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M olecular d o cu m en ta tio n  of polyem bryony and the 

m icro-spatial dispersion of clonal sibships in the 

n ine-banded  arm adillo , Dasypus novemcinctus

P A U L O  A. P R O D O H L 1, W . J .  L O U G H R Y 2, C O L L E E N  M. M C D O N O U G H 2, 
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1 Department o f Genetics, University o f Georgia, Athens, Georgia 30602-7223, U.S.A.

-Department o f Biology, Valdosta State University, Valdosta, Georgia 31698-0015, U.S.A.

SUMM ARY

A b a tte ry  o f allelic  m a rk e rs  a t  h ig h ly  p o ly m o rp h ic  m ic ro sa te llite  loci w as dev elo p ed  a n d  em ployed  to 

con firm , gen e tica lly , th e  clo n a l n a tu re  o f  sibships in n in e -b a n d e d  a rm ad illo s . T h is  p h e n o m e n o n  o f 

consisten t p o ly e m b ry o n y , o th e rw ise  n ea rly  u n k n o w n  a m o n g  th e  v e rte b ra te s , w as cap ita liz ed  u p o n  to  

describe th e  m ic ro -sp a tia l d is tr ib u tio n s  o f  n u m ero u s  c lo nal sibships in a  n a tu ra l  p o p u la tio n  o f arm ad illo s . 

A d u lt clone m a te s  w ere  sig n if ican tly  m o re  d ispersed  th a n  w ere ju v e n ile  sibs, sugg estin g  lim ited  

o p p o rtu n itie s  for a ltru is tic  b e h a v io u ra l in te ra c tio n s  a m o n g  m a tu re  in d iv id u a ls . T h ese  results, an d  

co n sid era tio n s  o f a rm a d illo  n a tu ra l  h is to ry , suggest th a t  e v o lu tio n a ry  ex p lan a tio n s  for p o ly e m b ry o n y  in  

this species m ay  n o t reside in  th e  k inds o f  eco logical a n d  k in  selec tion  theo ries  re le v a n t to som e o f th e  

p o ly em b ry o n ic  in v e rte b ra te s . R a th e r ,  p o ly e m b ry o n y  in  a rm ad illo s  m ay  be associa ted  ev o lu tio n a rily  w ith  

o th e r  re p ro d u c tiv e  p ecu lia ritie s  o f th e  species, in c lu d in g  d elay ed  u te rin e  im p la n ta tio n  o f a  single egg.

1. IN T R O D U C T IO N

P o ly em b ry o n y , th e  p ro d u c tio n  o f tw o o r m o re  em bryos 

from  a single zygote, occu rs  sp o rad ica lly  in d iverse 

an im a l ta x a  (in c lu d in g  h u m a n s) . U n lik e  o th e r  form s o f 

o rg an ism a l c lo n a lity  such  as am eio tic  p arth en o g en esis , 

g ene tic  id e n tity  u n d e r  p o ly e m b ry o n y  is in tra -g e n e r-  

a tio n a l r a th e r  th a n  b e tw een  p a re n t  a n d  offspring. 

P o ly em b ry o n y  h as  b een  in te rp re te d  as one possib le 

ev o lu tio n a ry  re so lu tio n  o f  in h e re n t conflicts o f  in te res t 

b e tw een  co m p e tin g  p a re n ta l an d  offsp ring  fitness 

s tra teg ies , o r b e tw een  those o f m o n o zy g o tic  tw ins an d  

n o n -tw in s  w ith in  a  sibship  (W illiam s 1975; G rb ic  et al. 

1992; G leeson  et al.1994; H a rd y  1995; S h a a n k e r  & 

G a n e sh a ia h  1996). H o w ev er, ra re ly  is p o ly em b ry o n y  

the  p r im a ry  re p ro d u c tiv e  m o d e w ith in  a  species. 

A m o n g  th e  v e rte b ra te s , on ly  a rm ad illo s  o f th e  genus 

Dasypus (M a m m a lia , E d e n ta ta ,  D asy p o d id ae ) re 

p o rted ly  d isp la y  ‘m o n o zy g o tic  tw in n in g ’ as a  fixed 

re p ro d u c tiv e  fe a tu re  (G a lb re a th  1985). T h e  occu rren ce  

o f fixed p o ly e m b ry o n y  in  a v e r te b ra te  raises b ro a d e r  

question s as to the  ev o lu tio n a ry  circu m stan ces  th a t  

occasio nally  p ro m o te  this p h en o m en o n  (C ra ig  al. 

1995; R y la n d  1996).

