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ABSTRACT 
A restriction  map was constructed of the ribosomal  cistron  in a mosquito, Aedes  albopictus (Skuse). 

The 18s, 28s and  nontranscribed  spacer (NTS) regions  were  subcloned  and  used  to  probe  for 
intraspecific  variation.  Seventeen  populations  were  examined  throughout  the  world  range of the 
species.  No  variation was detected in the  coding  regions  but  extensive  and  continuous  variation 
existed  in  the  NTS. The NTS  consisted  of  two  nonhomologous  regions. The first  region  contained 
multiple  190-bp AluI repeats  nested  within  larger XhoI repeats of  various  sizes. There was a large 
number of length  variants in the AluI repeat  region of the NTS.  No  repeats  were  found in the  second 
region  and it gave  rise to  relatively  fewer  variants. An analysis  of NTS  diversity  in  individual 
mosquitoes  indicated that most  of the  diversity  arose  at  the  population  level.  Discriminant  analysis 
was performed  on  spacer  types  in  individual  mosquitoes  and  demonstrated  that  individuals  within a 
population  carried a unqiue  set of  spacers.  In contrast with  studies  of the NTS in  Drosophila 
populations, there seems to be little  conservation  of  spacers  in a population. The importance  of 
molecular  drive  relative  to  drift  and  selection in the generation of  local population differentiation is 
discussed. 

M OLECULAR genetic surveys of  a variety of 
multigene families have  shown that  members 

of these families exhibit a high degree of homogeneity 
within species. This homogeneity is inconsistent with 
an hypothesis of independent evolution among mem- 
bers  and  rather suggests that some mechanism con- 
strains them  to evolve in concert.  This  phenomenon 
and  the mechanism used to explain it have  been 
termed  “concerted  evolution”  and  “molecular  drive,” 
respectively (DOVER 1982). 

Molecular drive is seen by some as a mechanism 
which operates  independently  of  traditional evolu- 
tionary  forces, selection and genetic drift, in shaping 
the  extent of  genetic  divergence among populations. 
The rate with which molecular  drive  homogenizes a 
gene family is theoretically  governed by the size of 
the family, effective population size, rates of mutation, 
unequal crossover and  gene conversion (DOVER 1982; 
OHTA 1983; OHTA and DOVER 1983, 1984; NAGY- 
LAKI 1984). Homogeneity  theoretically  decreases as 
mutation  rate,  population size and  repeat  numbers 
increase.  Unequal crossover within loci will generate 
heterogeneity  whereas  unequal crossover among loci 
can alter  the  number of copies of  a family member 
and lead to fixation of variants. Gene conversion will 
drive  variants to fixation  gradually under models of 

’ Present address: Department of Entomology, Kansas State University, 

Present address: Department of Biology, Landrum Box #8042, Georgia 
Manhattan, Kansas 66506. 

Southern College, Statesboro, Georgia 30460. 

Genetics 121: 539-550 (March, 1989) 

unbiased  gene  conversion or rapidly under biased 
conversion. 

Overlying  molecular mechanisms of concerted ev- 
olution, selection and genetic drift may also act to 
maintain or eliminate intraspecific diversity in multi- 
gene families. While it is not possible to  monitor these 
many processes in field populations,  observations on 
the  degree of  homogenization among family members 
in an individual,  in  a  population or in  a species can 
indicate at which levels heterogeneity is generated. A 
practical way of  identifying  sources of variation in 
field populations is through nested spatial sampling. 
Such  studies can estimate the  amount of  variation 
found within individuals, among individuals in  a pop- 
ulation, among local populations and  among distantly 
separated  geographic  populations. 

In this paper we report  the results of a  worldwide 
nested spatial survey of variation  in  a  multigene  fam- 
ily, the ribosomal RNA  gene family, in a  mosquito 
species, Aedes albopictus. Of the many multigene fam- 
ilies, the family coding for ribosomal  RNA  (rDNA) 
has received the most attention in field studies. This 
family consists of many copies (100-500 copies in 
animals or 3,000-10,000 copies in plants) of genes 
coding  for  the 18s,  5.8s and 28s RNA  components of 
the ribosome. Each copy is connected by a nontran- 
scribed  spacer  region  (NTS). While the  coding region 
tends  to  be conserved within species, the  NTS typi- 
cally displays much intraspecific variation. 

A.  albopictus is a  container  breeding  mosquito which 
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oviposits predominantly in tires in North America but 
in a variety of natural  containers in its native habitats. 
The native habitat  extends  from Madagascar north 
throughout  the Indomalayan and  Oriental regions, 
China and Japan (Ho, CHAN and CHAN  1973;  HUANG 
1972; KNIGHT and STONE 1977).  It became estab- 
lished  in  Hawaii between 1830  and  1896  (HARDY 
1960; JOYCE 1961)  and within the past 20 yr  has 
colonized the Solomon and Santa  Cruz Islands in the 
South Pacific (BELKIN 1962; ELLIOTT 1980; PASHLEY 
and PASHLEY 1983).  During  the  summer of 1985  the 
species was discovered throughout  Harris County, 
Texas (SPRENGER and WULTHIRANYAGOOL 1986). 
Since that time it has become widely distributed in the 
United  States, as far west as San Antonio,  Texas, east 
to Jacksonville, Florida, and  north as far as Chicago, 
Illinois, and Baltimore, Maryland. Comparison of al- 
lozyme frequencies (W. C. BLACK, S. KAMBHAMPATI 
and K. S. RAI, unpublished data)  and diapause data 
(HAWLEY et al. 1987)  from U.S. populations with 
populations collected throughout  the world range of 
A.  albopictus suggests that  the U.S. populations origi- 
nated in Japan. 

