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Abstract
Background: Congenic strains o f mice are assumed to  differ only at a single gene o r  region o f the 
genome. These mice have great importance in evaluating the function o f genes. However, the ir 
u tility depends on the maintenance o f this true  congenic nature. Although, accumulating evidence 
suggests that congenic strains suffer genetic divergence that could compromise interpretation o f 
experimental results, this problem is usually ignored. During coinfection studies w ith Salmonella 
typhimurium and Theiler's murine encephalomyelitis virus (TMEV) in major histocompatibility 
complex (MHC)-congenic mice, we conducted the proper F2 controls and discovered significant 
differences between these F2 animals and MHC-genotype-matched P0and F, animals in weight gain 
and pathogen load. To systematically evaluate the apparent non-MHC differences in these mice, we 
infected all three generations (P0, F| and F2) fo r 5 MHC genotypes {bib, b/q and q/q as well as d/d, 
d/q, and q/q) w ith  Salmonella and TMEV.

Results: Infected P0 MHC q/q congenic homozygotes lost significantly more weight (p = 0.02) and 
had significantly higher Salmonella (p < 0 .01) and TMEV (p = 0.02) tite rs than the infected F2 q/q 
homozygotes. N either weight no r pathogen load differences were present in sham-infected 
controls.

Conclusions: These data suggest that these strains differ fo r genes o ther than those in the MHC 
congenic region. The most likely explanation is that deleterious recessive mutations affecting 
response to  infection have accumulated in the more than 40 years that this BIO.Q-H-2'J MHC- 
congenic strain has been separated from  its B \0-H-2b parental strain. During typical experiments 
w ith congenic strains, the phenotypes o f these accumulated mutations will be falsely ascribed to  
the congenic gene(s). This problem likely affects any strains separated fo r appreciable tim e and 
while usually ignored, can be avoided w ith the use o f F2 segregants.
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Background
It is assum ed  th a t knockout, transgenic o r o th e r  congenic 
strains o f  m ice are iden tical at all loci o r  genom ic regions 
except th e  o n e  being  stud ied . There are th ree p rincipal 
sources o f  genetic varia tion  th a t cou ld  cause congenic 
strains to  diverge: 1) residual heterozygosity  m ay  rem ain  
after the  construc tion  o f  the  strains, 2 ) p o o r  an im al h u s
b a n d ly  cou ld  lead  to  co n tam in a tio n  o f  the  strains, an d  3) 
new  m u ta tio n s  cou ld  becom e fixed in  the  strains. There 
are d o cu m en ted  cases in  strains o f  m ice o f  residual heter
ozygosity  11], genetic co n tam in a tio n  [2] an d  accum ulated  
m u ta tio n s  [3,4], T he relative im p o rtan ce  o f  these three 
possib le sources o f  genetic divergence am o n g  labo ra to ry  
strains is unclear.

A ppreciation  o f  th e  p ro b lem  o f  genetic divergence in 
strains o f  in b red  m ice is n o t a new  one. It has long  been  
expected th a t in d e p en d e n tly  m a in ta in ed  strains (su b 
strains) m ig h t accum ulate  genetic differences over tim e 
[5] an d  there are n o w  n u m ero u s  d o cu m en ted  cases o f 
p h en o ty p ic  divergence betw een  substrains. For instance, 
d ifferent substra ins o f  m ice resp o n d  differently  w ith  
respect to  a stim u lus such as cocaine [6] an d  in  cases 
involv ing  a u to im m u n e  o r  in fectious diseases, different 
substra ins o f  m ice resp o n d  differently  w ith  proteoglycan- 
induced  arth ritis [7], experim ental allergic orch itis [8], 
dextran  sulfate so d iu m -in d u ced  colitis [9], lipopolysac- 
charide (LPS) responsiveness [10] an d  suscep tib ility  to  
T heiler's v irus-induced  dem yelinating  disease [11].