A m o n g  the  six species in th e  genus, the  n in e -b a n d e d  

a rm a d illo  Dasypus novemcinctus has been  stu d ie d  m ost 

th o ro u g h ly  (M cB ee & B aker 1982). P o ly em b ry o n y  in 

this species w as first su spected  ea rly  in this c e n tu ry  

from  the  o b se rv a tio n  th a t litte r  m ates a re  o f th e  sam e 

sex, a n d  from  d irec t em b ry o lo g ica l ex am in a tio n s  (L an e

* A u th o r for correspo nd ence , 

e-m a il: p ro d o h l@ fscn .u g a .e d u

1909; N ew m an  & P a tte rso n  1910; N ew m an  1913; 

P a tte rso n  1913; V a n n e m a n  1 9 1 7 ;H a m le tt  1929). T h e  

d e v e lo p m en ta l stud ies in d ic a te d  th a t  a fte r a p o s t

fe rtiliz a tio n  d e lay  o f 2 -4  m o n th s, a  single b lasto cy st 

im p lan ts  in  th e  a rm a d illo  u te ru s  an d  d iv ides  in to  fo u r 

p r im o rd ia l buds  th a t  d ev e lo p  in d e p en d en tly . A b o u t 18 

w eeks la te r , fou r offsp rin g  usu a lly  a re  b o rn . B ecause 

these siblings a p p e a r  to  be d e riv ed  from  a single zygote, 

th e  su p p o sitio n  has  b een  th a t  th ey  rep re sen t g en e tica lly  

id e n tic a l q u a d ru p le ts , a n d  in d eed  th is p ro v id ed  one o f 

th e  m o tiv a tio n s  for use o f  th e  n in e -b a n d e d  a rm a d illo  as 

a  re p lic a tab le , m odel a n im a l system  for th e  ex p e r

im e n ta l s tu d y  o f leprosy  (K irc h h e im e r & S to rrs  1971; 

S to rrs  et al.1974).

N on etheless, th e  c lo nal n a tu re  o f  sib ling  a rm ad illo s  

is n o t en tire ly  w ith o u t d o u b t. N ew m an  & P a tte rso n  

(1910) n o te d  v a r ia tio n  am o n g  li tte r  m a te s  in  size, scu te 

n u m b e rs  an d  b a n d in g  p a tte rn s , a lth o u g h  such  v a r ia 

b ility  cou ld  o f  course be n o n -g en e tic . S to rrs  & W illiam s 

(1968) p ro v is io n a lly  a t tr ib u te d  la rg e  in te r-s ib lin g  

v a ria n ces  in  o rg an  w eigh ts a n d  in  c o n ce n tra tio n s  o f 

m e tab o lic  co m p o u n d s to d ifferences in cy to p lasm ic  

facto rs  in c lu d in g , p e rh ap s , m ito c h o n d ria . B ased on 

deta ils  o f p r im o rd ia l b u d  d ev e lo p m en t, som e sp ecu 

la tio n  also exists th a t  a rm a d illo  ‘q u a d ru p le ts ’ m ig h t 

rep resen t tw o sets o f  tw ins (S to rrs & W illiam s 1968). In  

an y  ev en t, th e  genetic  id e n tity  o f a rm a d illo  siblings has 

n o t ye t b een  c ritic a lly  d o c u m e n te d  in  D N A - o r p ro te in - 

level gen e tic  assays. O n e  possib le e x p la n a tio n  for this is 

th e  p a u c ity  o f p o ly m o rp h ic  allozy m e m ark e rs  av a ilab le  

in N o rth  A m erican  p o p u la tio n s  o f  D. novemcinctus 

(R am sey  & G rig sby  1985).
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H e re ,  w e  d e v e lo p  a n d  u ti l iz e  m o le c u la r  a ssa y s  fo r  

p o ly m o rp h ic  m ic ro s a te l l i te  g e n e s  in  n in e - b a n d e d  a r m a 

d illo s . O u r  im m e d ia te  g o a ls  w e re  to :  (i) g e n e r a te  a  

b a t t e r y  o f  v a r ia b le  D N A -le v e l  m a rk e r s  fo r  D. 

cinctus; a n d  (ii) a p p ly  th e se  to  v a l id a te  o r  r e fu te  th e  

g e n e tic  id e n t i ty  o f  s ib lin g s . A f te r  v e r ify in g  th e  p h e n o m 

e n o n  o f  p o ly e m b r y o n y  in  a r m a d i l lo s ,  w e  th e n  c a p i ta l i z e  

u p o n  th e  c lo n a l  n a t u r e  o f  s ib lin g s  to  id e n t i fy  s ib sh ip s  in  

n a tu r e  a n d  e m p ir ic a l ly  assess a r m a d i l lo  d is p e rs io n  

p a t t e r n s  in  a  p o p u la t io n  in  n o r t h e r n  F lo r id a .  T h e  

m ic ro - s p a t ia l  d i s t r ib u t io n s  o f  a r m a d i l lo  c lo n e s  h a v e  

im p lic a t io n s  fo r  th e  o p p o r t u n i t y  fo r  k in  s e le c tio n , o n e  

o f  th e  c lasses  o f  h y p o th e s e s  s o m e tim e s  in v o k e d  to  

e x p la in  th e  e v o lu t io n  o f  p o ly e m b r y o n y .

