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General introduction 

1. Polyploidizat ion and hybr id izat ion in the evolut ion of organ isms 

1.1. Polyploidy in general 

P o l y p l o i d y , a l s o k n o w n a s w h o l e g e n o m e d u p l i c a t i o n , i s a c o n d i t i o n o f a n o r g a n i s m i n w h i c h 
a l l c e l l s p o s s e s s m o r e t h a n t w o c o p i e s o f c h r o m o s o m a l s e t s ( 3 n = t r i p l o i d y , 4 = t e t r a p l o i d y , 
e t c . ) - T h i s g e n e t i c p h e n o m e n o n i s p r e v a l e n t i n p l a n t s . N o n e t h e l e s s , m a n y v e r t e b r a t e s , m a i n l y 
f i s h e s a n d a m p h i b i a n s , c a n a l s o t o l e r a t e s u c h d r a s t i c g e n o m i c c h a n g e s ( M a b l e , 2 0 0 4 ) w i t h 
n o s e r i o u s p h y s i o l o g i c a l c o n s e q u e n c e s . F o r e x a m p l e , s o m e p o l y p l o i d s t e n d t o h a v e t h e s a m e 
b o d y m a s s a s t h e i r d i p l o i d r e l a t i v e s ; h o w e v e r , p o l y p l o i d y o f t e n a f f e c t s t h e c e l l s i z e ; t h e r e f o r e , 
t h e s e p o l y p l o i d s h a v e a l o w e r n u m b e r o f c e l l s a s c o m p e n s a t i o n f o r t h e i r s i z e ( B e n f e y , 1 9 9 9 ; 
P i f e r r e r e t a l . , 2 0 0 9 ) . T h i s c o u l d b e a d v a n t a g e o u s f o r c e l l s w i t h h i g h e r m e t a b o l i s m d e m a n d 
( S t i l l w e l l a n d B e n f e y , 1 9 9 6 ) . O n t h e o t h e r s i d e , i n c r e a s e d c e l l s i z e c a n l e a d t o r e d u c i n g t h e 
s u r f a c e a r e a t o v o l u m e r a t i o , w h i c h n e g a t i v e l y a f f e c t s b i o c h e m i c a l p r o c e s s e s l e a d i n g t o l o w e r 
m e t a b o l i c p e r f o r m a n c e ( B a l l a r i n e t a l . , 2 0 0 4 ) . I n s o m e c a s e s , p o l y p l o i d y c a n i n d u c e a h e t e r o s i s 
e f f e c t l e a d i n g t o m a s s i v e p h e n o t y p e c h a n g e s , a l t h o u g h t h i s t r a i t i s m o r e t y p i c a l f o r p l a n t s 
( C h e n , 2 0 1 0 ) . 

O n t h e m o l e c u l a r l e v e l , a n i m p o r t a n t e f f e c t c o n c e r n i n g t h e f i n a l p o l y p l o i d p h e n o t y p e i s 
g e n e r e d u n d a n c y ( C o m a i , 2 0 0 5 ) . W i t h a h i g h e r n u m b e r o f c h r o m o s o m e s , t h e r e i s a h i g h e r 
c h a n c e t h a t t h e h a r m f u l a l l e l e s w i l l n o t b e e x p r e s s e d i n f a v o r o f a n i n d i v i d u a l p o l y p l o i d . 
M a s k e d a l l e l e s c o u l d h a v e t e n d e n c i e s t o a c c u m u l a t e i n p o l y p l o i d s . T h i s n e c e s s a r i l y d o e s n o t 
h a v e t o b e n e g a t i v e l y i n t e r p r e t e d . F i r s t l y , m o s t o f t h e d u p l i c a t e d g e n e s , i n c l u d i n g m u t a t e d 
o n e s , a r e s i l e n c e d ( L y n c h a n d C o n e r y , 2 0 0 0 ) , i . e . , n o n f u n c t i o n a l i z a t i o n o f t h e g e n e . S e c o n d l y , 
t h e m u t a t i o n s c a n b e r e s p o n s i b l e f o r n e o f u n c t i o n a l i z a t i o n , w h i c h m e a n s t h a t t h e y a c q u i r e a 
n e w f u n c t i o n . T h a t i s h i g h l y a d v a n t a g e o u s i n t h e f o r m o f a d a p t a t i o n b e c a u s e d i p l o i d g e n e s 
c a n n o t b e r e l a x e d , e s p e c i a l l y o n v i t a l c e l l p r o c e s s e s t h u s , d i p l o i d s h a v e l o w e r c h a n g e t o a d a p t 
i n t h e h o s t i l e e n v i r o n m e n t . T h e c h a n g e o f t h e g e n e f u n c t i o n d o e s n o t h a v e t o b e r a d i c a l b u t 
c a n s l i g h t l y b e d i f f e r e n t f r o m t h e o r i g i n o n e t h e r e f o r e g e n e u n d e r g o e s s u b f u n c t i o n a l i z a t i o n . 
I n s u m m a r y , p o l y p l o i d y h a v e a n i m p o r t a n t e v o l u t i o n a r y r o l e . 