T he s itua tion  is m ore  p ro b lem atic  for congenic strains 
because they  are expected to  be pheno typ ica lly  different. 
T hus, w h en  p h en o ty p ic  differences are detected  they  are 
usua lly  a ttr ib u ted  to  the  congenic region w ith o u t testing  
(con tro lling ) for the  possib ility  o f  genetic divergence 
betw een  strains. T he longer congenic m o u se  strains have 
b een  separated , the  m ore  likely they  w ill have experienced 
u n in te n d e d  genetic divergence, particu larly  from  accum u
la ted  m u ta tio n s  th a t can in fluence detectab le p h eno types 
an d  th u s degrade th e ir  congenic n a tu re  [12]. The easiest 
w ay  to  test for p h en o ty p ic  differences th a t are n o t du e  to  
th e  know n  congenic differences is to  com pare F2 an im als 
to  th e ir  geno type m atched  P0 an d  FL coun terparts. If the 
o n ly  differences are the  congenic genes, th e n  the  F2 results 
w ill m a tch  th o se  from  P0 an d  FL an im als. If o th e r 
u n k n o w n  differences, such  as accum ulated  m u ta tions , 
exist betw een  these congenic strains, th e n  F2 results w ill 
differ from  th e  P0 an d  F L results because the  u n k n o w n  
genetic differences w ill b e  ran d o m ly  segregating in  th e  F2 
an im als. U nfortunately , th e  p ro b lem  is usua lly  ignored  
an d  if  p resen t w ill b e  undetec ted  w ith o u t conduc ting  F2 
contro ls. W ith o u t these contro ls, the  p h eno types du e  to 
accum ulated  m u ta tio n s  w ill b e  falsely ascribed to  the  co n 
genic region.

D uring  coinfection  stud ies designed to  evaluate the  ro le o f  
M H C  genotypes o n  in fec tion  w ith  Salm onella  an d  a v im s 
th a t induces sym ptom s sim ilar to  m u ltip le  sclerosis, 
T heiler's m u rin e  encephalom yelitis v im s (TMEV) [ 13], w e 
conducted  th e  F2 contro ls to  de term ine  if these an im als 
behaved  differently  from  P0 a n d  F L an im als w ith  respect to  
w eight gain  an d  p a th o g en  load. W e suspected  they  m ight, 
because the  B10 M H C congenic strains u sed  have been  
separated  for greater th a n  40  years, en o u g h  tim e for m an y  
m u ta tio n s  to  becom e fixed in  these strains. Since w e 
observed significant differences betw een  th e  P0, F L an d  F2 
generations o f  m ice, w e com pleted  th a t s tudy  w ith  F2 a n i
m als to  avoid  th e  p ro b lem  o f  accum ulated  m u ta tio n s  in  
these lines [13],

To experim entally  explore th is ap p a ren t m u ta tio n  accu
m u la tio n  in  the  B10 M H C -congenic lines, w e conducted  
an  ad d itio n a l experim en t (repo rted  here) w here  sham - 
infected  an d  infected  P0, FL an d  F2 m ice w ere assayed for 
differences in  w eight gain an d  p a th o g en  titer in  th is co in 
fection  m odel. W e repo rt significant in fec tio n -d ep en d en t 
differences betw een  generations. This s tudy  is th e  first 
tim e th is p ro b lem  has b een  d o cu m en ted  in  B10 M HC- 
congenic strains an d  suggests th a t deleterious recessive 
m u ta tio n s  o r  o th e r  sources o f  genetic divergence have 
destroyed th e  p u rp o rte d  congenic n a tu re  o f  these strains.

Results
T able 1 provides th e  Salm onella  an d  TMEV titers for the 
infected  m ice. The F2 q/q  hom ozygo tes h ad  significantly  
low er Salm onella  titers th a n  the  P0 q /q  hom ozygo tes for the 
b  an d  q  genotypic co m b in a tio n  (F ( l,3 5 )  = 7.13, p  = 0 .01) 
an d  a m arg inally  significant tren d  in  the  d an d  q  co m b i
n a tio n  (F ( l,3 3 )  = 3.02, p  = 0 .09). Sim ilarly, th e  F2 q/q  
hom ozygotes h ad  significantly  low er TMEV titers th a n  the  
P0 q /q  hom ozygo tes for th e  d an d  q  genotypic co m b in a 
tio n  (F ( l,3 3 )  = 5.85, p  = 0 .02). The pa tte rn  w as sim ilar for 
the  b  an d  q  genotypic co m b in a tio n  b u t th e  difference w as 
n o t significant.