2. MATERIALS AND M ETHODS

(а ) Armadillo sam ples

T all T im b ers  R esea rch  S ta tio n  (n ear T a llah assee , F lo rida ) 

is hom e to a  large, n a tu ra l p o p u la tio n  o f n in e -b a n d ed  

a rm adillo s  th a t is th e sub ject o f  on go in g  o b serv a tio n a l an d  

ex p e rim en ta l s tu d y  (L o u g h ry  & M cD o n o u g h  1994, 

1996 <a—̂»). A rm ad illo s w ere c a p tu re d  using  a large d ip  n e t 

a tta c h e d  to a 1.5 m  pole, an d  w ere aged , sexed, m easu red , 

an d  m ark ed . T h e  sp a tia l lo catio n  o f each  an im a l was 

o b ta in ed  using th e T r im b le  P a th fin d e r  Basic 4- G lobal 

Positioning  System . Sm all notch es o f  ea r tissue w ere p reserved  

in 7 0 -9 9 %  e th an o l. E ssen tially  all an im als  (196 ad u lts  an d  

114 ju ven iles , th e la t te r  defined  as less th a n  one-year-o ld ) 

c a u g h t d u rin g  extensive sam p lin g  in th e sum m ers  o f 

1992-1995 w ere ex am in ed  here gen etica lly . A ttem p ts  to 

o b ta in  p re g n a n t fem ales a t this site an d  from  o th e r  sources 

w ere unsuccessful, so all assessm ents o f  c lo nality  w ere based 

on fie ld -c au g h t p o s t-p a r tu m  an im als  (see D iscussion).

(б ) Library construction and screening

T o ta l genom ic D N A  was iso lated  from  e a r clips using a 

sim plified  p h e n o l/c h lo ro fo rm  m eth o d  (T a g g a r t al. 1992).

Fo r lib ra ry  co n stru c tio n , lOpg o f D N A  (pooled  from  th ree  

adu lts) was fully d igested  w ith  Mbol an d  size-fractio na ted  by 

gel elec troph oresis (1 .5 %  agarose IX  T B E ). A slice co n

ta in in g  200 -7 0 0  bp  D N A  fragm ents was cu t from  the gel, 

an d  th e frag m en ts  pu rified  using th e P rep -A -G ene D N A  

P urifica tio n  M a trix  K it (B io -R ad ). A to tal o f 60 ng o f the 

D N A  frac tion  was ligated  to 100 ng  o f d ep h o sp h o ry la te d  

BamH\ d igested  pB luescrip t I I  K S (-) p h ag em id  vec to r 

(S tra tag en e) in a  10 pi re ac tio n  volum e.

T w o  ap p ro ach e s  to lib ra ry  co n stru c tio n  w ere u tilized : 

s ta n d a rd  an d  en ric hed . In  th e s ta n d a rd  ap p ro ach , one-fifth 

o f th e ligation  reac tio n  ab ove was used  to transform  100 pi of 

su p e rco m p e ten t X L  1-Blue host cells (S tra tag e n e ). T ra n s 

form ed cells w ere grow n  o v ern ig h t a t  37 °C on  LB a g a r  p lates 

c o n ta in in g  am pic illin  (100 pg  m l-1) an d  sp read  w ith  b oth  

100 pi o f 2 %  X -g a l an d  40 pi o f  100 m M  IP T G  for 30 m in  

before p la tin g  tran sfo rm an ts . Positive colonies w ere h a n d 

picked  an d  tran sfe rred  to new  ‘g r id d e d ’ L B /A M P  plates 

w h ich  ag a in  w ere in cu b a te d  o vern igh t. C olonies w ere b lo tte d  

on to  H y b o n d -N  m em b ra n es  (A m ersh am ). F ollow ing b lo t

ting , th e LB plates  w ere re in c u b a te d  a t 37 °C to allow  colony 

recovery , an d  th en  s to red  a t 4 °C.

C o lony  b lo ts w ere a lte rn a te ly  hy b rid ized  w ith  two 

‘co c k ta ils ’ (1 a n d  2) c o n ta in in g  the en d -lab eled  (y 32P d A T P ) 

o ligonucleo tide p ro b es: 1- (G A A )e, (T C C )5, (C A C )5,

(C C G )5; an d  2- (G T )10, (A G C )5, (G G A )5, (G G A T )4, 

(G A T A )4, (G A C A )4. P re -h y b rid iz a tio n  (2 h) an d  h y b rid iz 

a tio n  (ov ern ig h t) w ere d one a t 42 °C in 6 X  SSC (20 X  stock: 

3 M  N aC l, 0.3 M  sod ium  c itra te , p H  7.0), 0.1 %  SD S, an d  

6 X  D e n h a r t‘s so lu tion  (50 X  s to c k : 1 %  Ficoll, 1 %  P V P , 1 %  

BSA F ra c tio n  V ). T w o  p o s t-h y b rid iza tio n  w ashes w ere 

ca rried  o u t in 6 X  SSC (0.1 %  SDS for 30 m in  each ). A fter 

2 -4  h o f  a u to ra d io g ra p h ic  exposure, positive reco m b in an ts  

w ere id en tified  an d  iso lated  from  the g rid d ed  LB plates. 

Positive re co m b in an ts  w ere g ro w n  in  4 ml LB m ed iu m  

co n ta in in g  am pic illin  (100 pg  m l-1) an d  th e p h ag em id  

co n stru c t was pu rified  using the Q IA p re p  Sp in  P lasm id  K it 

(Q iag en ). M a n u a l seq ue ncing  o f  b o th  ends (prim ers T 3  an d 

T 7 ) was accom plished  on  6 %  ac ry lam id e  gels using th e fmol 

D N A  cycle seq ue ncing  system  (P ro m eg a).