We have completed  a series of breeding  structure 
studies of A. albopictus in the  United  States  and Ma- 
laysia (BLACK et ul. 1988,  1989) using allozyme mark- 
ers. Multiple collections were made within several 
cities. Variance in allele frequencies  among all  collec- 
tions was partitioned  into the variance among cities, 
and collections within cities. This analysis revealed 
that the  amount of differentiation  among collections 
within a city was  4-5 times as large  as the variance 
among cities indicating an extensive amount of local 
differentiation of populations. This suggested that 
much genetic drift may accompany colonization of 
containers in this species. 

The purpose of the  current study was to compare 
patterns of genetic  differentiation  derived with  iso- 
zyme  analysis  with those defined by  analysis of varia- 
tion in the  rDNA  multigene family. Specifically, we 
were interested in (1 )  quantifying the  amount of var- 
iation in rDNA  at 4 levels;  in individuals, in  local 
populations, in  city populations and in countries; (2) 
estimating the  amount of divergence in rDNA types 
among newly established U.S. populations; and (3) 
determining if patterns of variation in the rDNA 
family could also be used to identify the origin of the 
U.S. populations of A.  albopictus. As with the allozyme 
analysis, variation in the  rDNA family was measured 
at a local  level to determine what role  genetic  drift 
can play  in generating variation in multigene families. 
Variation was examined at  the individual level by 
analyzing restriction digests of DNA isolated from 
individual mosquitoes. Several mosquitoes were ex- 
amined within a collection, numerous collections were 
made within cities, and several cities were sampled 

within and  among six countries  throughout  the world 
range of A.  albopictus. 

MATERIALS AND METHODS 

Strain  descriptions: The origin of each A. albopictus strain 
used  in  this study is listed  in Table 1. The number of 
generations spent in the laboratory prior  to use  is also 
indicated. Material was sent as  eggs  collected on papers or 
wooden  paddles. These were hatched upon arrival, adults 
blood  fed on mice, and  a series of large ovipositions  col- 
lected. The starting size  of laboratory colonies  varied greatly 
but was never less than 50 adults. 

DNA isolation: DNA  was isolated from larvae of the 
Mauritius strain of A. albopictus according to the method of 
BLACK and RAI (1 988). This DNA was used  in the construc- 
tion of a genomic library, In  all other strains, DNA  was 
isolated according to  the same method but without final 
purification on a CsCl gradient. DNA from single adult 
female  mosquitoes was isolated  following the method of 
COEN, THODAY and DOVER (1 982). 

DNA digestion,  blotting and  hybridization: All restric- 
tion enzyme  digestions were performed according to man- 
ufacturer instructions (Fisher Promega Biotech). DNA  was 
typically digested for 16 hr  at  37"  at a concentration of 
approximately 10 units/pg DNA. For visualization and 
analysis  of fragments greater than 1000 bp in length, di- 
gested DNA and size standards (HinDIII digested lamba 
DNA) were loaded onto  a  0.75% TBE (MANIATIS, FRITSCH 
and SAMBROOK 1982) agarose gel  (DNA  grade-Bio-Rad 
Laboratories) and  run  for  16  hr  at 40 V.  Gels  were removed, 
standards measured, and irradiated on a ultraviolet transil- 
luminator for 15 min.  DNA was denatured, neutralized, 
transferred  and baked onto nitrocellulose filters (Micron 
Separations lnc.) following standard protocols (SOUTHERN 
1975). The same procedures were used to isolate  smaller 
fragments (<lo00 bp); however, 1.5% agarose gels  were 
used and fragments were transferred to Zeta-probe filters 
(Bio-Rad Laboratories) using alkaline transfer procedures 
(Bio-Rad Technical Bulletin 1398). 

Filters were hybridized at  42" in 50% formamide follow- 
ing standard protocols (MANIATIS, FRITSCH and SAMBROOK 
1982). Following hybridization, the filter was washed under 
high stringency conditions (ANDERSON and YOUNG 1987), 
dried, loaded into  an X-ray  cassette  with film and exposed 
overnight. 

Genomic  library  construction,  screening  and  subclon- 
ing: A partial genomic library of A. albopictus was con- 
structed with Sau3AI digested fragments cloned into 
EMBL3 (Stratagene Cloning Systems)  following MANIATIS, 
FRITSCH and SAMBROOK (1982). Recombinant phage was 
plated on lawns  of  Escherichia  coli strain P2392, lifted to 
nitrocellulose circles, and screened with  18s and 28s rDNA 
probes from Calliphora erythrocephala following  MANIATIS, 
FRITSCH and SAMBROOK ( 1  982). Viral  clones were amplified 
and their DNA purified according to MANIATIS, FRITSCH 
and SAMBROOK (1 982). This DNA  was digested, subcloned 
into pUCll8 and transformed into E. coli strain DH5a. 

Statistical  analyses: Sizes of digested fragments were 
determined by entering  the mobilities and molecular 
weights of standards into  the program of SCHAFFER and 
SEDEROFF (1 98 1) to derive a least squares regression line. 

Genetic distances were calculated using the formula: 

D = 1 - (~NAB/(NA + NB)) 

where NA and NB are  the  number of  spacer  types  in p o p -  
lations A and B ,  respectively, and NAB are the numbers of 
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TABLE 1 

Strains of Aedes albopictus 

Generations 
Source Collector(s) Date  in colony 

Candos, Mauritius C. COURTOIS April, 1970  -100 
Cariacica City, Brazil F. ANTUNANO October,  1986 3 
Chicago, Illinois B. BLACK September,  1987 0 

Ebina City, Japan T. TADANO August,  1986 3 
Evansville, Indiana V.  DUNN September,  1986 3 
Galveston Co.,  Texas D. SPRENCER September,  1986 3 
Harris County,  Texas D.  SPRENCER June,  1986 3 
Indianapolis, Indiana M. SINSKO September,  1986 3 