Figure 1 illustrates th e  w eight change fo r b o th  the  sham - 
infected  an d  infected  d an d  q  genotypic co m b in a tio n  o f  
m ice. All in fected  m ice had  reta rded  grow th  as com pared  
w ith  the  sham -infected  m ice (Figure 1, F (l ,1 8 8 )  = 37.839, 
p  < 0 .0001). The F2 q/q  hom ozygo tes lost significantly  less 
w eight th a n  the  PQq/q  hom ozygo tes (Figure 1, F (l ,1 6 5 )  = 
5.79, p  = 0 .02) an d  th is w as consisten t w ith  th e  Salm onella  
an d  TMEV titers (Table 1). The w eight-difference p a tte rn  
w as sim ilar betw een  P0 a n d  F2 q /q  m ice in  the  b  an d  q  gen 
otypic co m b in a tio n  (d a ta  n o t show n), b u t it w as n o t sig
n ificant. There w as n o  significant difference betw een  P0 
an d  F2 q/q  m ice th a t w ere sham -infected .
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Table I: Average Salmonella and TMEV titers (+/- SE) for fem ale P0, F| and F2 m ice.
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Generation Sample Size MHC Genotype Salmonella titers (I02 CFU/spleen) TMEV titers (102 PFU/spcd)

Po 6 bib 51.93 +/- 6.60 1.33 +/- 1.09
F, 8 blq 6.60 +/- 0.83 0.97+/- 0.41
Po 7 qlq 13.09 +/- 3 .27 “ 126.75 +/- 32.75
f2 7 bib 140.49+/- 38.87 4.00 +/- 2.63
f2 7 blq 6.34 +/- 1.58 3.21 +/- 1.99
f2 6 qlq 5.67  +/- 2 .00 “ 52.08+/- 16.63
Po 7 did 10.57+/- 1.21 4.29 +/- 3.55
F, 7 dlq 7.23 +/- 1.80 11.25 +/- 6.04
Po 6 qlq 10.53 +/- 3. 60* 331.92  +/- 180 . 16b

f2 4 did 9.05 +/- 1.19 3.81 +/- 3.40
f2 10 dlq 14.00+/- 4.1 1 6.15 +/- 1.76
f2 5 qlq 4.16  +/-0 .85c 13.65 +/- 8 .98*>

sped = spinal cord; Comparisons in bold are significantly different as follows:a(F(1,35) = 7.127, p = 0.01);b(F(1,33) = 5.84, p = 0.02); 'marginally 
significant (F(l,33) = 3.02, p = 0.09).

Discussion
In four of six comparisons, F2 q/q homozygotes did signif
icantly better during coinfection than their P0 counter
parts as measured by pathogen titers (Table 1) or weight 
change (Figure 1). These results are consistent with the 
hypothesis that deleterious recessive mutations influenc
ing susceptibility to Salmonella and/or TMEV infection 
have accumulated in this B10.Q  MHC congenic strain. 
This conclusion is not too surprising, given that these 
MHC-congenic strains have been separated for more than 
40 years and recent experiments [14] and theory [15] have 
shown that important mutations can accumulate in a 
small number of generations. In addition, the effective 
population size of the breeding colonies at The Jackson 
Laboratory is usually about 24 individuals (12 foundation 
breeding pairs, Jennifer Merriam, The Jackson Laboratory, 
personal communication), causing drift to be a powerful 
factor in the fixation of deleterious mutations [16]. This is 
the first study to identify infection-dependent phenotypes 
in MHC-congenic strains that are not due to genes within 
the MHC congenic region. Many studies have identified 
infection-dependent phenotypes between MHC-congenic 
strains ([13], and references therein), but none of those 
studies tested whether the phenotype segregates with the 
congenic region by testing F2 segregants.

Since F2 q/q mice lose less weight (Figure 1) and show a 
decrease in pathogen load relative to P0 q/q mice (Table 1), 
these data suggest that the observed genetic divergence is 
due to the accumulation of deleterious recessive muta
tions, rather than genetic contamination or residual heter
ozygosity. We make this interpretation because among the 
three possible sources of genetic divergence, only random 
mutations are usually expected to be deleterious recessive. 
Predictions can be made about how accumulated reces