T a b l e  1. per primers and optimized running conditions fo r  the nine microsatellite loci employed

locus1 p rim ers allele c lo n ed 2 re p e a t m o tif T (°C ) M g C l2 (mM)

Dnov- 1 F: C A T A A C T T C C A C C C C T G A T A C 233 bp (G A C A )2 (G A T A )14 57 1.0

R : A G T G A T T A T C C T  C G T T C T T A G

Dnov-2 F : T G C C A A T T T G C C A T A T T A T T C 254 bp (G A T A ) (G A T T )2 58 1.0

R: G G A C A C A G A G A A C A G A C A A C T G (G A T A )15

Dnov-3 F: T T  A A A G T  A T G A A A G G A G T G A C A A 167 bp (C A )4 (T A T G ) 57 0.9

R : G A T  C T T C T  C A C C C A G A G A T A C A T (C A )5 (A T ) (T A )4

Dnov-& F: T G C T G C A T T T G T C A T A T C A T T C 189 bp (G A T A ) (G A C A )3 59 0.9

R : C A G C C T A C A C T C A A G T A T T C G G (G A T A )5 (G G T A ) 

(G A T A )10

Dnov-1 F: T T T C A G T A G A A C C A T T A T T C T T G 217 bp (G T )2 (CA) (G T )14 58 1.0

R: T T C A A G T C T G C C T C T A C T G A G

Dnov- 16 F: G A A A G G A G G G G A T A A A T A A A G 226 bp (A T )13 (G T )2 (A T ) 59 0.9

R : T T C C A G T T T T T G A A T G T T C T A G (G T )e (AG ) (A T )4

Dnov-24 F : T T T T A A C A T T T T T C C A C T T T T C C 261 bp (G A T A )17 57 1.0

R: A A T  A C A T G G C A A C G G A C T T T  A G T

D nov-b\ F: T T T  A G A C A T  A T T G T  A G A G A C A G G 251 bp (G A T A )4 (A A T A ) 51 1.0

R: A G C C T T C C T C T T T G G T T T A G (G A T A )8

Dnov-65 F: G A T  C A A C C A A T T A A A A C T T T 186 bp (G A T A )3(G A C A )2 57 0.9

R : A T  A T  A A A C A A T C C A C A C T  CA (G A T A ) (G A C A )6 

(G A T A )15

1 T h e  en d -lab eled  p rim er (F o r R ) is in d ica ted  in bold .

2 D istance in base pairs (bp) betw een m icro sa te llite  prim ers .
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T ab le  2. Levels o f genetic variation and agreement o f genotypic frequencies with Hardy-Weinberg expectations ( ) in the

microsatellite survey o f 196 adult and 114 juvenile (juvs.) armadillos from Tall Timbers Research 1

locus

no.

alleles

(
a d u lts

A

he te ro zy go sity

_________________________ A_________

ju vs .

_______________ A

pooled

A

H W E  (p ro b ab ility )

A

obs.
5

exp.
f
obs.

5

exp.
(
obs.

\
exp.

(
ad u lts ju vs.

5

pooled

Dnov- 1 7 0.678 0.719 0.715 0.744 0.695 0.727 0.144 0.102 0.075

Dnov- 2 3 0 .500 0.502 0.529 0.535 0.516 0.514 0.446 0.337 0.421

Dnov-6 4 0.639 0.612 0.654 0.653 0.649 0.628 0.822 0.425 0.732

Donv-1 3 0.392 0.409 0.564 0.557 0.445 0.465 0.183 0.512 0.156

Dnov-16 3 0.253 0.252 0.235 0.238 0.249 0.247 0.548 0.670 0.670

Dnov-24 3 0.528 0.544 0.608 0.620 0.553 0.573 0.381 0.562 0.380

Dnov-6 5 2 7 0 .314 0.740 0.427 0.658 0.355 0.661 <  0.0001 <  0.0001 <  0.0001

1 T h e  o u tcom es  o f  all s ta tis tica l tests w ere v ir tu a lly  id en tica l w h en  d u p lic a te , gen e tically -id en tif ied  po ly em b ry o n ic in d iv id u a ls  

w ere ex c lu d ed  from  th e  ca lc u la tio n s .

2 As desc rib ed  in  th e  tex t, th e  a p p a re n t  d e p a r tu re s  from  H W E  a t this locus p ro v ed  to be a t t r ib u ta b le  to X -lin k ag e , an d  to the 

fact th a t  gen o ty p es in  m ales th a t  in itia lly  a p p e a re d  ‘h o m o zy g o u s’ as ta b u la te d  here are a c tu a lly  hem izygous.

T h e  s tra teg y  for p re p a r in g  a n  en ric h ed  m icro sate llite  

lib ra ry  follow ed K ijas  et al. (1994). P a r t  o f  th e re su ltin g  

p B lu e sc rip t/in se rt lig a tio n  desc rib ed  ab o v e ( «  50 ng) w as 

used as a te m p la te  to  g e n e ra te  s in g le -s tran d ed  D N A  in  an  

asy m m etric  p o ly m era se  c h a in  re ac tio n  (p c r ) em p lo y in g  the 

p rim ers  T 3  a n d  T 7 . (G A T A )6 w as th e b io tin y la te d  p ro b e  

used to en ric h  th e  lib ra ry . T h e  lig a tio n  o f G A T A -rich  

frag m en ts  in to  th e  v ec to r - tra n sfo rm a tio n , p la tin g , b lo ttin g , 

sc reening  w ith  a  (G A T A )4 p ro b e  an d  seq u en c in g  o f positives 

— follow ed p ro c ed u re s  d esc rib ed  abo ve .