1.2. The histor ica l impor tance of polyploidy 

T h e t e r m p a l e o p o l y p l o i d y r e f e r s t o o r g a n i s m s t h a t u n d e r w e n t g e n o m e d u p l i c a t i o n s i n t h e 
d i s t a n t p a s t b u t r e t u r n t o a d i p l o i d s t a t e v i a a r e d i p l o i d i z a t i o n e v e n t ( L i e n e t a l . , 2 0 1 6 ) . T h e m o s t 
k n o w n e x a m p l e o f a n c i e n t g e n o m e d u p l i c a t i o n i s c o m i n g f r o m p l a n t s i n w h i c h a l l s p e r m a t o p h y t e s 
( s e e d p l a n t s ) a n d a n g i o s p e r m s ( f l o w e r i n g p l a n t s ) w e r e p a l e o p o l y p l o i d s 3 1 9 a n d 1 9 2 m i l l i o n 
y e a r s a g o , r e s p e c t i v e l y ( J i a o e t a l . , 2 0 1 1 ) . A c t i n o p t e r y g i i i s p e r h a p s t h e m o s t c o m m o n g r o u p 
f a m o u s f o r p a l e o p o l y p l o i d i z a t i o n i n t h e v e r t e b r a t e l i n e a g e . T h e m o s t a p p a r e n t e v i d e n c e i s t h e 
c o n s e r v e d k a r y o t y p e o f r a y - f i n n e d f i s h e s s i n c e m o s t o f t h e m h a v e 4 8 o r 5 0 c h r o m o s o m e s i n 
a d i p l o i d s t a t e . T h e e x a c t n u m b e r o f p a l e o p o l y p l o i d e v e n t s i s u n k n o w n d u e t o t h e v e r y h i g h 
n u m b e r o f r a y - f i n n e d f i s h s p e c i e s . H o w e v e r , i n v e s t i g a t i o n o f s e v e r a l s p e c i e s s u g g e s t s t h a t 
a t l e a s t 7 - 2 0 p o l y p l o i d i z a t i o n s h a p p e n e d ( M a n k a n d A v i s e , 2 0 0 6 ) , b u t t h i s n u m b e r m a y g r o w 
i n t h e f u t u r e w i t h m o r e s t u d i e s . T h e n u m b e r o f e v e n t s d i f f e r s b a s e d o n t h e p h y l o g e n e t i c t i m i n g 
o f s p e c i e s ( H o e g g e t a l . , 2 0 0 4 ) , s o " e a r l y " s p e c i e s s u c h a s O s t a r i o p h y s i ( w h i c h i n c l u d e s b o t h 
e c o n o m i c a l l y a n d s c i e n t i f i c a l l y i m p o r t a n t f i s h l i k e c o m m o n c a r p , z e b r a f i s h , l o a c h e s , c a t f i s h , e t c . ) 
p r o b a b l y u n d e r w e n t m o r e g e n o m e d u p l i c a t i o n s t h a n " t h e l a t e s t " g r o u p l i k e E u p e r c a r i a ( p e r c h e s , 
b l a c k b a s s e s , p u f f e r f i s h e s , e t c . ) . I n a n y c a s e , p a l e o p o l y p l o i d i z a t i o n i s p r o b a b l y o n e o f t h e c r u c i a l 
f a c t o r s r e s p o n s i b l e f o r t h e h i g h d i v e r s i f i c a t i o n o f f i s h t a x a . 
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1.3. Origin of polyploidy and link to hybr id izat ion 

P o l y p l o i d y c a n b e f o r m e d b y v a r i o u s p r o c e s s e s . T h e t w o m o s t c o m m o n t e r m s a s s o c i a t e d 
w i t h t h e o r i g i n o f p o l y p l o i d y a r e a l l o p o l y p l o i d y a n d a l l o p o l y p l o i d y ( D o y l e a n d E g a n , 2 0 1 0 ) . 
T h e t e r m a l l o p o l y p l o i d y r e f e r s t o a n i n c r e a s e i n c h r o m o s o m e s e t s w i t h i n o n e s p e c i e s . T h a t 
i s u s u a l l y a c c o m p l i s h e d b y a b e r r a n c i e s d u r i n g t h e c e l l d i v i s i o n o f g e r m c e l l s , p o l y s p e r m y , o r 
f a i l u r e i n t h e f i r s t c l e a v a g e o f a n e m b r y o , F i g u r e 1 . B e s i d e s s p o n t a n e o u s a u t o p o l y p l o i d y , a n 
a p p l i c a t i o n o f h y d r o s t a t i c p r e s s u r e , c o l d s h o c k , o r h e a t s h o c k d u r i n g m e i o s i s I o r m e i o s i s 
I I p r e v e n t s t h e e x t r u s i o n o f t h e f i r s t o r s e c o n d p o l a r b o d y c r e a t i n g a r t i f i c i a l a u t o p o l y p l o i d . 
R e s e a r c h e r s i n f i s h e r y f i e l d s o f t e n f o c u s o n a r t i f i c i a l a u t o p o l y p l o i d y , i . e . , p o l y p l o i d y i n d u c t e d 
i n e c o n o m i c a l l y s i g n i f i c a n t a q u a c u l t u r e o r g a n i s m s i n o r d e r t o u s e a d v a n t a g e o u s t r a i t s 
o f p o l y p l o i d f i s h ( Z h o u a n d G u i , 2 0 1 7 ) , s u c h a s l o w e r i n c i d e n c e o f d i s e a s e s o r i n d u c t i o n 
o f s t e r i l i t y t h u s t e r m i n a t i o n o f s e x u a l m a t u r a t i o n a n d r e d u c t i o n o f t e r r i t o r i a l b e h a v i o r . O n 
t h e o t h e r s i d e , a l l o p o l y p l o i d y d e s c r i b e s a s i t u a t i o n w h e r e p o l y p l o i d y a r i s e s a s a r e s u l t o f 
h y b r i d i z a t i o n b e t w e e n t w o o r m o r e s p e c i e s . T h e r e h a v e b e e n d o c u m e n t e d o r t h e o r i z e d 
v a r i o u s p a t h w a y s r e s p o n s i b l e f o r a l l o p o l y p l o i d y , F i g u r e 2 . N e v e r t h e l e s s , t h e g e n o m e a d d i t i o n 
h y p o t h e s i s ( G A H , F i g u r e 2 A ) a p p e a r s p r e v a l e n t i n t h e a n i m a l w o r l d ( C h o l e v a a n d J a n k o , 2 0 1 3 ) . 
G A H s t a r t s w i t h t h e h y b r i d i z a t i o n o f t w o p a r e n t a l s p e c i e s w i t h d i p l o i d F l o f f s p r i n g a s a r e s u l t . 
T h i s F l g e n e r a t i o n w i l l p r o d u c e u n r e d u c e d d i p l o i d g a m e t e s t h a t , i f p r o p e r l y f e r t i l i z e d w i t h t h e 
h a p l o i d g a m e t e f r o m p a r e n t a l s e x u a l s p e c i e s , F 2 o f f s p r i n g w i l l r e s u l t i n i n c r e a s e d p l o i d y l e v e l 
p r o d u c i n g t r i p l o i d s ( C h o l e v a a n d J a n k o , 2 0 1 3 ) . I n s o m e c a s e s , t r i p l o i d o f f s p r i n g c a n f o r m u l a t e 
t r i p l o i d g a m e t e t h a t c a n b e a g a i n b a c k c r o s s e d w i t h p a r e n t a l s e x u a l s p e c i e s r e s u l t i n g i n 
t e t r a p l o i d f o r m a t i o n . T h e m o s t p r e v a l e n t l e v e l o f p l o i d y i n n a t u r a l a n i m a l p o p u l a t i o n s i s 
t r i p l o i d y ( O t t o a n d W h i t t o n , 2 0 0 0 ) ; h o w e v e r , s o m e o r g a n i s m s c a n r e a c h m u c h h i g h e r p l o i d y 
l e v e l s l i k e s t u r g e o n s w h i c h c a n r e a c h e v e n d o d e c a p l o i d y ( K i m e t a l . , 2 0 0 5 ) . T h e r e a s o n b e h i n d 
s t a b l e p o p u l a t i o n s o f a l l o t r i p l o i d s i s t h e c h a n g e i n t h e i r r e p r o d u c t i o n m o d e , f r o m s e x u a l t o 
a s e x u a l ( o r h e m i c l o n a l ) r e p r o d u c t i o n f o r m i n g u n i s e x u a l l i n e a g e s . 

