42)

0‘

9 5l.6 {37) 61.9 (21)

In table 12, as was pointed out in fable 10, there is

considerable variation in the inbreeding of any one generation,
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If there were a tendency for higher inbreeding as such
to be associated with lower resistance the higher mortality
percentages‘wonié be distributed through the upper ranges of
the tables, This or the inverse situation is not apparent,
Therefore, it must be concluded that the amount of inbreeding
as expressed by the coefficients is no direct index of re-
sistance or susceptibility in the animals used in this experi-
ment. However, it is believed that the inbreeding and the
relatiopship incidental to it are useful descriptive measures
in the analysis of the uniformity of any group of animals,

The slight fall in the average inbreeding in the fifth
generation of Group II as shown by table i1 indicates only
that the less highly inbred animeis of the preceding genera-
tion have thus far had progeny at test.

The whole upward trend of the inbreeding coefficients in
the two groups gives a fair picture of the gradual tendency
toward homozygosity. If the resistance were heightened by
aomozygous facths then the course of selection shoulid have
increased the homozygosity above that of the average esti-
mated figure, If selection were favoring the heterozygous
individuals, on the other hand, then the average estimated
coefficient of inbreeding for any generation would be

higher than the actuel homozygosity in that generation.
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As yet there is no means of measuring the whole genetdic
make up of an animal, However, by a gradval process of
narrowing the cﬁénce.s for heterozygosity by breeding within a
closed group, along with rigid selection, there should be &
tendency toward a more miformly resistant population, The
selectiony however, is incomplete if the individualls abiiity
to survive is the only criterion used., The manmer in which
indiviéual performance coupled with that of progeny and pro=-

genitors has been used in the selection will be pointed oub

'below,.
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THE INFLUENCE OF INDIVIDUALS IN SELECTION

Among the Sch survivors thet were the parents of the
S3 generation in Group I, a malé, Sch 162, and a female,
Sch 217, were from separate sire-daughter metings. This male
and female were 25 percent inbred and not more closely re-
lated than the average individuals of the Sch strain. The
reactions of the progeny of these two individuals supported
the belief that already a considerable coneentration of fac-
tors for resistance had taken place, Their progeny predomi-
nate in the Sy generation, Only four unrelated S3 females
were mated into the group to produce the Sp generatlon,
Three Sy males, S31, S313, and 538, a&ll brothers, fronm
¢ Sch 162 x 2 Sch 217, sired the entire Sg generation of
Group I, A summery of the reaction of the progeny of each
of these males is given in table 13 along with the average
inbreeding coefficient of each progeny group under Fg and
the average relationship coefficient of the sire to his

progeny under Rgoe
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Table 13. Percentage~mortality of progeny of S3 males with
average inbreeding and average relationship co-
efficients,

: TNamber ; T Fo : p
Sire: Dams :inocu-:Percent: Average :Average relationship
: :lated : dead :inbreeding:of sire and progeny

Surv 29 21 33eB 19.2 60,8
S11 : '

Sil.. 98¢ 5 40,0 0.0 50,0

Surv 22 14 57.1 8,9 56,1
513 .

Sil g% 7 28,6 0.0 50,0
538 Surv 22 11 3044 11,4 5746

The data in table 13 show that there was some homo-
zygosity possible in the Sg progeny although the S parents
were not inbred., The homozygosity came from the two inbred
grandparents by brother-sister and half brother-sister
matings.

There were three litters in ?he Sg generation from
brother-sister'matings; one from each of the S3 mles, The
14 young in the three litiers were 31,25 percent inbred,
This rapid concentration of factors seemed not to hinder re-
sistance for 10 of the 1& survived the test. However, of
the five survivors of the litter of 8 sired by ¢ Sil, two
mles were discarded at the close of the test period angd the
remeining two males and one female proved sterile in all

matings. The remaining two litters comsisted of a male and

v ST o
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Temale sired by S5;3, and one mele and three females sired
by S318. The two individuals from & 5313 were designated as
J 5987 and Q'Sése. Both survived the test. OFf those from
§ 538 the three femsles survived. Ile Sp87 became the
dominating sire of the following generations in Group I
through-the good resistance of his progeany and the favor -
which certain of them received in selection.