(c) PCR

A fte r seq u en c in g , clones c o n ta in in g  th e  la rg e r  m icro- 

sate llite  reg ions w ere selected , an d  p rim ers  c o m p le m e n ta ry  to 

u n iq u e  D N A  sequ en ces flan k in g  these reg ions w ere designed, 

p e r  for a rm a d illo  m icro sa te llite  sc reening  was d o n e  in 12 pi 

volum es, ea ch  c o n ta in in g  IX  P ro m eg a  T a q  buffer, 

1 -1 .5  m M  M g C l2, 100 m M  d N T P s , 1 p M  each  o f the en d- 

lab elled  a n d  u n lab e lled  p rim ers , 100 ng  D N A  tem p la te , 1U 

T a q , an d  H 20  to 12 pi. T h e  best co n d itio n s for each  set o f 

p rim ers  a re  g iven  in tab le  1. F ollow ing a 2 m in  d e n a tu ra tio n  

per io d  a t 94 °C , 27 cycles w ere p erfo rm ed , each  con sis ting  o f 

50 s a t  94 °C , 50 s a t  th e  id ea l te m p e ra tu re  for each  p rim er 

set (see ta b le  1), an d  50 s a t 72 °C. T h e  p e r  am p lifica tio n  

p ro d u c t w as m ixed  w ith  4 pi o f  seq u en c in g  stop  so lu tio n  

(9 5 %  fo rm am id e , 20 m M  E D T A , 0 .0 5 %  b ro m o p h en o l b lue, 

0 .0 5 %  xylene cy anol F F ), h ea te d  to 80 °C  for 2 m in , iced 

an d  lo ad ed  (3 -4  pi) o n to  6 %  ( I X  T B E ) p o ly ac ry lam id e  gels. 

O rig in a l clones w ere ru n  as size s ta n d a rd s . G els w ere ru n  a t 

56W  (2 .5 -3  h), d ried , an d  a u to ra d io g ra p h e d  (1 -2  h).

T o ta ls  o f  1000 an d  600 clones w ere screen ed  in the 

s ta n d a rd  a n d  en ric h ed  libra rie s. A m o n g  these, ten  positives 

(1 % ) an d  114 positives (1 9 % ), respectiv ely , w ere identified . 

A to ta l o f 56 o f  th e positive clones w ere seq uenced (ten  from  

th e s ta n d a rd  lib ra ry , 46 from  th e  e n ric h ed ). A m on g  these, 26 

(5 7 % ) h ad  a d e q u a te  flan k in g  reg ions for th e design  o f  p er 

p rim ers, an d  n ine w ere chosen  for d ev e lo p m e n t an d  assay 

(tab le  1).

(d) Computation and sta tistics

Allelic frequencies an d  heterozygo sities w ere d e te rm in e d  

by d irec t co u n t. E x p ec ted  heterozygo sities w ere ca lc u la ted  

using th e un biased  estim ates o f  Nei (1978). E x ac t tests for

H a rd y -W e in b e rg  e q u ilib riu m  (H W E ) (R ousset & R ay m o n d  

1995) em plo yed  th e p ro g ra m  G E N E P O P  (R a y m o n d  & 

R ousset 1995).

3. RESULTS

(а ) M icrosatellite variation

Seven m icro sa te llite  loci p ro v ed  m o d e ra te ly  v a r i

ab le , w ith  th ree  to seven alleles seg reg a tin g  p e r  locus 

an d  ex p ec ted  per-locus heterozy gositie s ra n g in g  from  

25—7 4 %  in  a d u lts  (see ta b le  2). T h ese  values  acco rd  

w ith  rep o rts  for m icro sa te llite  loci in  o th e r  m a m m als  

(see, for ex am p le , R o y  et al1994; A llen  et a

D ek a  et al.1995; P a e tk a u  et 1995).

E x cep t for one locus, no  s ign ifican t d ev ia tio n s  o f 

g en o ty p ic  frequen cies  from  H W E  w ere o bserved  (ta b le  

2). H o w ev er, a  h ig h ly  sig n if ican t deficiency  o f  h e te ro 

zygotes w as p resen t a t  th e  65 locus. F u r th e r

ex a m in a tio n  rev ea led  th a t  all m ales d isp la y ed  single 

alleles, w h ereas  g en o ty p e  freq uen cies  in  a d u lt  fem ales 

w ere  in  acco rd  w ith  H W E  {p =  0.86). T h ese  findings  

in d ic a te  th a t  th e  Dnov-65 locus is X -lin k ed , a n d  th

m ales a re  hem izygous  w ith  resp ec t to  th e  X  

ch rom osom e.