Figure 7 . Origin of animal polyploidy 
within one species (autopolyploidization). 
A-D descriptions of hypotheses on the origin 
of autotriploid and autotetraploid organisms. 
Capitals describe nuclear genomes. Numbers 
describe different copies of individual 
genomes. The superscript illustrates letters 
represent the maternally transmitted mtDNA 
haplotype of the respective nuclear genomes. 
Natural populations for given hypotheses are 
well documented in Choleva and Janko (2013), 
from which the figure is reprinted with the 
permission of 5. Karger AG, Basel. 
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Figure 2. Hybrid origins of allopolyploidy in animals. A-F descriptions of hypotheses on the origin of 
allotriploid and allotetraploid organisms. Capitals illustrate nuclear genomes, regardless of the mode of 
inheritance; different letters indicate different species. Numbers indicate different copies of individual 
genomes. The superscript capital letters represent the maternally transmitted mtDNA haplotype of the 
respective nuclear genomes. Natural populations for given hypotheses are well documented in Choleva 
and Janko (2013), from which the figure is reprinted with the permission of S. KargerAG, Basel. 

1.4. The link be tween hybr id izat ion and asexua l reproduct ion 

A l m o s t a l l e u k a r y o t i c o r g a n i s m s , v e r t e b r a t e s i n c l u d e d , p a s s t h e i r g e n e t i c i n f o r m a t i o n 
v i a h a p l o i d g a m e t e s , w h i c h d u r i n g m e r g i n g , g i v e r i s e t o a d i p l o i d z y g o t e . A n e s s e n t i a l p a r t 
o f s e x u a l l y r e p r o d u c i n g s p e c i e s i s m e i o s i s o r , m o r e p r e c i s e l y , g e n e t i c r e c o m b i n a t i o n a n d 
s e g r e g a t i o n , w h i c h i s a n e x c h a n g e o f g e n e t i c m a t e r i a l b e t w e e n h o m o l o g o u s c h r o m o s o m e s 
i n g a m e t e s . E a c h h a p l o i d g a m e t e t h e n p o s s e s s e s a u n i q u e g e n e s e t p a s s e d t o o f f s p r i n g f r o m 
b o t h p a r e n t s d u r i n g f e r t i l i z a t i o n l e a d i n g t o g e n e t i c d i v e r s i t y a n d e v o l u t i o n a r y b e n e f i t s . T h i s i s 
b o t h a d v a n t a g e o u s a n d d i s a d v a n t a g e o u s a t t h e s a m e t i m e b e c a u s e a n o r g a n i s m c a n b e n e f i t 
f r o m f a v o r a b l e t r a i t s , b u t i t s o f f s p r i n g w i l l n o t i n h e r i t t h e m i n t h e i d e n t i c a l s t a t e a s i t s p a r e n t s , 
t h e s o - c a l l e d r e c o m b i n a t i o n l o a d ( C h a r l e s w o r t h a n d C h a r l e s w o r t h , 1 9 7 5 ) . 