.That certain animals can resist the disease and yet
be of no use in the accumulation of resistance can be illus-~
trated by the performance of progeny from male Sz8, Woen.
mated to ® Szl4 he gave a litter of four, A4ll four died
at test, At the same time he produced two litters by Sil
femaies, 9 0¢ progeny. IEight of these died at test,

It waS-deeidéd to make Purther tests of the apparent
susceptibility of the progeny of ¢ S3z8 and 2 Szlé, A seéond
litter wes precduced, one male and three femaies, Before
these were mature the sire had died so the litter was not
Testeds The dam and three daughters were mated to the young

male, and progeny coming to test gave:

No., tested e, dead Percent dead
28 1¢ 87,8

Three m=les and nine females of the brcod of & Szld

were not tested; matings among this group zave:
s g
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No. tested No. dead Percent dead

a7 17 62,49

These resdf;.ts of negative selection show that although
some individuals cen resist the disease they ecarry heritable
factors that tend to render some of their progeny highly
susceptible, It would be presumptious to suppose that all
of the possibilities for detrimentel combinations had been

eliminated from the resistant animls after three or even six

generations of selection.
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That male Sp87 carried high potentialiities Tor
heritable resistance can be eoncluded from the list of his
progeny given in tablie 14.

Table £, Progeny of & S287 from various females showing

number gdead, percent imbreeding and reladtion of
progeny tc the sire,

P . > "

‘- . ’ TR
Dams:Numbher:Number: Poercent inbreed-
stested: dead : ing of progeny .

e 9

Bso .
Relationship of sire
t0 progeny

Sp74 4 0 23,4 69.9
Sg92 2 2 31,2 | 7358
Sg9l - 8 4 31,2 73.8
Sg88 4 3 40,6 | 80.9
Sz20 11 0 32,0 74,2
5510 3 3 44,5 74.2
Sz42 6 2 28,4 . 81.7
Sz 8 2 48,4 8Ly
Sg4 7 3 38,3 77.2
silee 16 5 00.0 50.0

It will be noted that resistance in the progeny by Sy
females is better than vhat of the progeny by the S2 females.
Also, the inbreeding c¢f the progeny and the relationship of
the progeny to the sire have increased. Stated in terms of

mean percentages these show:

[ X ]
(X ]
e

Dams of : Ho, of : Percent : Average : Average
generation: progeny : dead : ¥y : Rgo
t tested = : :
Sg 18 50,0 31,6 74,5

Sz 28 25,0 = 41,5 77,9
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Perhaps no'be“c ter description of the importance of
¢ S587 in the G;oup I population can be given than by noting
the increase of; his average relationship to each consecutive
generation, The coefficients are given in table 10 along
with the relationship of a mele from each generatién having
the highest coefficient other than ¢ Sp87, The male listed
in each case is the one having the most offspring in the fol=~
lowing gemeration, Alsc the r»elg’cilon between the listed
mele and ¢ Sg87 is givem, The coefficients of relationship
between males and generations in the table are in all cases
relative to the group of individuals which produced progeny
and not to the generation as a wkole,

The relationship coefficients of < Sg87 to the re-
producing individuals show more than a doubling from the S3
to the Sy generation, This increase in the coefficient
values indicates thalt factors carried by ¢ SéS’? have become
875 percent of all the factors carried by the reproducing
individuals irn the Ss generation.

The males Trom consecuiive generations as listed in
teble 1P were 2ll more closely related to J Sp87 than
brothers in a ra.nﬁ;}m bred popnia'_bion. Male 345 was a son
of & Sg87 x ¢ S320. He sired ele;ve.n of the twenty seven

litters in the Sz generation gIoUDe p
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Table 15, The relationship of ¢ Sg87 to the reproducing
group in five generations, ard the relationship
between certain males to their own generation
and to J 5287.

e ¥
X3
L}
X

S4 S5

LA .

Generation®

oo 44 B9

S1 Sg S3

(23
144
Ty

Average R of genera=- 32,2 42,8 51.6 62,7 875
tion to € Sp87

Selected sire of dS3l 685369  dSz3l S¢S 4853
each generation )

Selected sires? re- 42,7 28,9 3746 51,7 62,3
lationship %o his
own generation

Selected sires? re- 54,5 35,4 35.1 57.7 701
lationship to
¢ S287

*The relationship of any sire to the generation refers to
that group of individuals which produced progeny.

It was eviden? that certain Sy litters, closely related
to ¢ S587, were at an advantage in the tests. Matings in
the fourth and £ifth generation, therefore, were made to
favor a concentration of factors carried by individuals fronm
such litters, This concentration of factors is reflected in
the increased relationship of d Sg87 %o the Sz over his re-
lationship %o the Sg. He had sired only one litter listed
under Sz while he had sired five litters listed under Sz.