Jacksonville, Florida G.  GREGORY  and B. PEACOCK September,  1986 3 
Kuala Lumpur, Malaysia H. YONC August,  1986 3 
Liberty Co.,  Texas D.  SPRENCER September,  1986 3 
Manoa Valley, Hawaii D.  SHROYER July,  1984 10 
Memphis, Tennessee B. BLACK and  J.  FERRARI June,  1986 3 
Milford, Delaware C. STACHECKI September,  1987 1 
Montgomery Co.,  Texas D. SPRENCER September,  1986 3 
New Orleans, Louisiana M. ANDIS  and E. BORDES June,  1986 3 
Peradeniya, Sri  Lanka F. AMERASINGHE July,  1986 3 
Sabah, Borneo W. HAWLEY November,  1987 0 

Saga City, Japan M. MOCI August,  1986 3 
Santa Tereza, Brazil F.  ANTUNANO June,  1987 1 
Singapore City K. CHAN August,  1986 3 
Sonaphur (Assam), India V.  SHARMA July,  1986 3 
Zama City, Japan T. TADANO August,  1986 3 

spacers  that the populations share in common. I f  both 
populations have the same set of spacers then D = 0,  if there 
are no spacers  in common  then D = 1. 

Discriminant analysis was performed on individual mos- 
quitoes using the SPSS-X (SAS, 1988) statistical package. 
MAHALANOBIS (1 936) distances were calculated using PROC 
CANDISC on SAS. 

The diversity of  NTS sizes was analyzed using the Shan- 
non Information measure H (LEWONTIN 1972; SCHALL, 
LEVERICH and NIETO-SOTELO 1987) where: 

H = pi log2pi 

and p ,  is the frequency of a spacer i in a population. I f  each 
population contains a unique set of spacers then  the amount 
of diversity contributed at the population level will be 100%. 
At the other extreme, if all populations share approximately 
the same sets of spacers then the proportion of diversity 
contributed by populations will approach zero. By partition- 
ing a population at various levels the amount of diversity 
contributed by each level to the total diversity of the system 
can be estimated. 

RESULTS 

Mapping the rDNA cistron: Three clones of the 
A. albopictus ribosomal cistron were obtained  (Figure 
1)  from  the  partial genomic library. These were 
mapped with 10 restriction enzymes: BamHI, BglII, 
ClaI, EcoRI, KpnI,  PstI,  PvuII, Sad, Sal1 and XhoI. 
18s and 28s regions  were  identified by probing 
SOUTHERN blots of restriction digests of purified 
lambda DNA with the 18s and 28s rDNA  probes  from 
Calliphora erythrocephala. The coding  regions are 
identical in each of the clones (Figure 1); however, 

the  NTS varied among all 3 clones. The second clone 
differed  from the first in having a small insert  near 
the 18s gene. The third  clone  differed in having an 
approximately  700-bp  insert in the middle of the 
NTS. 

T o  probe  for variation in each region, we subcloned 
the  rDNA cistron into 5  regions  corresponding with 
the 18s, the 28s (alpha), the 28s (beta)  subunits and 
the two  halves  of the nontranscribed  spacer  (Figure 
1). The  NTS often contains tandem  repeats (BECK- 
INGHAM 1981 ; GERBI 1985). T o  test for  repeats 
throughout  the spacer region we digested  pX8 with 
EcoRI and  HinDIII to remove the insert  from the 
plasmid and  then  digested with DraI to  cut  the plasmid 
because pUCl18  and the  pX8  insert were approxi- 
mately the same size. Fragments  were  separated on 
agarose gels, transferred  to nitrocellulose and  probed 
with pX 1. No hybridization was detected,  indicating 
a lack of homology between these two regions of the 
NTS. 

In a second attempt to detect  repeats we digested 
pX1  and  pX8 with several 4-bp restriction enzymes: 
AluI, HaeIII,  HhaI,  HpaII, RsaI and Sau3AI.  A  190- 
bp AluI repeat  (Figure 1) was found in pX1  but  no 
repeats  were  detected in pX8.  Products of AluI diges- 
tion of pX 1 were run alongside Ah1 digested pUC 1 18 
on  a 2.0% agarose gel. Only a single bright  band was 
unique to  the  pX1 lane,  indicating that most of pX1 
consisted of the AluI repeat. Because pX 1 is approxi- 
mately 2.5 kb this suggests that  the first half of the 
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FIGURE 1.-A restriction map of the A. albopictw ribosomal cistron. Also indicated are  the location of 190 bp AluI repeats in the .NTS 
and the orientation of subclones pP 1 1, PPI, pE2, pX1 and pX8 from clone 1. 

NTS consists  of  12-1 3 AluI repeats (Figure 1). 
In the process  of  mapping  clone 3 (Figure 1) it was 

observed that  the XhoI-XhoI insert in the  NTS hybrid- 
ized  with  pX 1, indicating that it arose from duplica- 
tion with  this region of the NTS. The XhoI-XhoI 
fragment was subcloned into  the Sal1 site  of pUCll8. 
A 190-bp fragment was detected in an AluI digestion 
of  this  subclone  indicating that  the XhoI insert con- 
sisted  of the smaller repeat. 