sive deleterious mutations will be expressed in each gen
eration. Homozygous P0 will express all deleterious 
recessive mutations while the FL heterozygotes will experi
ence hybrid vigor (or heterosis) because the inherited 
recessive deleterious mutations will not be in a 
homozygous state and the defective phenotypes will be 
masked. In F2 segregants, the inheritance of any recessive 
mutations will be randomized such that some mutations 
will be expressed (in a homozygous state) and some 
mutations will not be expressed (in a heterozygous state). 
Thus, if recessive deleterious mutations are present, the F2 
segregants should show an increase in weight gain and a 
decrease in pathogen titers compared to the P0 mice, as 
was generally observed in this study. The F2 segregants 
might have a higher variance, but because the expression 
of deleterious recessive mutations is randomized, it will 
still be possible to evaluate the phenotype of the congenic 
gene(s). Thus, using congenic F2 segregants should elimi
nate any bias caused by accumulated mutations [17], 
except those linked to the congenic region.

The fixation of deleterious mutations causing infection- 
dependent susceptibilities (as we observed in weight 
change, Figure 1), would be expected to occur dispropor
tionately in animal strains housed in "clean" (pathogen 
free) colonies. Mutational defects that are infection- 
dependent should accumulate in pathogen free colonies 
because they carry little to no cost in the absence of infec
tions. Because most, if not all, inbred mice have been 
housed in pathogen free colonies for numerous years, this 
predicts that infection-dependent differences between 
strains might accumulate at higher rates than other muta
tional defects.
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The ab ility  to  detect m u ta tio n  accum ula tion  is easier in  
substra ins th a t are p u rp o rted ly  iden tical th a n  am ong  co n 
genic strains. This is because substra ins are expected to  
express iden tical phen o ty p es an d  w h en  differences are 
detected  th ey  are u sua lly  in te rp re ted  as du e  to  m u ta tio n a l 
divergence. In contrast, w h en  differences are detected 
am ong  congenic strains, th e  typical in te rp re ta tio n  is th a t 
th e  congenic region caused these  differences. U n fo rtu 
n a te ly  th e  differences cou ld  b e  du e  to  accum ulated  m u ta 
tio n s [3,4], residual heterozygosity  [1] o r  genetic 
co n tam in a tio n  [2] o f  th e  congenic strain . There is no  w ay 
to  d iscrim inate  betw een  phen o ty p es d u e  to  th e  congenic 
region from  th o se  due to  genetic divergence w ith o u t ad d i
tio n a l experim ents, such  as cond u c tin g  V2 con tro ls, b u t 
these  ad d itio n a l experim ents are a lm ost never done . O n e  
m u st b e  susp icious o f  th e  33 p h eno types th a t have been  
ascribed to  M H C genes [18], m an y  o f  w h ich  have n o th in g  
to  do  w ith  im m u n e  recognition . W e suggest th a t m an y  o f  
these  phen o ty p es are d u e  to  accum ulated  m u ta tio n s  or 
genetic divergence.

Because M H C congenic strains are am o n g  th e  o ldest o f  
congenic strains, they  have b een  tested  for m a n y  p h e n o 
types over th e  years. O n e  recent exam ple involves th e  
c laim  th a t an  "electronic nose" cou ld  detect o d o r  differ
ences betw een  M H C m u ta tio n a l congenic strain  b m l  and  
th e  paren ta l B6 th a t differs b y  o n ly  3 m u ta tio n s  in  a class 
I b in d in g  site ] 19]. This s tudy  d id  n o t use  V2 con tro ls. A 
su b seq u en t s tudy  u sing  an  o d o r  detec tion  assay w ith  m ice 
confirm ed  th a t these  tw o congen ic strains d id  have o d o r 
differences detectab le b y  m ice, b u t  these  differences d isap 
peared  w h en  V2 an im als w ere tested  ]20], This o lfaction  
s tudy  fu rthe r supports  th e  conclusions o f  th is pap e r th a t 
these  BIO congenic strains have diverged genetically  caus
ing phen o ty p ic  differences n o t d u e  to  th e  M HC congenic 
region.