Examination of the relationships of ¢ Sg87 shows: that
¢ 545 mated to a sister, £ S46, produced two Sy litters, and
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- with another sister, ¢ 848; he gaire one litter. Of the 13
progeny,: ten sur:vived‘. HMale Sg3 listed in table 15 was from
this group. Nale Sgé was a full brother of ¢ Ss3 and ¢ Sgl
was from & S45 x § Spb. The‘ ‘ti’;rfee S5 males ,'. Sgl, S53, and
Ss4, sired 14 of the 26 litters of the Sg generation that
have beer tested, This inbred line of descendants keiﬂ: a
high concentration of the factors of Jd 5287 in the Sg
generation, The average coeff.icieﬁt of relationship between
¢ So87 and the Sg generation is 51,5 percent. This indi-
cates that although he sired nonme of the Sg amimals he still
had the genetic status of sire to that generat ionm.

It is believed that through the deteéti’on of the innher-
ent potentialities for resistance in & Sp87 and through the
subseguent concentration of those potentialities it has been
possible to maintain and increase the resistance through
the later generations.s Contimed inbreeding in a naturally
cross bred species is generally considered as a precarious
'practice with no cother demands on the individuals than re~
production. In this study the additional requirements have
been abzh‘cy of the animsl to resist the disease as well as
to be able to transmit the factors that make far resistance,
The conclusion seems Justifiable that animals having these

requirements have been found and that concentration of the
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underlying heri‘ﬁable factors has been carried onm as ra-.pidly
as was allowable With the population at hand,

In Group II the same tendency for the generations to
follow the line of cerfain males Is evident, A detailed
| analysis of Group II would be a needless repetition of the
methods explained above, The increase of the Inbreeding
coefficients as shown in table 11 imply that there has been
a‘ gradual increase of the _relations"nip between individuals,
and a gradu_al concentrat .ion of factors f’o_r :esistance has
been carried on by mating progeny from individuals that
have proven their worth by giving a high percentage of re-

sistant offspring.




SUMMARY

In this investigation a total of 2901 mice have been
inoculated intraperitoneally with controlled doses of living
Salmonelln aertrycke..

A& stendard dose of 5 x 104 orgenisms was used as a

basis of selection for resistance after the reactions of
three different leboratory strains of mice had been observed
under various sized doses. Animals from four other distinet
sfrains of mice have beer tested with the standard dose,

The seven strains of mice and their respective percent-
age mortalities under the standard dose were: Schwing
albinol(sz.s), Bagg albino (80.4), Strong dark-brown (90.7),
Little diluate~browmn (96,%}, Shor t-eared dilnte—brown {(84.7),
English silver (100,0), end White~faced (100.0).

Selective hreeding fqrvrésistance'was'conxinned ‘through
siz successive generations using survivors of the Sehwing
strain as.the beginning of the selection. The percentage
mortality in.tﬁe sgcegssive<selected generations ms as fol-
lows: BSchwing (82,3}, first (64.3), second {45.8), third
(39.8}, fourth (36,3}, fifth {32.6), and sixth (24,7}

Untested Schwing mice were mated o Silvers and the I

progeny at test gave a mortality percentage of 78.35,
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Selected resistant animals mated to Silvers gave progeny
which showed only 37.4 percent dead at tests. These results
with the hybrid"xgenerations together with a consideration
of the progressive increase in resistance in the six
selected generations justify the conclusions that: a marked
concentration of heritable factors for resistance has been
obtained; and this resistance depends largely on a camplex
f at least partially dominan® genetic factors,

It is shown that the possible effects of passive immun-
ity as an explanation of increased resistance could be of no
importance in the resistance cbserved, o

Within the limits concerned in this study, age at the}
time of testing and likewise weight, bave not played a criti-
eal part in resistance, One sex shows no advantage over the
other at test.

~Coefficients of inbreeding and relationships have been
caleulated for the selected groups ané used in the reportd
as a descriptive estimate of genetic uniformity.

It bas been pointed out that phenotypic resistance of
the individuasl animal alone cannot be used as the only criter-
ion for selection. An intimate knowledge of the individuals
in relation to their progenitors and progerny is necessary in
order to make matings that will maintain and increase the
high level of resistance over a series of generations in a

closed population,

[ TN
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