Variation in NTS size among  geographic  popu- 
lations of A. albopictw: Analysis  was performed on 
DNA extracted from large scale preparations (5,000- 
10,000 larvae from 200-300 females)  of each geo- 
graphic strain of A. albopictus. DNA (5  pg) from each 
population was digested  with EcoRI and BamHI to cut 
the NTS and a portion of the 28s (beta) gene out of 
the rDNA cistron (Figure 1). These sites  were  selected 
because  of their location  in coding regions and their 
likelihood  of  conservation among populations.  DNA 
was transferred to nitrocellulose and probed with a 
mixture of  pX1 and pE2 (Figure 2) or pX1 and PPI 
(not shown). These experiments indicated conserva- 
tion in the size  of the 18s and 28s  genes among world 
populations. They also demonstrated blurs represent- 
ing  bands ranging from 3,000 to 10,000 bp in  size 
which  hybridized to the  NTS  probe (Figure 2). This 
suggests a virtually continuous distribution of  spacer 
sizes  in a population. Note, however, that individual 
bands  can be distinguished in this continuum of 
spacers,  suggesting that certain spacers  prevail in  pop- 
ulations. These are listed by population in Table 2. 
While certain populations share similar prevalent 
spacer  sizes (e.g., the 4790-bp spacer in  Brazil,  Jack- 
sonville, and New Orleans populations), no two  pop- 
ulations are identical. Even populations  collected in 

FIGURE 2.-EcoRI and BnmHI digests of DNA isolated from 17 
A. albopictus population. Probed with pX1 (NTS probe) and pE2 
(1 8s probe). 

proximity (e.g., the Harris and Galveston  County  pop- 
ulations or the Zama and Ebina  populations)  vary 
greatly in their prevalent spacer sizes. 

To  determine which region  of the  NTS gave  rise 
to this large amount of variation, DNA from each 
population was digested  with EcoRI and XhoI and 
probed with  pX  1. To  further examine variation in 
this region, DNA  was digested  with AluI and probed 
with  pX1.  Digestion  with EcoRI and XhoI revealed a 
large number of XhoI sites  within  populations (Figure 
3) while the AluI digest indicated that  the 190 bp 
repeat is present and conserved in  all  populations. 
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TABLE 2 

Prevalent  nontranscribed  spacer sizes in A. albopictus populations 

Population Prevalent spacer size Range 

Mauritius 6,930 6.490  5,420  4,630  2,300 
Berhampur 6,490  5,900 590 
Sri  Lanka 6,490  5,700 790 
Kuala I.umpur 7,050  6,400  5,700 1,350 
Singapore 6,930  6,100  5,650  4,450  2,480 
Saga City, Japan 7,170  5,700 1,470 
Tokyo (Zama), Japan 6,490  5,700 790 
Tokyo (Ebina), Japan 6,400  6,100 300 
Manoa 7,560  7,170  6,930  6,940  5,700 1,860 
Houston,  Texas 7,050 6,400 6,100  5,500 4,790 

3,670  3,360 3,070 3,980 
Galveston, Co.,  Texas 10,230 7,170 6,400  4,790 5,440 
New Orleans, Louisiana 5,900  4,790 1,110 
Memphis, Tennessee 7,170 
Evansville, lndiana 8,460  7,840  7,170  6,400  6,100  2,360 
Indianapolis, Indiana 7,170  6,100  1,070 
Jacksonville, Florida 4,790 
Cariacica Citv. Brazil 7.050  6,490  5,700  4,790  2,000  5,050 

4100 bp 

8690 bp 
9210 bp 

2460 bp 
2170 bp 
1930 bp 
1660 bp 

1420 bp 

1200 bp 

+ O S 0  bp 

-760 bp 

.670 bp 

FIGURE 3.--EcoRI and Xhol digests of DNA isolated from A. 
albopisfus populations and probed with pX 1 (NTS probe). 

This  pattern suggests that  the extensive variation 
may result from  differences in the  numbers of AluI 
repeats within the  larger XhoI repeats. T o  test this 
hypothesis the molecular weight of each fragment in 
the EcoRI and XhoI digest was determined  and  the 
size difference of adjacent  fragments calculated. The 
mean difference  among  adjacent  fragments was 282 
bp (SE = 10.8 bp, n = 157). However, assuming that 

some fragments  might  have  arisen  through duplica- 
tion of two or more  tandem  repeats,  larger  fragments 
were divided by 2 or 4. Following this correction,  the 
mean  difference  among  adjacent  fragments was 229 
bp (SE = 3.8 bp, n = 157) which is close to the size of 
the 190-bp AluI repeat. 

To examine variation in the  other half of the  NTS, 
digestions were performed with BamHI and  PvuII 
(Figure 1) and  probed with pP11.  This revealed  some 
variation among sites but also conservation of two 
spacer types (5760 bp  and 2860 bp) among all popu- 
lations (Figure 4). 

The relationship  between  geographic  distance  and 
genetic  distance in A. albopictus: To analyze the 
relationship between prevalent  spacer size and geo- 
graphic  proximity, we calculated the correlation be- 
tween genetic (0) and geographic distances. If popu- 
lations in proximity to one  another  are  more closely 
related  than  populations at a  distance then  there will 
be a positive correlation between genetic and geo- 
graphic distance. Alternatively no correlation will ex- 
ist  if genetic distances are independent of geographic 
proximities. 

Correlations were calculated using genetic distances 
based on (1) the  length of the  entire  NTS, (2) the sizes 
of EcoRIIXoI repeats in the  NTS  and (3) the sizes of 
PvuII/BamHI  fragments of the  NTS. A significant 
positive correlation ( r  = 0.20, n = 105, P 5 0.05) was 
detected using distance based on  the  entire  NTS; 
however,  plotting the points  revealed that  the  corre- 
lation was an  artifact of the bimodal clustering of 
points around  one  and zero. No correlation was de- 
tected using the EcoRI/XhoI region (T = -0.1 2, n = 
66, P 2 0.05). However,  a slightly significant positive 
correlation was observed using the PvuII/BamHI re- 
gion ( r  = 0.44, n = 105, P < 0.01). 
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FIGURE 4.-BamHI and PmII digests of DNA 
isolated from A. albopictus populations and probed 
with pP11 (28s (beta) probe). 

