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under ly ing  the increased  SCE rates  in l ymphocy te s  o f  
a lcohol ic  subjects.  
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Abstract. Mhe organ iza t i on  and  p o l y m o r p h i s m  have  prev ious ly  been  s tud ied  26 in the four  c h r o m o s o m a l  species o f  
the Spalax ehrenbergi superspecies  in Israel ,  serological ly ,  and  at  the D N A ,  R F L P  and  sequence levels o f  class I and  
class I I  genes. Here  we d e m o n s t r a t e  tha t  the observed  he te rozygos i ty  o f  Mhc class I I  genes Pcq wi th  11 alleles, and  
Qfl, wi th  at  least  14 alleles, is pos i t ive ly  and  s ignif icant ly  co r re l a t ed  wi th  infectivit ies o f  ec toparas i t e s  (gamas id  
mites)  17 and  endopa ras i t e s  (helminths)  18. Mhc he te rozygos i ty  is highest  in the m o s t  infected area,  which  is in the 
mos t  h u m i d - w a r m  region  o f  the superspecies  range,  or  where  two zoogeog raph i c  regions  over lap .  We conc lude  tha t  
the evo lu t iona ry  forces respons ib le  for  the Mhc class I I  two-gene  p o l y m o r p h i s m s  include select ion for  increased  
he te rozygos i ty  as a defense s t ra tegy aga ins t  ecto-  and  endopa ra s i t e  infect ions.  
Key words. Mhc; he te rozygos i ty ;  paras i tes ;  na tu ra l  select ion;  sub t e r r anean  mole  ra ts ;  Spalax ehrenbergi. 

The  m a j o r  h i s tocompa t ib i l i t y  complex ,  Mhc 1, is a m o n g  
the mos t  complex  gene clusters  so far  known,  ref lect ing 
a very  long  and  involved  evo lu t i ona ry  his tory.  Mhc cov- 
ers a b o u t  one t h o u s a n d t h  o f  the m a m m a l i a n  genome,  
3800 kb  in m a n  2, inc luding  two m a j o r  gene classes (I and  
II)  o f  cell surface g lycopro te ins  wi th  d i f ferent  bu t  re la ted  
funct ions  o f  i m m u n o r e g u l a t i o n  1-4.  The  func t ion  o f  the 
Mhc genes is to con t ro l  the recogni t ion  of  fore ign and  self  
p ro te ins  by  T lymphocytes .  Class II  Mhc molecules  
presen t  fore ign pep t ides  to  he lper  T lymphocy te s  5-8.  
He lper  T cell receptors  recognize  fore ign p ro te in -de r ived  
pept ides  on ly  when  these are assoc ia ted  wi th  self class I I  
Mhe molecules .  A given T cell r ecep to r  is b o t h  pept ide-  
specific and  Mhe-restricted. The Mhc cont ro l s  the 
specifici ty o f  the i m m u n e  response  aga ins t  pa thogens  in- 

ch id ing  viruses, bac te r ia  and  o ther  paras i tes .  I t  a lso con-  
t r ibutes  to  the suscept ib i l i ty  to  over  40 dif ferent  au to im-  
mune  diseases 9, in which  the b o d y ' s  i m m u n e  sys tem at-  
tacks  self prote ins .  
Sub t e r r anean  mole  ra ts  o f  the S. ehrenbergi superspecies  
in Is rae l  represent  an  act ive case o f  ecologica l  specia-  
t ion  to-16 .  The  superspecies  compr i ses  four  c h r o m o s o -  
m a l  species (2n = 52, 54, 58 and  60), d i sp lay ing  progres -  
sive s tages of  late c h r o m o s o m a l  speeia t ion .  Thei r  
adap t ive  r ad i a t i on  in Is rae l  f r om the L o w e r  Ple is tocene 
to  Recen t  t imes is closely assoc ia ted  wi th  fossor ia l i ty  and  
increas ing  ar idi ty ,  i.e., wi th  dis t inct  c l imat ic  d ivers i ty :  
2n = 52, c o o l - h u m i d  (nor th) ;  2n = 54, coo l - semidry  
(nor th-eas t ) ;  2n = 58, w a r m - h u m i d  (center) ;  and  finally,  
2n = 60, w a r m - d r y ,  in the sou the rn  p a r t  o f  the range  13. 
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The ecological speciation of S. ehrenbergi into increas- 
ingly arid environments involves climatically coadapted 
genomic and organismal adaptations t6. 
Earlier, we studied ectoparasite 1~ and endoparasite TM 