Conclusions
A ny strain  separated  b y  appreciab le am o u n ts  o f  tim e w ill 
invariab ly  accum ulate  m u ta tio n a l differences an d  th is 
s tudy  dem onstra tes th a t these accum ulated  m u ta tio n a l 
differences can b e  im p o rtan t. For congenic strains, these 
m u ta tio n a l differences w ill b e  falsely ascribed to  th e  co n 
genic region w hen  com paring  pu re  strains. W hile w e on ly  
have evidence for m u ta tio n  accum ula tion  in  th e  q/q  co n 
genic strains, it is un like ly  th a t o th e r  congenic strains have 
n o t accum ulated  m u ta tio n s . This p ro b lem  is w idely  
ignored . Re-deriving th e  strains frequen tly  o r u sing  F2 seg
regants can solve th is p rob lem . U nfortunately , b o th  rem 
edies are tim e-consum ing  an d  expensive, particu larly  re- 
deriving th e  strains.

Methods
Mice
M HC congenic m ice (C SyB L /lO SnJ-rof1, B 10.D 2 -112*112- 
T lS cH c1/nS nJ an d  BlO .Q -ffi'J/SgJ) w ere o b ta in ed  from  
T he Jackson L aboratory  (Bar H arbor, ME) an d  b red  th e re 
after u n d e r  specific p a th o g en  free cond itions. P0 h o m o z y 
gotes w ere b red  to  p ro d u ce  Ft heterozygote offspring. 
These Ft m ice w ere th e n  in tercrossed  to  p roduce th e  F2 seg
regants. P0, Fj an d  F2 m ice w ere e ither sham -infected  w ith  
p h o sp h a te  buffered  sa line (PBS) o r in fected  w ith  Salm o
nella enterica (serovar T yph im urium , strain  C5TS) an d  th e  
D aniels' (DA) strain  o f  TMEV.

To con tro l for po ten tia l heterosis, on ly  F2 segregants 
derived from  th e  Ft heterozygotes w ere used  in  th e  exper
im en t. To con tro l for p o ten tia l varia tio n  am o n g  cages, 
age-m atched m ice w ere hou sed  by  sex, in  g roups o f  six 
ind iv iduals rep resen ting  th e  th ree  genotypes to  b e  co m 
pared  (e.g. b/b, b/q an d  q/q  o r d/d, d /q  an d  q /q ) from  b o th  
th e  F2 an d  P0 o r Ft generation . All q/q  m ice w ere analyzed 
according to  th e ir  h o u sin g  co n d itio n s an d  th u s  n o t 
p o o led  for analysis (e.g. q /q  m ice h o u sed  w ith  b/b an d  b/q  
m ice w ere analyzed o n ly  w ith  th e  b  an d  q  hap lo typ ic  co m 
b in a tio n ). All cagem ates w ere u n re la ted  (p rogeny  o f  d if
feren t paren ts) an d  had  n o t b een  previously  housed  
together w h en  infected. Mice w ere M H C -genotyped a t tw o 
m icrosate llite loci w ith in  th e  M HC region (a te tranucle- 
o tid e  repea t ]21] an d  d l7 M it3 4  ]22]) u sing  PCR for DNA 
am plifica tion  an d  d en a tu rin g  gel electrophoresis for scor
ing  b a n d  size.

Weights
Mice infected  w ith  Salm onella  o r TMEV d isp lay  no ticeab le  
w eigh t loss th a t is usua lly  correlated  w ith  disease sym p
tom s. Thus, m ice w ere w eighed  th ree  tim es per w eek. The 
fo llow ing  regression eq u a tio n s w ere based  o n  sham - 
infected  w eights an d  take in to  accoun t th e  starting  w eight 
an d  age o f  th e  mice. These eq u a tio n s w ere used  to  calcu
late th e  residual w eigh t change in  o rd er to  con tro l fo r 1 -2  
w eek differences in  th e  starting  ages o f  th e  m ice. For 
fem ale m ice, residual w eigh t change = 3 4 .3 0 6 5 
1 .5 151 (Age) + 0 .0221  (Age)2 -  0 .00009(A ge)3.