Because A. albopictus was only  recently  established 
in the United States, the genetic distances might re- 
flect random patterns of differentiation associated 
with founders effects and genetic drift. The same 
should not hold true for native habitats of A. albopic- 
tus. The correlations between genetic and geographic 
distances  were  reanalyzed after removing U.S. and 
Brazilian  populations. The correlation based on the 
entire  NTS decreased to -0.16 (n = 2 1) and was not 
significantly different from zero. In contrast, corre- 
lations derived using either one of the  other two 
regions of the NTS increased (r = 0.93, n = 6, P I 
0.01 (EcoRI/XhoI region) and r = 0.57  (PvuII/BamHI 
region), n = 21, P 5 0.01) indicating a positive cor- 
relation between genetic and geographic distance. 
Despite finding significant correlations between  geo- 
graphic and genetic distance, populations from the 
United States were not consistently  similar to any one 
of the foreign populations  examined. 

Variation in NTS size within  geographic  popula- 
tions of A. albopictus: EcoRI and BamHI  digests  were 
performed on DNA extracted from individual adult 
mosquitoes.  Within a population, 17- 19 individuals 
were examined and a total of  17 populations were 
analyzed. For each population, molecular  weights 
were  calculated  using Hind111 digested lambda stand- 
ards in the program of SCHAFFER and SEDEROFF 
(198 1) and each  blot was probed with  pE2 to act as 
an internal size standard (Figure 5, A-C).  Each spacer 
detected in individual  mosquitoes was placed  in one 
of 49 two hundred bp size  classes (Table 3). 

Three patterns of  variation  were detected in popu- 
lations. In populations such  as Singapore City (Figure 
5A), there was a large number of spacers  sizes,  indi- 
viduals shared some  spacers  in  common but  no two 

I80 bp 

080 bp 

180 bp 

individuals  possessed the same set of  spacers. In pop  
ulations  such  as  Assam, India (Figure 5B), there were 
few spacers and individuals  seemed to share most  of 
these in common.  In the Memphis population (Figure 
5C), there were  several  spacer sizes and almost  all 
individuals shared these in  common (ie., possessed the 
same  genotype). 

The number of  spacer  types detected in each pop  
ulation and the mean number of  spacer  types per 
mosquito are listed  in Table 4.  Discriminant  analysis 
was  used to classify individuals according to their 
spacers. If individuals  in a population carry a unique 
set  of  spacers  relative to  the total  population then 
there will be a correlation among spacers and the 
analysis will accurately  assign  individuals to a particu- 
lar population.  Alternatively, if no correlations exists 
among spacers carried by an individual then spacers 
are randomly distributed and  the analysis cannot as- 
sign  individuals  unambiguously to populations. Use of 
this approach is appropriate to analyzing the popula- 
tion  genetics  of multigene families  because if con- 
certed evolution  occurs among family  members then 
spacers in populations should  evolve  as  sets rather 
than independently. 

Of the 302  individuals examined from the 17 p o p  
ulations,  76.5%  were identified in the analysis  as  being 
unique to their population. Alternatively, 23.5% were 
ambiguous and could  have  arisen in one or more of 
the  other populations examined in the study. We 
considered the possibility that these large differences 
among populations might reflect differences in indi- 
vidual  blots. To  check for this,  five  populations  were 
analyzed  in  continuously overlapping blots.  Among 
those  populations, the percentage of  individuals  cor- 
rectly  classified was 92.1 %. The discriminant  analysis 
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FIGURE 5.-DNA isolated from single mosquitoes, digested with EcoRI and BamHI and  probed with pX1 (NTS probe) and pE2 (18s 
probe). (A) Mosquitoes from Singapore City, (B) Assam, India, and (C) Memphis, Tennessee. 

then indicates that individuals  within a population 
carried a unique set  of  spacers and that  there was only 
a small amount of overlap among populations. This 
suggests concerted evolution  plays  an important role 
in establishing  sets of spacers in populations. 

In discriminant  analysis, groups of  similar  individ- 
uals are clustered in ellipses (PIMENTEL 1979). The 
strong correspondence between  ellipses and popula- 
tions in our analysis  suggested that this method might 
also  be  used  as a statistical measure of the relatedness 
of  populations. The center of each  ellipse is termed 
the centroid. MAHALANOBIS (1936) distance is  meas- 
ure of  distances among centroids. Following the same 
rationale as before, we attempted to correlate Mahal- 
anobis  distances  with geographic distances to  deter- 
mine if the overlap among populations was related to 
geographic proximity. We  assumed that migration 

among populations in  closer  proximity to  one  another 
might  make  them more genetically  similar than pop  
ulations at a distance. There was a slightly  negative 
relationship between geographic and Mahalanobis  dis- 
tance for all populations and a positive but nonsig- 
nificant correlation ( r  = 0.427, d.f. = 9, P > 0.05) 
among population in the native habitat. There was no 
relationship  between  statistical  and  geographic 
distance. 

Analysis of spacer  diversity in populations: To 
determine at which  level the greatest diversity  of 
spacer  types  arises, we partitioned the amount of 
variation in rDNA at four levels;  in  individuals,  in 
local populations, in  city populations and in countries 
(Table 5).  Individual  samples ( I )  were  nested  within 
cities (CT),  cities  were  nested  within countries (CN), 
and countries were  nested among all  populations (T) .  
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TABLE 3 

Frequency of spacer t y p e s  in each of 17 populations  throughout  the world range of A. albopictus 

Size class 
Population 

(kbp) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 All 

3.0-3.2 - - 1 -  - - - - - - - - - - - - - 1  

4.0-4.2 - 
- 1  

- 1 -  1 -  2 
- 2 -  - - - 3 -  5 

4.4-4.6 - - - - - - - - - - - - - 
4.6-4.8 - 5 - 

- 1 -   - 1  
- 2 -  - - - - - 4 2 - 1 3  

4.8-5.0 - - - - - - - 1 -  - - - - - - - - 1  
- 5 -  - - 1 1 -  7 

5.2-5.4 - 1 - - - - - - - - - - - 1 -  - 1 3  
5.4-5.6 - 1 - - - - - 1 - 1 6 1 4 - 1 - 5 2 3 1  
5.6-5.8 - 2 - 1 - - - 4 -  - 7 -  - 5 2 2 - 2 3  