H o w e v e r , t h e r e a r e m o r e w a y s t o r e p r o d u c e , a n d t h e s o c a l l e d a s e x u a l i t y r e p r e s e n t s 
a n i n t e r e s t i n g a l t e r n a t i v e t o s e x u a l r e p r o d u c t i o n a s i t r e s u l t s i n c l o n a l p r o g e n y . M o d e s o f 
a s e x u a l i t y v a r y d e p e n d i n g o n p a r e n t a l g a m e t e p a r t i c i p a t i o n o r a b s e n c e d u r i n g f e r t i l i z a t i o n , 
e.g., p a r t h e n o g e n e s i s , g y n o g e n e s i s , a n d r o g e n e s i s , a n d h y b r i d o g e n e s i s . P a r t h e n o g e n e s i s i s 
t h e f o r m o f a s e x u a l i t y i n w h i c h a n e g g t r a n s i t i n t o a n e m b r y o w i t h o u t t h e p r e s e n c e o f s p e r m . 
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N a t u r a l l y , d u e t o t h e m i s s i n g p a t e r n a l g e n o m e , o o c y t e s a r e a l r e a d y p r o d u c e d i n a d i p l o i d s t a t e . 
T r u e p a r t h e n o g e n e s i s w a s f o r m e r l y d e s c r i b e d i n l i z a r d s o f g e n e r a Lacerta ( M a c c u l l o c h e t a l . , 
1 9 9 7 ) a n d Cnemidophorus ( M o o r e e t a l . , 1 9 8 5 ) , b u t d u e t o t h e t a x o n o m i c a l r e a s s i g n m e n t s , 
t h e s e l i z a r d s a r e c u r r e n t l y i n g e n e r a Darevskia ( F r e i t a s e t a l . , 2 0 1 6 ) a n d Aspidoscelis 
(Manríquez-Morán e t a l . , 2 0 1 4 ) . G y n o g e n e s i s r e p r e s e n t s a f o r m o f a s e x u a l r e p r o d u c t i o n i n 
w h i c h f e m a l e s d o r e q u i r e t h e p r e s e n c e o f a m a l e t o a c t i v a t e t h e d e v e l o p m e n t o f e g g s , b u t t h e 
s p e r m c e l l s i t s e l f d o e s n o t i n c o r p o r a t e t h e i r g e n e t i c m a t e r i a l i n t o f u t u r e o f f s p r i n g . T h e r e f o r e , 
t h e r e s u l t i n g p r o g e n y c o n t a i n s o n l y t h e m a t e r n a l g e n o m e . A s i n t h e p r e v i o u s c a s e , a p r o d u c e d 
e g g a l r e a d y h a s t o b e i n t h e d i p l o i d s t a t e . I n n a t u r e , e s p e c i a l l y a m o n g f i s h e s , f e m a l e s w h o 
r e p r o d u c e g y n o g e n e t i c a l l y h a v e a h y b r i d o r i g i n , s u c h a s t h e g e n u s Cobitis ( J a n k o e t a l . , 2 0 0 7 ) , 
Poecilia ( M a t e o s a n d V r i j e n h o e k , 2 0 0 5 ; S c h u l t z , 1 9 6 9 ) , a n d Carassius ( G u i a n d Z h o u , 2 0 1 0 ) . 
A n d r o g e n e s i s r e q u i r e s t h e p r e s e n c e o f b o t h p a r e n t s a n d f u s i o n o f t h e i r g a m e t e s , b u t t h e 
m a t e r n a l g e n o m e i s e l i m i n a t e d a f t e r f e r t i l i z a t i o n , a n d t h e p a t e r n a l g e n o m e t a k e s c o n t r o l o v e r 
d e v e l o p m e n t , t h u s c r e a t i n g p a t e r n a l c l o n e o f f s p r i n g . T h e o n l y d o c u m e n t e d c a s e o f n a t u r a l 
a n d r o g e n e s i s i n a q u a t i c a n i m a l s i s s h e l l f i s h o f Corbicula s p p . ( P i g n e u r e t a l . , 2 0 1 2 ) . L a s t b u t 
n o t l e a s t , h y b r i d o g e n e s i s i s a h e m i c l o n a l f o r m o f r e p r o d u c t i o n i n h y b r i d s i n w h i c h t h e g e n o m e 
o f o n e p a r e n t a l s p e c i e s i s s e l e c t i v e l y d i s c a r d e d d u r i n g g a m e t o g e n e s i s , p r o d u c i n g g a m e t e s o n l y 
f r o m o n e s p e c i e s ( w i t h o u t r e c o m b i n a t i o n ) w h i c h i s r e n e w e d b y s t a n d a r d m a t i n g w i t h s e x u a l 
s p e c i e s ( s t a n d a r d r e c o m b i n a t i o n ) . A n o f f s p r i n g o f d e s c r i b e d r e p r o d u c t i o n i s p a r t i a l l y a s e x u a l 
f r o m a h y b r i d p a r e n t a n d p a r t l y s e x u a l f r o m p a r e n t a l s p e c i e s . I n t e r e s t i n g l y , t h i s i n d i v i d u a l 
w i l l , d u r i n g g a m e t o g e n e s i s , e x c l u d e t h e g e n o m e w h i c h p a r t i c i p a t e d i n t h e r e c o m b i n a t i o n 
(Doležálková-Kaštánková e t a l . , 2 0 2 1 ) . H y b r i d o g e n e s i s w a s d o c u m e n t e d i n w a t e r f r o g s o f 
g e n u s Pelophylax a n d A u s t r a l i a n c a r p g u d g e o n o f g e n u s Hypseleotris ( S c h m i d t e t a l . , 2 0 1 1 ) . 
T h e r e f o r e , i n v e r t e b r a t e s , a s e x u a l i t y o r i g i n i s d i r e c t l y l i n k e d w i t h h y b r i d i z a t i o n , a n d d u e t o t h e 
p r o d u c t i o n o f u n r e d u c e d g a m e t e s , i t i s a p l a u s i b l e w a y t o t h e s o u r c e o f a n i m a l p o l y p l o i d y , 
F i g u r e 2 . 