infections in the S. ehrenbergi superspecies. Sixty-five 
breeding nests of S. ehrenbergi were collected from 23 
localities throughout the range and processed for nidi- 
colous arthropods t 7. A total of five species of fleas and 
53 species of gamasid mites were collected. The analysis 
is based on 31 gamasid species that appear in more than 
a single nest. Their distribution in the investigated area 
was analyzed in relation to that of the chromosomal 
species of S. ehrenbergi. It was observed that the 
Palaearctic species reach their southern limit of distribu- 
tion on Mount Hermon and some on the Golan Heights 
in the region of 2n = 54. This observation led to a sepa- 
rate analysis of the Hermon subregion and the rest of the 
2n = 54 region. The highest species diversity of gamasid 
mites was observed on Mt. Hermon, where two zoogeo- 
graphical regions overlap, and in the range of 2n = 58, 
which is characterized by a humid-warm climatic regime 
(table). 
The helminth fauna of the four chromosomal species of 
the S. ehrenbergi superspecies in Israel was also stud- 
ied t8. In the examination of 153 hosts, five species of 
adult helminths and one larval nematode were recovered, 
namely: Heligmonina nevoi n.sp. (Wertheim and Dur- 
re t te-  Desset) t 9; Trichuris muris (Schrank, 1788); Gan- 
guleterakis spalaxi Kozlov and Yangolenko 1962/63; 
Gongylonema longispiculum Schultz, 1927 and Para- 
noplocephala sp. The helminth Heligmonina nevoi, the 
most prevalent, was recovered from all climatic regions 
and chromosomal species, while the other helminth spe- 
cies occurred in the northern and central regions in two 
or three Spalax species only. A correlation was found 
between climatic conditions and the distribution of the 
helminths. In the case of helminths, the percentage of 
infected mole rats was the measure of infectivity used in 
the correlation. 
The Mhe of the mole rat was designated Smh for Spalax 
major histocompatibility 2o- 26. The Smh class II region 
consists of two gene families, P and Q, instead of the four 
families (P,O,Q,R), found in all mammals studied hither- 
to. The Spalax P family comprises at least four/~ and 
three e genes or gene fragments z4. RFLPs of two Smh 
class II genes (Pcq and Q/~) were studied in the superspe- 
cies range in Israel. Polymorphisms were found in both 
genes, Pe 1 with 11 alleles and Q/? with at least 14 al- 
leles zs. 
We tested RFLPs by Pe t and Q~ Mhc probes in 121 mole 
rats comprising 13 populations and 4 chromosomal spe- 
cies of the Spalax ehrenbergi superspecies in Israel. High 
molecular weight genomic DNA was extracted from the 
kidneys. Five different six-base recognition site restric- 
tion endonucleases were used: EeoRI, HindIII, BstEII, 
KpnI and BamHI. Two probes of S. ehrenbergi extracted 
from a Spalax genomic library 23 were used: a 4-kb probe 
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containing most of the Pe t gene, and a 5.2-kb probe 
containing almost the entire Q/~ gene 23. The data were 
analyzed first in terms of allele fragment frequencies by 
scoring the bands directly from the autoradiograph, thus 
identifying directly the homozygotes and the het- 
erozygotes. 
Observed heterozygosity was calculated by scoring di- 
rectly from gels the proportion of heterozygous individu- 
als per population and per species. H was calculated in a 
previous study z5 for each restriction enzyme separately, 
and then averaged for each locus. In the present study 
each animal heterozygous in at least one restriction en- 
zyme has been considered heterozygous in the relevant 
locus, hence the higher H values in the present study. 
Both procedures are legitimate. The present procedure 
follows the estimation of H in classical population genet- 
ics. Here we demonstrate that mite and helminth infec- 
tions correlate positively with the heterozygosity of the 
two class II Smh genes. 
The results, given in the table and figure 1, show that the 
percentages of helminth and gamasid mite infections in- 
crease with the climatic index, i.e., with both humidity 
and temperature. The Mt. Hermon data were excluded 
from the gamasid climatic correlation, because non- 
climatic, zoogeographical evidence explains the high 
species diversity in this subregion. Infections of 
helminths and mites were positively correlated with the 
humidi ty-  temperature index (r = 0.973, p = 0.014; and 
r = 0.813, p = 0.094, respectively, using one-tailed test). 

70 

8 

0 

"i 50 

40 

20 

+ 

i i  / / / / "  

_}_ / / / / / ~  

/ /  
/ / / /  

/ / 
/ / 

/ / 

. / z /  ~ 

30 40 50 60 70 

Climatic index (Humidity X Temperaturel 
Figure 1. Infectivity of helminth and gamasid mites in the Spalax ehren- 
bergi superspecies as a function of climate. Dashed line and stars repre- 
sent gamasid mites, and continuous lines and plus signs represent 
helminths. 
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Figure2. Smh heterozygosity as a function of gamasid mites and 
helminth infectivity. See legend in fig. 1. 