6.0-6.2 - - - - 3 -  - 1 -  - 1 -  3 2 -   5 4 1 9  
6.2-6.4 - - - 1 7 4 - 1 8 5 2 - 1 6 -  - 7 3 4 6 7  

3.6-3.8 - - - - - - - 1 -  - - - - - - - 
- - - - - - - - - - - 

4.2-4.4 - - - - - - - - - 

- - - 

5.0-5.2 - - - - - - - - - 

5.8-6.0 - 4 - - - - 8 2 2 -  - 2 1 4  3 1 -  2 3 8  

6.4-6.6 - - 4 -   - 7 5 5 -  - 8 -   1 4 -   1 5 4 0  
6.6-6.8 - - 5 4 2 -  - 4 -   - 1 1 - 3 6 5 4 3 5  
6.8-7.0 - 4 - - - - - - 1 0 1 6  2 - 13 4 2 1 7 5 9  
7.0-7.2 12 - 3 3 12 2 - 2 2 - 9 - - 9 -  4 4 6 2  
7.2-7.4 - 9 - 4 - - 7 -  3 -   1 - 1 3 1 8 4 - 5 0  
7.4-7.6 - - - - - 8 -   3 -   - 3 8 -  1 -  - 4 27 
7.6-7.8 - 4 - 5 4 - 7 4 7 - - - - - 4 -  - 35 
7.8-8.0 - - 3 2 -  - - 2 2 1 6 -   3 -  - 8 8 1 4 5  
8.0-8.2 - 1 - 6 3 - - 1 -  - 9 1 0 1 6   2 -  - 7 55 
8.2-8.4 - 7 - - 5 1 -   1 4 -   2 -  - - 5 1 5 3 1  
8.4-8.6 - - 12 - - - - - - - 6 -   1 -  - 3 - 2 2  
8.6-8.8 - - - 4 2 - 1 0 2 -  - - - - 1 -  - - 19 
8.8-9.0 - - - - - 5 -   3 -  - 1 -  - 4 -   1 1 1 5  
9.0-9.2 - - - - - - - 1 6 -  - - 1 1 -  4 -  - 22 
9.2-9.4 7 -  - - 6 -  - - - - - - - 3 -  2 1 1 9  
9.4-9.6 - 3 - 5 3 - 8 1 - 18 - - - - - - - 38 
9.6-9.8 - - 10 - 4 12 - - - - - 1 1 0 -  - - 3 40 
9.8-10.0 - - - - - - 3  

10.0-10.2 - - - 6 -  - - - - - - - - - 4 -  - 10 
10.2-10.4 11 - 1 - - - - - - - - - - - - - - 12 
10.4-10.6 - - - - 7 -  - - 3 -  - - - - - - - 10 
10.6-10.8 - 1 - - - 5 -  - - - - - 3 -  - - - 9  
10.8-1 1.0 - - - - 7 -  - - - 4 -  - - - - - 1 12 
11.0-11.2 - - 1 3 -  - - - - - 2 -  - - - - - 6  
11.2-1 1.4 - - - - - - - 1  
11.4-11.6 - - - - - - - 0  
11.6-11.8 - - 5 -  - - - - - - 10 
11.8-12.0 - - - - - - - 12 
12.0-12.2 - - - - 3 -  - - - - - 3  
12.2-12.4 1 - - - - - - - - - - 3 -  - 1 -   - 5  
12.4-12.6 - - - - - - - 1 -  - 1  
12.6-12.8 - - - - 3 -  - - - - - 3  

- 11 
13.0-13.2 - - - 1 -   2 -  - - - - - 3  

- 2 -  - - - - - 2  
- - 3  

- - - - - 3 -  - - - - 

- - - - - - - - 1 -  
- - - - - - - - - - 

- - - - - 5 -  
- - - - - - - - 12 - 

- - - - - - 

- - - - - - - 

- - - - - - 
12.8-13.0 - - - - - - - 1 -  - - - 10 - - - 

- - - - - 
- - 13.2-13.4 - - - - - 

13.6-13.8 - - 3 -  - - - - - 
- - 

- - - - - - 

Key to population numbers: 1 = Sonaphur (Assam), India; 2 = Cariacica City, Brazil; 3 = Chicago, Illinois; 4 = Ebina City, Japan; 5 = 
Evansville, Indiana; 6 = Galveston Co.,  Texas; 7 = Harris County,  Texas; 8 = Indianapolis, Indiana; 9 = Liberty Co.,  Texas; 10 = Memphis, 
Tennessee; 1 1  = Milford, Delaware; 12 = Montgomery Co., Texas; 13 = New Orleans, Louisiana; 14 = Sabah, Borneo; 15 = Singapore 
City; 16 = Santa Tereza, Brazil; 17 = Zama City, Japan. - = spacer type absent. 

The average diversity among individuals within Sam- among countries ((HT - HCN)/HT)  accounted  for 25% 
ples (HI) accounted  for 65% (Hs/HT) of total diversity of total diversity. 
in the species. Differences among samples within cities 
( ( H C T  - HI)/HT) accounted  for 5% and differences 
among cities within a country ( ( H C N  - H C T ) / H T )  for The A. albopictus ribosomal cistron consists of a 
4% of total diversity. The final level,  differences  coding  region which was found to be invariant among 

DISCUSSION 
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TABLE 5 TABLE 4 

Number of spacer  types  and the mean  number of spacer types 
per individual  mosquito (k standard  error) in A. albopictus 

populations 

No. spacer types 

Powlation Sample size 
Spacer types/ 

mosquito 

Assam 
Singapore 
Sabah 
Japan 

Tokyo 
Ebina 
Zama 

Rio de Janiero 
Cariacica City 
Santa Tereza 

United States 
Houston 
Harris County 
Montgomery County 
Galveston County 
Liberty County 
New Orleans 
Memphis 
Evansville 
Indianapolis 
Chicago 
Milford 