(б ) Genetic confirmation o f po lyem bryony

T h e  m icro sa te llite  p o ly m o rp h ism s offer co n sid e rab le  

p o w er for ex am in in g  th e  suspected  clo n a l n a tu re  o f 

a rm a d illo  li tte r  m ates. F irs t-a p p ro x im a tio n  p ro b a b il i

ties o f each  observ ed  m ultilo cu s g en o ty p e  w ere  c a lc u 

la te d  usin g  th e  p ro d u c t ru le  from  th e  d a ta  a v a ilab le  for 

ad u lts . T h ese  p ro b ab ilitie s  ran g ed  from  2.3 x 10_!) to 

9 .4  x 10-4 ( tab le  3). S u ch  ca lcu la tio n s  assum e ra n d o m  

m a tin g  a n d  lin k ag e  e q u ilib riu m , p ro p e rtie s  th a t  m ay  

n o t be s tr ic tly  tru e . H o w ev er, because  th e  sam p les  w ere 

in a g ree m en t w ith  H W E  (ta b le  2), a n d  because  th e 

gen etic  ex am in a tio n s  invo lved  litte rs  each  w ith  four 

in d iv id u a ls , realistic  v io latio n s o f these assu m p tio n s 

sh ou ld  n o t affect the  c lo nal id e n tity  tests for sibships.

Before th e  g ene tic  assays, it w as s tro n g ly  suspec ted  

from  field o b serv a tio n s  th a t  each  one o f  five co h o rts  o f
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T ab le  3. Expected probabilities o f particular

multilocus genotypes at the assayed microsatellite loci in female 

armadillos1

p ro b a b ility p ro p o rtio n  o f com posite  gen otypes

<  1(T7 3 .5 %

1 0 - M c r 6 9 .8 %

lC rM O -5 2 5 .1 %

10-M C T 4 40.9 %

IQ-4- i o - 3 2 0 .7 %

>  10"3 0 °/ u /o

1 As ca lcu la ted  by  m u ltip ly in g  th e ex pected  H W E  genotyp ic  

frequencies across the seven poly m o rp h ic  m ic ro sa te llite  loci 

scored . V alues for m ales are only  slightly  d iffe ren t, d u e to the 

X -link ed  n a tu re  o f  one o f th e m ic ro sa te llite  loci.

four y o u n g  in d iv id u a ls  belong ed  to single co m ple te  

litte rs (L o u g h ry  & M cD o n o u g h  1994): m em bers  of 

each  co h o rt w ere o f the  sam e size a n d  sex, a n d  w ere 

ca p tu re d  a t the  sam e tim e in a  m ic ro -sp a tia l a rea . As 

in d ica ted  in  figure 1, all four m em bers o f each  p u ta tiv e  

sibship  p ro v ed  to be gen etica lly  id en tica l a t  all surveyed 

loci, b u t clea rly  w ere d is tin c t from  in d iv id u a ls  o f o th e r  

litte rs  an d  from  all o th e r  in d iv id u a ls  in th e  stu dy . 

G iven  the  low p ro b ab ilitie s  for p a r tic u la r  m u ltilocu s 

geno types, a n d  a p p re c ia tin g  th a t  th e  jo in t  a p p e a ra n c e  

o f id en tica l gen o ty pes  across m u ltip le  in d iv id u a ls  is a 

fu n c tio n a l p ro d u c t o f such  p ro b ab ilitie s  (e.g. for four 

in d iv id u a ls, on  th e  o rd e r  o f 10-14), it is u n am b ig u o u s ly  

c lea r th a t th e  assayed sibships a re  clonal. T h u s , o u r 

resu lts confirm  the p o ly em b ry o n ic  n a tu re  o f assayed  

a rm a d illo  sib lings, an d  also help  v a lid a te  the c rite r ia

em ployed  by L o u g h ry  & M cD o n o u g h  (1994) to 

iden tify  siblings in the  field.

T h ir te e n  o th e r  sets o f ju v en iles  sim ilarly  shared  

u n iq u e  m ultilocus genotypes. A to tal o f five such sets 

involved  id en tica l trip lets, an d  eigh t involved  iden tica l 

tw ins. F ro m  field experience , each  o f these coho rts  also 

h ad  been  suspected  o f co n sti tu tin g  a sibship. O n  the 

o th e r  h a n d , eigh t o th e r  p u ta tiv e  tw inships sim ilarly  

suspected  o f being  li tte r  m ates  proved  no t to be clone 

m ates based  on the m icro sa tellite  evidence. T h e  m ost 

likely e x p lan a tio n  is th a t  sp atia lly  associated  ju v en iles  

o f the  sam e sex an d  sim ilar age do  no t in v a riab ly  

be lo ng  to one litte r. (N o te : (i) ev idence for these 

ju v en iles  as sibs w as less s tro n g  (e.g. they  w ere no t 

c a u g h t to g e th e r ) ; an d  (ii) sep a ra te  litte rs do  o v erlap  

sp a tia lly  (K a lm b a ch , 1943; W .J .  L o u g h ry  & C. M . 

M cD o n o u g h , perso nal observatio ns)) F o r the ad u lts, 

seven sets o f clonal sibships w ere identified  in the 

m icrosatellite  assays: tw o u n iq u e  sets o f trip lets, an d  

five u n iq u e  sets o f tw ins. A ll seven ad u lt sibships w ere 

com prised  o f m ales.

(c) Spatial distribution o f arm adillo clones

O v era ll, 25 a rm ad illo  sibships (18 o f ju veniles , seven 

o f ad u lts , eq u a l to 22 %  o f in d iv id u a ls  in th e  to ta l 

co llection) w ere d o cu m en ted . T h e  m ean  sp a tia l d is

tan ce  se p a ra tin g  clone m ates  a t th e ir  tim e of c a p tu re  

w as 54.8 m  for th e  ju v en iles  an d  455.9 m  for the  ad u lts. 