Parameters o f infection
Four-to  seven-w eek-old m ice w ere anesthe tized  w ith  
m eto fane (m ethoxyflu rane) an d  s im u ltaneously  infected 
retro -o rb itally  w ith  1 x 106 C FU /m l o f  th e  C5TS strain  o f  
Salm onella  an d  in tra-cerebrally  w ith  2 x 10s PFU /m l o f  the  
DA strain  o f  T heiler's v irus o r sham -infected  as above w ith  
PBS. The C5TS strain  is a tem peratu re-sensitive m u ta n t 
strain  o f  Salm onella  ]23] th a t causes a chronic, non-fa tal 
infection . The overn igh t cu ltu re o f  Salm onella  w as w ashed  
tw ice w ith  PBS to  rem ove any  excess LPS o n  th e  surface o f  
th e  bac teria  befo re  m ice w ere infected.
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Salmonella titers
Mice w ere sacrificed four w eeks post-in fec tion . Salm onella  
titers w ere assayed from  pla tings o f  h o m o g en ized  spleen. 
Briefly, sp leens w ere collected u n d e r an tisep tic  co n d i
tions, im m ed ia te ly  ho m o g en ized  an d  p la ted  o n  Shigella- 
Salm onella  (SS) agar, w h ich  w as th e n  in cu b ated  overn igh t 
at 30 °C. W hen  th is  strain  w as created in  th e  early  1970s 
[23] w ith  an  UV screen, th e  au tho rs fo u n d  th a t a sm all 
(unspecified) percen tage reverted back  to  th e  w ild-type 
C5 v iru len t strain . To check for possib le  w ild-type rever- 
tants, sp leen  hom ogenates w ere also p la ted  o n  SS agar 
an d  in cu b ated  o vern igh t at 3 7° C. If m ore  th a n  50%  o f  th e  
colon ies o f  an  infected  m o u se  also grew  at 37° C, th e n  th e  
in fec tion  w as d eem ed  to  b e  d o m in a te d  b y  a revertan t an d  
th e  d a ta  p o in t w as excluded o n  th e  basis th a t th e  revertant 
w as m o re  le thal (i.e. faster rep lication  rate  th a n  C5TS). 
O n ly  o n e  an im al co n ta in ed  <50%  revertants. A to ta l o f  58 
an im als (o u t o f  228) w ere excluded e ither because they  
d ied , w ere sacrificed p rio r  to  28 days o r  co n ta in ed  Salm o
nella  revertants. O f  th e  58 excluded m ice, 13 (22% ) died, 
33 (57% ) w ere sacrificed p rio r to  28 days d u e  to  severe ill
ness an d  12 (21% ) co n ta in ed  revertants. O f  th e  33 m ice 
th a t w ere sacrificed early, 21 (63% ) co n ta in ed  revertants.

Theiler's virus titers
TMEV titers w ere assayed by  conduc ting  viral p laq u e  
assays o n  b ra in  an d  sp ina l cord  h o m ogenates  [24], 
Briefly, b ra in  an d  sp ina l cords w ere collected an d  sto red  in  
0.5 m l TMEV d ilu e n t (PBS, 1% antib io tics, 1% fetal calf 
se rum ) a t -70 °C  u n til assayed. Brain an d  sp ina l cords 
w ere ho m o g en ized  an d  fro zen /th aw ed  twice. Sam ples 
w ere th e n  centrifuged at 450  g for 10 m in u tes  an d  th e  
su p ern a te  collected. S u p ern a tan t flu id  w as th e n  ad d ed  to  
b ab y  h am ste r k idney  (BHK) -21 cells a n d  incubated  for 
o n e  h o u r  at 3 7 °C, h a n d  rocking every 1 0 -1 5  m inu tes. 
F luid w as th e n  asp ira ted  o ff th e  BHK cells an d  a 1:1 m ix
tu re  o f  1% agarose: 2X 199 M edium  w as ad d ed  to  th e  
wells. Plates w ere incubated  at 37° C for 4 days before fix
a tio n  w ith  2.5%  form alin , fo llow ed by  sta in ing  w ith  0.1%  
crystal v io le t an d  en u m era tio n  o f  p laques.

Statistics
An analysis o f  variance (ANOVA) w as used  to  test for 
w eight differences betw een  M HC geno type an d  genera
tio n  (P0, Fj versus F2) w hile  a m ultivaria te  analysis o f  var
iance (MANOVA) w as used  to  test for p a th o g en  load  
differences betw een  M H C geno type a n d  generation  (P0, Fx 
versus F2). Because an  increase in  type I erro r is con tro lled  
for b y  use o f  a MANOVA, th is  w as fo llow ed b y  u n ivaria te  
analyses for each p a th o g en  for each genotypic co m b in a
tion . W here needed , sim ple  contrasts w ere th e n  d o n e  to  
d e te rm in e  w hich  geno type(s) w as responsib le  for th e  
effect.
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