A. albopictus 

Brazil 

19 
18 
18 

18 
18 

17 
18 

18 
17 
17 
16 
19 
19 
17 
18 
17 
18 

302 

4  1.63 f 0.14 
15 3.22 f 0.33 
16 2.50 f 0.34 

13  3.39 f 0.30 
16 2.89 f 0.20 

12 2.47 f 0.30 
19  3.11 f 0.36 

7  3.50 f 0.29 
9 2.23 f 0.36 
8 2.47 f 0.21 

11 2.69 f 0.24 
12 5.26 & 0.44 
6  4.32 f 0.27 

15  4.00 f 0.34 
24  2.83 f 0.29 
11 2.82 f 0.38 
17 3.44 & 0.23 

49 3.12 f 0.08 

populations worldwide and  a  NTS which  varied  con- 
tinuously among and within  populations. The NTS 
was shown to consist  of  two, nonhomologous regions. 
The first region was bounded by an EcoRI site in the 
18s gene and an XhoI site in the NTS and consisted 
of multiple  AluI repeats nested  within larger XhoI 
repeats. No repeat structure was detected in the sec- 
ond half  of the NTS, a region bounded by a PvuII 
site in the  NTS and a BamHI  site  in the 28s (beta) 
gene. 

These two regions differed in the type  of  variability 
they generated among populations. There was a large 
number of variants in the EcoRIIXhoI region of the 
NTS. Differences  in  sizes among spacers in this region 
suggested that they  might  have arisen through un- 
equal exchange between the small 190-bp AluI repeats 
as  well  as the larger XhoI repeats. The BamHIIPvuII 
region gave  rise to relatively  fewer  variants and two 
variants  were found to be  common to  and  abundant 
in  all populations examined. This type  of NTS orga- 
nization is atypical  of  most  insect  species  (mostly  Dro- 
sophila)  in  which the  NTS has been examined (BECK- 
INGHAM 198 1). However, a similar NTS organization 
has  been  recently noted in one species  Drosophila 
busckii (SLAVICEK and KRIDER 1987) which contains a 
central region consisting  of 160 bp HincII repeats and 
an adjacent region variable in length within the species 
but without an obvious repeat structure. 

Shannon  information  measured ( H )  in populations,  populations 
within cities and cities within  countries 

Population Populations Cities Countries 

Assam 
Singapore 
Sabah 
Japan 

Tokyo 
Ebina 
Zama 

Brazil 
Rio 

Cariacica 
Tereza 

United States 
Houston 

Harris 
Montgomery 
Galveston 
Liberty 

New Orleans 
Memphis 
Evansville 
Indianapolis 
Chicago 
Milford 

1.705 
3.603 
3.661 

3.320 
3.714 

3.236 
3.966 

2.689 
2.821 
2.681 
3.196 
3.253 
2.479 
3.717 
4.325 
3.049 
3.642 

1.705 
3.603 
3.661 

4.096 

4.297 

4.195 

3.253 
2.479 
3.717 
4.325 
3.049 
3.642 

1.705 
3.603 
3.661 
4.096 

4.297 

4.906 

3.239 3.502 3.711 4.97 
H (pop) H (city) H (count) H (all) 

Partitioning of total diversity: 
Within populations: H(pop)/H(all) 65.2% 
Among population within  cities: H(city)-H(pop)/H(all) 5.3% 
Among cities within countries: H(count)-H(city)/H(all) 4.2% 
Among countries: H(al1)-H(count)/H(alI) 25.3% 

100.0% 

The results  of our analysis  of prevalent spacer sizes 
in populations indicates that there is no relationship 
between the size  of the  entire  NTS and geographic 
proximity  of  populations.  However,  when we exam- 
ined the two  regions  of the  NTS separately we found 
a positive correlation between geographic distances 
and genetic distances  based on  the length of the 
BamHIIPvuII region. No correlation was detected in 
the EcoRI/XhoI region, suggesting that this region 
evolved at  a more rapid rate possibly  because  of the 
nested internal repeat structure giving  rise to more 
unequal crossing over or gene conversion.  When the 
newly established United States and Brazilian  popu- 
lations  were removed from the analysis, the correla- 
tions  increased indicating a relationship, albeit weak, 
between  genetic and geographic distance. This and 
the diversity  of bands found in U S .  populations sug- 
gests that  there may have  been a rapid change in the 
diversity of NTS  during  the colonization of U.S. pop- 
ulations. 

An implicit  assumption in the discriminant and 
Shannon diversity  analyses is that similar length var- 
iants represent similar  sequences. This assumption 
may  be  false  given the continuum of  spacers  sizes 
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detected in the A. albopictus population. If so, then we 
have underestimated  the degree of population sepa- 
ration in the discriminant analysis and similarly under- 
estimated  the  amount of diversity added  at  the popu- 
lation level. In  either case, our analysis of NTS diver- 
sity  in individual mosquitoes indicated  that most  of 
the diversity arose at  the population level. Further- 
more,  the discriminant analysis demonstrated  that 
individuals within a  population  carry  a  unique  set of 
spacers and  that  there was only a small amount of 
overlap  among populations. Analysis  of geographic 
distances with regards  to  genetic distances or Mahal- 
anobis distances indicated  that  for  the most part,  the 
relatedness of populations was independent of geo- 
graphic proximity and  therefore diversity arises in- 
dependently in adjacent populations. If  most  of the 
diversity in NTS size arises in populations, then pop- 
ulations even in adjacent  regions become rapidly dif- 
ferentiated  and genetic distances will be  independent 
of geographic distances. This limits the utility of mul- 
tigene families  in defining the relationship  among 
existing populations and in tracing the origins of new 
populations. This contrasts sharply with correlations 
between genetic and geographic distance detected 
with allozyme analysis  in  which we found  a highly 
significant correlation ( r  = 0.89, n = 21, P 5 0.001). 