T h is  ag e -re la te d  d iffe rence  in d ispersion  p a tte rn  is 

sig n ifican t (one-w ay A N O V A : F j 23 =  18.5, p <

0.001). A m o n g  th e  ju v en iles , m ean  sp a tia l sep ara tio n s  

w ith in  fem ale sibships an d  m ale  sibships (50.2 an d

Random adults
Litter 1 Litter 2 Litter 3 Litter 4 ,— ---------------------------------------------A-----------

Fig ure 1. A u to ra d io g ra p h  illu s tra tin g  th e m ic ro sa te llite  profiles o f  fou r con firm ed clonal sibships o f arm adillo s 

(leftm ost 16 lanes, one o f w hich  failed to am plify ), an d  o f o th e r  n o n -c lona l ad u lts  ra n d o m ly  sam pled  from  the I all 

T im b ers  p o p u la tio n  (r ig h tm o st 32 lanes). A c tua lly , this gel is a com posite  o f all seven po ly m o rp h ic  m icrosate llite  loci 

assayed  sim ultan eo usly , using a per cocktail th a t in cluded  m u ltip le  p e r  prim ers. T h is  p a r tic u la r  gel was ru n  in this 

fash ion  for the express p u rp ose o f p ro v id in g  a v isually  co nv in cing  d o cu m en ta tio n  o f th e p o lyem bry ony p h en om en on . 

H o w ever, all d a ta  in the s tu d y  o therw ise w ere g a th e red  by assay o f single m icrosate llite  loci, one a t a  tim e.
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1 k ilom eter

Highway 12

Lake lamonia ^

F ig u re  2. C a p tu re  sites for clo nal sib lings o f  n in e -b a n d e d  a rm ad illo s , as id en tified  by  m ic ro sa te llite  m ark ers , a t  the 

T a ll T im b e rs  R esea rch  S ta tio n  in  n o r th e rn  F lo rid a . E nclosed  by  ellipses a re  18 ju v e n ile  sibships (dots) an d  seven a d u lt  

sibships (trian gles) re p resen te d  am o n g  th e to ta l o f  310 arm ad illo s  gen e tica lly  c h a ra c te r iz e d  in th e  s tu dy. O th e r  n o n 

sib ling  a rm a d illo s  (n o t show n) w ere d is tr ib u te d  across m an y  o f  th e sam e areas, som etim es sp a tia lly  in te rsp ersed  w ith  

th e clon al sib lings (p a rtic u la r ly  so for th e m ore  w idely -d ispersed  ad u lts ) .

61.2 m  respec tively) w ere  n o t s ta tis tica lly  d iffe ren t 

(F 116 =  0 .22, p = 0 .6 4). S p a tia l d is tr ib u tio n s  o f all 

sib ling  co h o rts  a re  su m m a rized  in  figure 2.

4. D ISC U SSIO N

T h ese  m ic ro sa te llite  analyses p ro v id e  th e  first 

m o le c u la r-g e n e tic  d o c u m e n ta tio n  o f re g u la r  p o ly 

em b ry o n y  in  th e  n in e -b a n d e d  a rm a d illo , an d  in d eed  in 

an y  v e r te b ra te  species. O f  course, o u r d a ta  (or an y  

o th e r) c a n n o t p ro v e  th a t  all sibships o f D. novencinctus 

a re  clona l, b u t  th ey  do  confirm  a p rev a len ce  o f 

p o ly em b ry o n y  in  th is species.

C o n s titu tiv e  p o ly e m b ry o n y  is u n u su a l in  the a n im a l 

w o rld , an d  p e rh a p s  best k n ow n  in several tax o n o m ic  

fam ilies o f p a ra s ito id  H y m e n o p te ra  (O d e  & S tra n d  

1995). In  som e p o ly em b ry o n ic  species in th e  w asp  

fam ily  E n c y rtid ae , asex u al clone m ates  ex h ib it ex trem e  

a ltru ism , forego ing  th e ir  ow n re p ro d u c tio n  a n d  d e 

v o tin g  th e ir  sh o rt lives (they  d ie before p u p a tio n )  to 

d efen d in g  sexual b u t gene tica lly  id en tica l sibs (C ru z  

1981). Such p aras ito id s  illu s tra te  tw o classes o f evol

u tio n a ry  co n sid era tio n s , p o te n tia lly  in d e p e n d e n t b u t 

p e rh ap s  som etim es o p e ra tin g  in co n ju n c tio n , th a t  

m ig h t be e n te r ta in e d  for th e  o rig in  a n d  m a in te n a n c e  o f  

co n stitu tiv e  p o ly e m b ry o n y : (i) a special ecological

o p p o r tu n ity  for single zygotes to  p ro fit from  p o ly 

em b ry o n ic  d ivisions (in th is case, a  single p a ras ito id  

egg is laid  in to  a sm all host egg th a t  la te r  develops in to  

a  la rg e r  c a te rp il la r  food s o u rc e ) ; a n d  (ii) an  o p 

p o r tu n ity  for k in  se lec tion  v ia  co llab o ra tiv e  efforts 

a m o n g  th e  g en e tica lly  id en tica l sibs (ea rly -d ev e lo p in g  

p o ly em b ry o n ic  offspring  defen d th e  food su p p ly  ag a in s t 

inv asio n  from  u n re la te d  p aras ito id s).