T h e f a v o r a b l e t r a i t s a r e e n t i r e l y p a s s e d t o t h e n e x t g e n e r a t i o n , w h i c h t h e o r e t i c a l l y r e p r e s e n t s 
a c o n s i d e r a b l e a d v a n t a g e . N e v e r t h e l e s s , t h e l a c k o f e f f i c i e n t r e c o m b i n a t i o n a l s o l e a d s t o t h e 
m a i n d i s a d v a n t a g e o f a s e x u a l i t y , w h e r e b y a s e x u a l s ' r e a c t i o n t o s e l e c t i o n p r e s s u r e s s h o u l d 
b e t h e o r e t i c a l l y w o r s e t h a n i n s e x u a l l y r e p r o d u c i n g s p e c i e s . M o r e o v e r , o f f s p r i n g o f a s e x u a l s 
a r e l o a d e d w i t h m u t a t i o n s d i r e c t l y i n h e r i t e d f r o m t h e i r p a r e n t s w i t h o u t t h e p o s s i b i l i t y t o 
r e m o v e t h e m f r o m t h e g e n o m e v i a r e c o m b i n a t i o n a n d s e g r e g a t i o n ( M u l l e r , 1 9 3 2 ) . T h i s 
g e n e t i c l o a d t h u s s h o u l d l e a d t o g e n o m i c d e c a y a n d e v e n t u a l l y s e n d t h e w h o l e p o p u l a t i o n 
t o e x t i n c t i o n . Y e t , i t a p p e a r s s o m e a s e x u a l s p e c i e s l i k e Cobitis a s e x u a l c o m p l e x ( J a n k o e t a l . , 
2 0 0 7 ) o r Poecilia formosa ( h y b r i d s p e c i e s o f P. mexicana a n d P. latipinna) d o n o t s u f f e r t h e s e 
c o n s e q u e n c e s ( L o e w e a n d L a m a t s c h , 2 0 0 8 ; W a r r e n e t a l . , 2 0 1 8 ; Kočí e t a l . , 2 0 2 0 ) , d e s p i t e 
t h e f a c t t h a t t h e o l d e s t a s e x u a l l i n e a g e o f Cobitis i s a p p r o x i m a t e l y 0 . 3 m i l l i o n y e a r s o l d ( J a n k o 
e t a l . , 2 0 0 5 ) , w h i l e P. formosa i s d a t e d circa 0 . 1 - 0 . 2 m i l l i o n y e a r s a g o ( W a r r e n e t a l . , 2 0 1 8 ) . 
P o s s i b l y e x p l a n a t i o n c a n l i e i n p o l y p l o i d i z a t i o n a s Cobitis a s e x u a l s o f t e n o c c u r a s t r i p l o i d s . A s 
m e n t i o n e d b e f o r e , t r i p l o i d s c a n m a s k h a r m f u l m u t a t i o n s . 
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General introduction 

2 . Genet ica l consequences of hybr id izat ion and polyploidizat ion 

B o t h p o l y p l o i d i z a t i o n a n d h y b r i d i z a t i o n c a n i n d u c e a s h i f t f r o m s e x u a l t o a s e x u a l r e p r o d u c t i o n 
o r s t e r i l i t y . H o w e v e r , t h e e x a c t m e c h a n i s m s t o g e t h e r w i t h t h e f i n a l d e c i s i o n o n r e p r o d u c t i v e 
m o d e a r e n o t w e l l k n o w n . I t h a s b e e n p r o p o s e d t h a t s h i f t s t o d i f f e r e n t r e p r o d u c t i o n 
s t r a t e g i e s o r s t e r i l i t y a r e t r i g g e r e d b y o r t h o l o g o u s c o p i e s o f g e n e s , g e n e r e g u l a t o r y n e t w o r k s , 
o r i n c o m p a t i b i l i t i e s o f c h r o m o s o m e s t h a t a r e f o r m e d b e t w e e n t w o d i f f e r e n t g e n o m e s i n c a s e 
o f h y b r i d i z a t i o n a n d / o r a d d i t i o n o f e x t r a c h r o m o s o m e s e t s i n t h e c o n s e r v a t e d d i p l o i d s t a t e . 