The most notable  finding of this study is that  there 
seems to  be little conservation of spacers in an A.  
albopictus population. Except for  the two BamHI/Pvu2 
bands and  the AluI repeat  there was no  dominant 
spacer type in the A. albopictus population worldwide. 
This contrasts markedly with other studies of NTS 
spacer types in Drosophila populations. COEN, STRA- 
CHAN and DOVER (1982) working with the  rDNA 
cistron in Drosophila species, found  a  high  degree of 
polymorphism for the length and copy number of 
family members in Drosophila species suggesting high 
rates of mutation and unequal sister chromatid ex- 
change.  A consistent pattern discovered in their work 
and  other work on Drosophila field populations [Dro- 
sophila  melanogaster-(CoEN, THODAY and DOVER 
1982; WILLIAMS et al. 1987)  and Drosophila  mercato- 
rum (WILLIAMS, DESALLE and STROBECK 1985)] is that 
polymorphisms are  found  to exist mainly  among rather 
than within populations. Most individuals within a 
single population or clusters of  local populations 
shared  a common spacer. This suggests that homog- 
enization within populatins may occur very rapidly. 
In  contrast, analysis of rDNA variation among  and 
within plant populations has demonstrated  that most 
of the variation lies  within rather  than among popula- 
tions (LEARN  and SCHALL 1987; SCHALL, LEVERICH 
and NIETO-SOTELO 1987; APPELS and DVORAK 1982). 
SCHALL, LEVERICH and NIETO-SOTELO (1987),  for 
example,  found  that, as with the A.  albopictus popula- 
tion, 61 % of diversity was found  among individuals 

of  a  population.  A  recent study of broad  bean, Vicia 
faba, found copy number  changes even among  differ- 
ent tissues  in a  plant (ROGERS and BENDICH 1987). 
The difference between plant and animal  populations 
may be related to  the relatively high number of copies 
of rDNA in plants but  hardly serves to explain the 
differences between patterns of variation in the A.  
albopictus and Drosophila populations. Of  the  17 pop- 
ulations examined in this study, only the Assam, India 
population would seem to follow the Drosophila pat- 
tern. 

The rDNA  multigene family (Nucleolar  Organizing 
Region) in D. melanogaster is located on  the X and Y 
chromosomes. COEN and DOVER (1 983)  demonstrated 
unequal crossovers between the  rDNA sequences on 
these  chromosomes  albeit at low frequencies (1.5-8.0 
X crossovers/generation). In all aedine mosqui- 
toes examined,  including A.  albopictus, the  NOR is 
located on chromosome 3 (MCDONALD and RAI 1970; 
DEV and RAI 1984). This, in contrast with D.  melano- 
gaster, would allow for homologous recombination 
and could increase the  rate of unequal  exchange. 

Forces, acting either  at  the population or molecular 
level, have generated  an  enormous  amount of NTS 
diversity within local A.  albopictus populations. And 
yet, in seeming  contradiction,  prevalent spacers were 
detected in these populations and individual mosqui- 
toes exhibited  discrete spacers. This suggests that 
molecular drive was operating in populations to gen- 
erate  concerted evolution among spacers. In  the ab- 
sence of molecular drive, individuals would have ap- 
peared as a  continuum of spacers (a blur)  and popu- 
lation would have exhibited no prevalent  spacer. 

Breeding  structure studies of A. albopictus  in the 
United States and Malaysia (BLACK et al.  1988b, c) 
using allozyme markers suggested that much  genetic 
drift accompanies the establishment of local popula- 
tions. The large  amount of  local differentiation in 
NTS sizes  may  also reflect the effects of genetic  drift. 
Subsequently, molecular drive might act rapidly, 
probably within a few generations, to homogenize 
spacers. COEN, THODAY and DOVER (1  982)  and BON- 
CINELLI et al. (1983) were unable to  detect  a  rapid 
mechanism in D. melanogaster. However, it may be 
that  the  unique  form of repeat  structure in the A.  
albopictus NTS  and  the location of NORs on homol- 
ogous chromosomes  could  generate  a  more  rapid rate 
of unequal  chromatid  exchange or gene conversion. 
Experiments are currently underway to  determine 
rates of unequal crossing over in laboratory A.  albop- 
ictus populations (S. KAMBHAMPATI, unpublished 
data) . 

The recent  description of molecular drive (DOVER 
1986)  as  a  major  force in evolutionary genetics has 
generated  much  interest in describing this phenomena 
in field populations. Often  the  more conventional 
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sources of intraspecific variation, selection and genetic 
drift, have been  ignored.  And yet they must also 
govern the  extent of intraspecific variation in multi- 
gene families. Allozyme studies provide  a tool for 
estimating selection and genetic drift in field popula- 
tions. Patterns of allozyme differentiation have been 
established in a  large variety of animal species. Pat- 
terns of differentiation in multigene families have 
been  described in only a few. By correlating  patterns 
of differentiation in multigene families with patterns 
established in allozyme analysis, future research may 
allow us to evaluate the relative  importance of  selec- 
tion,  genetic  drift and molecular drive in generating 
and stabilizing variation in members of multigene 
families. 

The 18s and 28s ribosomal clones from Calliphora  eythrocephala 
were kindly provided by KATHY BECKINGHAM. Thanks  to NANCY 
M. DUTEAU, JIM MCLINDEN and ELIOT R. ROSEN for technical 
assistance and advice. Construction of the genomic library was 
completed by  D.  K. MCLAIN while a National Research Council 
Fellow in the laboratories of FRANK  H. COLLINS and VICTORIA  G. 
FINNERTY at the Center  for Disease Control Laboratories in Atlanta. 
This work was supported by National Institute of Health grant 
5R01 AI-21443 and National Institute of Health Training  grant 5 
T32 AI 07030 to K.S.R. 
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