F o r a rm ad illo s , it rem a in s  u n c le a r  as to how  th e  

eco logical se ttin g  o r n a tu ra l  h is to ry  o f th is re la tiv e ly  

asocial o m n iv o re  m ig h t fav o u r p o ly e m b ry o n y  m ore  so 

th a n  for o th e r  te rre s tr ia l m am m als . I t  also rem ain s  

u n c lea r  how  p o te n tia l a ltru ism  a m o n g  sibs m ig h t be 

expressed . O u r  d a ta  on  th e  sp a tia l d isp ersio n  o f clone 

m ates  as a  fu n c tio n  o f  age suggest th a t  a rm a d illo  

siblings do  n o t re m a in  to g e th e r  th ro u g h o u t life, n o r 

g en e ra lly  m a in ta in  espec ially  tig h t sp a tia l associations 

from  w hich  th ey  th eo re tic a lly  m ig h t p ro fit (e.g. from  

co llab o ra tiv e  fo rag ing , p re d a to r  av o id an ce  o r te r 

rito ria l defense). F u r th e rm o re , p o st-n u rs in g  in d iv id 

uals d isp la y  no  obv ious co o p era tiv e  b eh av io u rs  

(M cD o n o u g h  1994; M c D o n o u g h  & L o u g h ry  1995) 

a lth o u g h  b u rro w  sh a rin g  has  b een  observed  (K a lm - 

b ach  1943; T a b e r  1945; H e rb s t & R ed fo rd  1991). O u r  

d a ta  suggest th a t  sib ling  n in e -b a n d e d  a rm ad illo s  

rem a in  sp a tia lly  close as ju v en iles , a n d  ea rlie r  ex p e r
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im e n ts  in d ic a te  t h a t  th e y  c a n  d i s c r im in a te  b e tw e e n  th e  

s c e n ts  o f  s ib lin g s  a n d  n o n -s ib lin g s  ( L o u g h r y  & 

M c D o n o u g h  19 9 4 ). H o w e v e r ,  th e r e  is n o  e v id e n c e  t h a t  

ju v e n i le s  u se  th is  in f o r m a t io n  to  in f lu e n c e  th e i r  

b e h a v io u r  to w a r d s  sib s o r  n o n -s ib s  (W . J .  L o u g h r y ) .

T h u s ,  o th e r  e x p la n a t io n s  t h a t  fo c u s  o n  r e p r o d u c t iv e  

b io lo g y  m a y  p ro v id e  b e t t e r  p r o x im a te  h y p o th e s e s  fo r  

p o ly e m b r y o n y  in  a r m a d i l lo s .  A p a r t  f ro m  p o ly 

e m b r y o n y  itself, a n o t h e r  u n u s u a l  f e a tu r e  o f  a r m a d i l lo  

r e p r o d u c  t io n  is d e la y e d  im p la n ta t io n  o f  a  s in g le  z y g o te . 

A f te r  a  m a t in g  e v e n t,  th e  b la s to c y s t  r e m a in s  q u ie s c e n t  

in  th e  u te r u s  fo r  a  p e r io d  o f  2 - 4  m o n th s  b e fo re  d iv id in g  

( T a lm a g e  & B u c h a n a n  1 9 5 4 ). P e r h a p s  p o ly e m b r y o n y  

p ro v id e s  a  f i tn e s s - e n h a n c in g  m e a n s  o f  in c r e a s in g  l i t t e r  

size in  sp ec ie s  t h a t  b e c a u s e  o f  p h y lo g e n e t ic  c o n s t r a in t s  

(e .g . o n  u te r in e  s h a p e  o r  fo r  o th e r  re a s o n s )  possess  o n ly  

a  s in g le  b la s to c y s t  i m p la n ta t io n  s ite  (B u lm e r  1 9 7 9 ; 

E is e n b e r g  1 9 8 3 ; G a lb r e a t h  1 9 8 5 ; G le e s o n  et al. 1 9 9 4 ). 

I f  so, th e  p r o b le m  o f  e x p la in in g  p o ly e m b r y o n y  in  th is  

sp ec ie s  w o u ld  sh if t  to  a  c o n c e r n  o v e r  h o w  a n d  w h y  s u c h  

a s s o c ia te d  f e a tu re s  o f  th e  r e p r o d u c t iv e  s y s te m  th e m 

se lv es  e v o lv e d .

T h is  w ork  was fu n d ed  by an  N S F  g ra n t an d  U n iv ersity  o f 

G eorgia funds to J .C .A .,  by  an  A m eric an  P hilo soph ica l 

Society  g ra n t an d  V a ld o s ta  S ta te  U n iv ersity  F acu lty  re search  

aw ards  to W .J .L . ,  an d  by  the S igm a X i, the T h eo d o re  

R oosevelt M em o ria l fund , an d  V a ld o s ta  S ta te  U n iv ersity  

F acu lty  re sea rch  aw ard s to C .M .M . T h a n k s  go to T o d d  

E n gs trom  an d  L en n y  B ren n a n  o f T a ll T im b ers  for u n 

w av erin g  su p p o rt o f this effort, an d  to C a th y  G enest G odfrey  

for assistance w ith  the G PS  d a ta .
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