2 .1 . Genie level 

O n e o f t h e f i r s t h y p o t h e s e s d e s c r i b i n g h y b r i d i z a t i o n c o n s e q u e n c e s w a s t h e B a t e s o n -
D o b z h a n s k y - M u l l e r ( D B M ) m o d e l , e x p l a i n i n g t h e s t e r i l i t y o f h y b r i d s i n t e r m s o f n a t u r a l 
s e l e c t i o n a n d s p e c i a t i o n ( B a t e s o n , 1 9 0 9 ; D o b z h a n s k y , 1 9 3 6 ; M u l l e r , 1 9 4 2 ) . I t d e s c r i b e s 
t h e s i t u a t i o n w h e r e t h e a n c e s t r a l p o p u l a t i o n o f o n e s p e c i e s i s d i v i d e d i n t o t w o d i f f e r e n t 
p o p u l a t i o n s , w h i c h a r e , o v e r t i m e , e x p o s e d t o d i f f e r e n t s e l e c t i o n p r e s s u r e s . T h e r e f o r e , e a c h 
p o p u l a t i o n p r i o r i t i z e s d i f f e r e n t a l l e l e s u n d e r s e l e c t i o n , a n d t w o n e w s p e c i e s a r i s e . T h e 
f u n c t i o n a l c r o s s t a l k a m o n g g e n e s f r o m t h e a n c e s t r a l p o p u l a t i o n i s n o w d i s r u p t e d i n n e w -
f o r m e d h y b r i d s , c a u s i n g a b e r r a n c i e s i n m e i o s i s . S i m i l a r l y , A l f r e d E r n s t s u g g e s t e d t h a t t h e 
l o n g e r t w o s p e c i e s w e r e s e p a r a t e d b e f o r e t h e h y b r i d i z a t i o n e v e n t , t h e m o r e l i k e l y t h e y a w a k e 
a s e x u a l i t y ( E r n s t , 1 9 1 8 ) u n t i l t h e p a r t i c u l a r p o i n t w h e r e h y b r i d i z a t i o n b e t w e e n t w o s p e c i e s 
l e a d s t o c o m p l e t e s t e r i l i t y , o r i t i s n o t e v e n p o s s i b l e a n y m o r e . F i n a l l y , t h e b a l a n c e h y p o t h e s i s 
s u g g e s t s t h a t h y b r i d s p o s s e s s a c e r t a i n n u m b e r o f m i s r e g u l a t i o n s d u r i n g m e i o s i s ; h o w e v e r , 
n o t e n o u g h t o c o m p l e t e l y d i s r u p t i t ( M o r i t z e t a l . , 1 9 8 9 ) . I n g e n e r a l , i t c a n b e p r e s u m e d t h a t 
r e p r o d u c t i o n p r o g r a m s h a v e u n i q u e t i m i n g f o r t h e e x e c u t i o n . T h e r e f o r e , n e w l y a s s e m b l e d 
g e n e m a c h i n e r y f r o m t w o s p e c i e s c a n h a v e d i f f e r e n t o n t o g e n y t i m i n g i n h y b r i d s , t h u s l e a d i n g 
t o a s y n c h r o n o u s e x p r e s s i o n s a n d r e s u l t i n g i n a s e x u a l i t y ( C a r m a n , 1 9 9 7 ) . 

2 .2 . Chromosoma l level 

T h e D B M m o d e l i s o f t e n d e s c r i b e d a s t h e i n d e p e n d e n t w o r k o f t h r e e a u t h o r s ; h o w e v e r , 
B a t e s o n ' s a d d i t i o n t o t h e m o d e l i s t h e d e s c r i p t i o n o n t h e c h r o m o s o m a l l e v e l ( a l t h o u g h t h e f i r s t 
o b s e r v a t i o n o f c h r o m o s o m e m o v e m e n t d u r i n g m i t o s i s i s d a t e d t o 1 8 7 9 b y W a l t h e r F l e m m i n g , 
i t t o o k s e v e r a l d e c a d e s t o e s t a b l i s h s c i e n t i f i c b a c k g r o u n d w h i c h i s c u r r e n t l y k n o w n a n d 
a c c e p t e d ) . D e c r e a s e d c o m p a t i b i l i t y o f h o m o l o g o u s c h r o m o s o m e s m e a n s t h a t c h r o m o s o m e s 
f r o m t w o d i f f e r e n t s p e c i e s c a n n o t m a k e p r o p e r p a i r i n g b e t w e e n h o m o l o g u e s c h r o m o s o m e s 
i n h y b r i d s ( D e S t o r m e a n d M a s o n , 2 0 1 4 ) , t h u s e i t h e r t e r m i n a t i n g m e i o s i s c o m p l e t e l y ( i n 
c a s e o f s t e r i l i t y ) o r c r e a t i n g a n e u p l o i d a n d p o l y p l o i d g e r m c e l l s ( i n c a s e o f s e m i - s t e r i l i t y a n d 
s e m i - f e r t i l i t y ) . N o n e t h e l e s s , s o m e h y b r i d a n d p o l y p l o i d o r g a n i s m s d e v e l o p e d a p a t h w a y t o 
p r e v e n t d i s r u p t i o n o f m e i o s i s a n d i m p r o p e r p a i r i n g . T h e m o s t k n o w n m e c h a n i s m , sensu lato, 
i s p r e m e i o t i c e n d o r e p l i c a t i o n ( P M E R ) . I t d e s c r i b e s t h e s i t u a t i o n i n w h i c h c h r o m o s o m e s i n 
o o c y t e s d u p l i c a t e b e f o r e m e i o s i s ; t h e r e f o r e , p a i r i n g i s a c c o m p l i s h e d b e t w e e n d u p l i c a t e d 
s i s t e r c h r o m o s o m e s r a t h e r t h a n h o m o l o g o u s c h r o m o s o m e s ( L u t e s e t a l . , 2 0 1 0 ; K u r o d a e t a l . , 
2 0 1 8 ) . T h i s p r o c e s s i s t h e r e f o r e r e s p o n s i b l e f o r t h e c l o n a l i t y o f h y b r i d o f f s p r i n g a n d p r o v i d e s 
a n e l e g a n t s o l u t i o n f o r c h r o m o s o m e p a i r i n g i n c e l l s w i t h t h e o d d n u m b e r o f c h r o m o s o m e 
s e t s . T h e r e a r e f o u r p o t e n t i a l m e c h a n i s m s b e h i n d P M E R ( U l l a h e t a l . , 2 0 0 9 ) . 1 ) F u s i o n o f g e r m 
c e l l s ( 2 n c e l l + 2 n c e l l = 4 n c e l l ) i n w h i c h t w o c e l l s w i t h t h e i r c o m p l e t e g e n e t i c i n f o r m a t i o n 
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f u s e i n t o o n e b i g c e l l . 2 ) E n d o r e d u p l i c a t i o n d e s c r i b e s t h e p r o c e s s i n w h i c h t h e c e l l c y c l e i s 
c o m p o s e d o f t w o S - p h a s e s d u r i n g o n e c e l l c y c l e b u t w i t h o u t t h e i n i t i a t i o n o f m i t o s i s . 3 ) 
E n d o m i t o s i s i s d e s c r i b e d b y t h e a b s e n c e o f t h e n u c l e a r m e m b r a n e a n d s p i n d l e , t h u s p r o d u c i n g 
o n e e n o r m o u s 4 n n u c l e u s . 4 ) A c y t o k i n e t i c m i t o s i s c o m p l e t e s k a r y o k i n e s i s w i t h o u t p e r f o r m i n g 
c y t o k i n e s i s , t h u s l e a v i n g t h e c e l l w i t h t w o n u c l e i . A l t h o u g h P M E R i s p r e v a l e n t i n a s e x u a l 
a n i m a l s f r o m t h e g e n u s Cobitis ( D e d u k h e t a l . , 2 0 2 1 ; T i c h o p a d e t a l . , 2 0 2 2 ) , Misgurnus ( I t o n o 
e t a l . , 2 0 0 6 ; K u r o d a e t a l . , 2 0 1 8 ) o r Oryzias ( S h i m i z u e t a l . , 2 0 0 0 ) , t h e e x a c t m e c h a n i s m s a r e 
n o t u s u a l l y k n o w n . H a v i n g s a i d t h a t , t h e r e i s d o c u m e n t e d c a s e o f c e l l f u s i o n i n g y n o g e n e t i c 
d i p l o i d h y b r i d s o f r e d c r u c i a n c a r p (Carassius auratus r e d v a r . ) x c o m m o n c a r p (Cyprinus 
corpio) ( W a n g e t a l . , 2 0 1 6 ) . 