Figure 2 shows that Smh heterozygosity, H, correlates 
positively and significantly with helminth and mite infec- 
tions (r = 0.684, p = 0.158; and r = 0.849, p = 0.034, re- 
spectively). The combined probability is p < 0.05 (Fish- 
er's method 2 7 ) .  Thus, H was highest in the most infected 
regions, which coincide either with the most humid-warm 
regime, occupied by the 2n = 58 species, or with Mt. 
Hermon, where two zoogeographical regions overlap, 
thus enriching the gamasid load 17 (table). 
Mhc loci are known to be highly polymorphic in humans, 
mice, and other mammals, with heterozygosity as high as 
80-90% 1, even at individual amino acid sites 28. High 
levels of polymorphism and heterozygosity, as well as 
high numbers of Smh genes (>  65 in class I alone!) have 
recently been described in mole rats of the superspecies 

Spalax ehrenbergi 2~ 2 6 .  It is noteworthy, however, that 
limited polymorphism of both classes of Mhc genes was 
described in four different species of the Balkan mole rat 
of the superspecies Spalax leucodon 29. This contrasting 
result, based on a relatively small sample size, needs fur- 
ther examination. 
Four different hypotheses, and a fifth one presented here, 
have been proposed to explain this high degree of Mhc 
polymorphism 3~ These include: 1) a high mutation 
rate3t; 2) gene conversion or interlocus genetic ex- 
change 32- a4; 3) overdominant selection 30, 3 s, 36; 4) fre- 
quency-dependent selection 37, 38; and 5) spatiotemporal 
ecological selection (here expressed by parasites), as pre- 
sented in this study. These five hypotheses are not mutu- 
ally exclusive and can separately or combinatorially con- 
tribute to the high level of Mhc diversity. However, only 
the last two hypotheses can explain the differential levels 
of Smh heterozygosity found here. The significant corre- 
lations of Smh heterozygosity with ecogeography, cli- 
mate and the level of parasite infection, rule out in S. 
ehrenbergi hypotheses 1) and 2) as an explanation of the 
observed correlation. Likewise, we found excess, defi- 
ciency, and expected frequencies of H, reflecting over-, 
under-, and no dominance in fitness of heterozygotes in 
different populations. By elimination, we are left with 
hypotheses 4) and 5), which are interrelated and comple- 
mentary forms of balancing selection. Previously, com- 
parisons to neutrality expectations of the extent and pat- 
tern of single-locus and two-locus variation in the HLA 
in humans, strongly suggested that selection is important 
at these loci, as indicated by prevalent nonrandom asso- 
ciations (gametic phase disequilibria) in this region, and 
DNA sequence levels ao, 38-42. Heterozygosity at indi- 
vidual amino acid sites was found to be extremely high 
for HLA-A and B genes in humans; this is explicable by 
balancing selection 39. 
In the present study, we demonstrated that heterozygos- 
ity at the two class II loci Qfl and Pal  is non-random, and 
the level of H is highest at the foci of high ecto- and 
endoparasite infection. This pattern eliminates random 

Chromosomal species of the Spalax ehrenbergi complex and their climatic, pathogenic, and Smh heterozygosity data 

Climatic index Infectivity Smh class II genes 

Chromosomal species Humidity x January Gamasid mites; Helminths, (P% + Qfl) 
(2 n) temperature species % of mole Heterozygosity 

no. % rats infected (H) 

52 392 7 (22.6) 55.0 0.429 

54 * 387 45.8 0.476 
54** 419 13 (41.9) 0.389 

(54) Hermon 180 22 (71.0) 0.650 

58 638 16 (51.6) 85.7 0.578 

60 511 12 (38.7) 72.1 0.450 

Total 31 (100) 
Mean 0.483 

References 12 17 18 25 (see text) 

* Used for correlation with helminth data. ** Without Hermon population, due to its unique zoogeographical position 17, used for correlation with 
gamasid data. 
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genetic drift, neutrality and migration (see correlations in 
results) as explanatory models, and strongly suggests 
that various forms of natural balancing selection (e.g. 
frequency-dependent and spatiotemporal variation in the 
level of parasite infection) play an important role in the 
varied Smh patterns of heterozygosity. The patterns of H 
found here deviate significantly from neutrality expecta- 
tions, and are consistent with a selection model. 
High individual heterozygosity and high population 
polymorphism at the Smh region seem to safeguard sur- 
vivorship under stresses of variable and high pathogenic- 
ity. Interestingly, allozyme heterozygosity increases with 
climatic unpredictability towards the desert in S. ehren- 
bergi and in 13 other unrelated genera involving 21 spe- 
cies of plants, invertebrates and vertebrates in Israel test- 
ed on average for 27 enzyme loci 4a. By contrast, Smh 
heterozygosity increases with climatic predictability in 
warm-humid regions where high and variable patho- 
genicity, hence parasite unpredictability is highest. Viabil- 
ity selection presumably acts on Smh variants through 
differential effects on resistance to other important and 
diverse pathogens in addition to those demonstrated here 
(which might only be carriers of other pathogens, i.e., 
viruses, bacteria and protozoans, and also of other yet 
unidentified acarines). In both cases of allozymes and 
Smh, however, various forms of balancing natural selec- 
tion appear to be the major deterministic evolutionary 
forces causing differential heterozygosity, hence, increase 
in fitness. These ideas are supported experimentally 43, 
and theoretically 4~. However, experimental, functional 
and sequence studies in Spalax are needed to identify and 
establish directly a priori, rather than a posteriori as 
demonstrated here, the importance of differential high 
levels of Smh heterozygosity and different variants at the 
amino acid, protein and DNA levels in the control of the 
immune response against pathogens and diseases. 
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