2.3 . The ef fect of sex 

I n t e r e s t i n g l y , t h e d e c i s i o n a b o u t t h e s u c c e s s f u l t r a n s i t i o n t o a n o t h e r m o d e o f r e p r o d u c t i o n 
i n h y b r i d s a p p e a r s t o b e s e x - s p e c i f i c . O n e h u n d r e d y e a r s a g o , J . B . S . H a l d a n e n o t i c e d t h a t " F 1 
o f f s p r i n g o f a c r o s s b e t w e e n t w o a n i m a l s p e c i e s o r r a c e s o n e s e x i s a b s e n t , r a r e , o r s t e r i l e , t h a t 
s e x i s a l w a y s t h e h e t e r o z y g o u s s e x " ( H a l d a n e , 1 9 2 2 ) w h i c h w a s l a t e r c a t e g o r i z e d a s H a l d a n e ' s 
r u l e . T o d a y , t h e r u l e a p p l i e s t o t h e m a j o r i t y s p e c i e s w i t h e x c e p t i o n s s u c h a s Drosophila 
( S a w a m u r a , 1 9 9 6 ) o r Teleogryllus ( M o r a n e t a l . , 2 0 1 7 ) . M o r e o v e r , t h e r u l e i s m o s t p r e v a l e n t i n 
r e g a r d t o s t e r i l i t y t h a n v i a b i l i t y ( W u e t a l . , 1 9 9 6 ) . A t p r e s e n t , t h e c o m p o s i t e t h e o r y i s t h e m o s t 
p o p u l a r e x p l a n a t i o n o f H a l d e n ' s p h e n o m e n o n , w h i c h s a y s t h a t t h e r e a r e d i f f e r e n t g e n e t i c 
c a u s e s b e t w e e n h y b r i d i n v i a b i l i t y a n d s t e r i l i t y ( O r r , 1 9 9 3 ; W u a n d D a v i s , 1 9 9 3 ) . S u b d i v i s i o n s 
a r e n o t e x c l u s i v e l y r e s t r i c t e d a n d c a n a c t t o g e t h e r c o i n c i d e n t a l l y i n d i f f e r e n t o r g a n i s m s . 

T h e e s s e n t i a l p a r t o f t h e c o m p o s i t e t h e o r y i s t h e d o m i n a n c e t h e o r y ( T u r e l l i a n d O r r , 1 9 9 5 ) . 
I n X X / X Y d e t e r m i n a t i o n s y s t e m , m a l e s h a v e o n l y o n e X c h r o m o s o m e a n d t h u s c a n n o t a v o i d 
r e c e s s i v e a l l e l e s a r i s i n g f r o m t h e m e r g e o f d i v e r g e d g e n o m e s i n h y b r i d s . O n t h e o t h e r s i d e , 
f e m a l e s w i l l p o s s e s s t w o X c h r o m o s o m e s f r o m e a c h s p e c i e s a n d t h u s w i l l b e a f f e c t e d b y 
d o m i n a n t X a l l e l e s o n l y . A n o t h e r i m p o r t a n t p a r t o f t h e c o m p o s i t e t h e o r y i s t h e f a s t e r m a l e 
m o d e l , w h i c h p r e d i c t s t h e f a s t e r e v o l u t i o n o f m a l e s d u e t o t h e h i g h e r s e x u a l s e l e c t i o n i n 
c o m p a r i s o n t o f e m a l e s ( W u a n d D a v i s , 1 9 9 3 ) . T h e r e f o r e , a h i g h e r n u m b e r o f n e w l y a c q u i r e d 
t r a i t s i n m a l e p a r e n t a l s p e c i e s l i n k e d t o t h e Y c h r o m o s o m e c a u s e a b e r r a n c i e s i n h y b r i d g e n e 
r e g u l a t i o n s . N o n e t h e l e s s , t h i s m o d e l a p p l i e s o n l y o n X X / X Y s e x d e t e r m i n a t i o n , b u t i t c a n n o t 
o p e r a t e w i t h t h e Z Z / Z W s e x c h r o m o s o m e s . 

O n t h e o t h e r s i d e , t h e f a s t e r - X m o d e l p r e d i c t s ( W u a n d D a v i s , 1 9 9 3 ) t h e f a s t e r e v o l u t i o n 
o f t h e X c h r o m o s o m e d u e t o t w o a s p e c t s . F i r s t l y , t h e n u m b e r o f X c h r o m o s o m e s i n t h e 
p o p u l a t i o n i s h i g h e r t h a n Y c h r o m o s o m e s ( i n a p o p u l a t i o n w i t h a s e x r a t i o o f 1 : 1 , t h e r e 
w i l l b e 3 X c h r o m o s o m e c o p i e s p e r 1 Y c h r o m o s o m e c o p y ) ; t h u s , m u t a t i o n s a c c u m u l a t e 
f a s t e r . S e c o n d l y , i f s u c h a m u t a t i o n a p p e a r s , t h e y t e n d t o b e c o m e r e c e s s i v e a l l e l e s d u e t o 
t h e X X h o m o z y g o s i t y i n p a r e n t a l s p e c i e s a n d a d a p t t o n e w a d v a n t a g e o u s f u n c t i o n s o v e r 
t i m e ( C h a r l e s w o r t h e t a l . , 1 9 8 7 ) . I n m a l e h y b r i d s , t h e s e " q u i c k l y " e v o l v e d a l l e l e s w o u l d c a u s e 
g e n e t i c b r e a k d o w n b e c a u s e t h e y w o u l d b e t h e o n l y a l l e l e s e x p r e s s e d . 

F i n a l l y , t h e m e i o t i c d r i v e i s a t h e o r e t i c a l a p p r o a c h s u p p o r t i n g b o t h d e t e r m i n a t i o n s y s t e m s 
X X / X Y a n d Z Z / Z W . T h e m e i o t i c d r i v e i s f u r t h e r d i v i d e d i n t o t w o t y p e s : f e m a l e ( c h r o m o s o m a l ) 
a n d m a l e ( g e n i e ) ( M c D e r m o t t a n d N o o r , 2 0 1 0 ) . I n t h e c a s e o f f e m a l e s , g e r m c e l l c h r o m o s o m e s 
c o m p e t e f o r p r e s e n c e i n t h e f i n a l o o c y t e . D u r i n g t h e s e c h r o m o s o m a l c o m p e t i t i o n s i n p a r e n t a l 
s p e c i e s , a l i g n i n g s e q u e n c e s a r e a f f e c t e d b y n a t u r a l s e l e c t i o n , t h u s e v o l v i n g f a s t e r a n d 
d i s r u p t i n g m e i o s i s i n h y b r i d m a l e s ( M c K e e , 1 9 9 8 ) . I n m a l e s , i n h e r i t e d f e m a l e a l l e l e s h a v e 
t e n d e n c i e s t o s h i f t t h e a b u n d a n c e o f X c h r o m o s o m e s i n s p e r m a t o z o a ( M c D e r m o t t a n d N o o r , 
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2 0 1 0 ) . L i k e i n t h e c a s e o f f e m a l e s , i n c r e a s e d d i v e r g e n c e b e t w e e n p a r e n t a l s p e c i e s d u e t o 
a l l e l i c c o m p e t i t i o n c a n c a u s e a b e r r a n t b e h a v i o r i n h y b r i d m a l e s p e r m a t o g e n e s i s . 

2.4. Ef fects of hybr id izat ion and polyploidizat ion on gene express ion and phenotyp ic 
t ra i t s of nonaddit ive gene express ion 

I n g e n e r a l , a l l o p o l y p l o i d y c a u s e s a g e n o m i c s h o c k p h e n o m e n o n ( M c C l i n t o c k , 1 9 8 4 ) w h i c h 
m e a n s t h a t r e t r o e l e m e n t s a r e d e m e t h y l a t e d , s u d d e n c h a n g e s i n g e n e i m p r i n t i n g , a n d d e / 
a c t i v a t i o n o f h o m o l o g o u s g e n e s . H o w e v e r , l i t t l e i s k n o w n a b o u t h o w i t a f f e c t s a c t i v i t y a n d t h e 
s i z e o f t h e t r a n s c r i p t o m e . T h e r e a r e f e w s t u d i e s a b o u t r e l a t i v e t r a n s c r i p t i o n ( C o a t e a n d D o y l e , 
2 0 1 0 ; M a t o s e t a l . , 2 0 1 5 ) s i z e b a s e d o n a f e w g e n e s r a t h e r t h a n t h e w h o l e t r a n s c r i p t o m e . 
F r o m w h a t i s k n o w n , a l l o p o l y p l o i d y c e l l s a r e p a r t i a l l y a b l e t o c o m p e n s a t e f o r t h e i n c r e a s e 
o f g e n e t i c m a t e r i a l i n I b e r i a n c y p r i n i d Squalius alburnoides ( M a t o s e t a l . , 2 0 1 5 ) . I n o t h e r 
w o r d s , t h e s e a l l o t r i p l o i d f i s h c o p e w i t h g e n e d o s a g e b y i n c r e a s i n g d o s a g e c o m p e n s a t i o n . I t 
i s n e c e s s a r y t o m e n t i o n t h a t g e n e c o m p e n s a t i o n w a s n o t p r e c i s e a s a l l o t r i p l o i d s p r o d u c e d 
s l i g h t l y f e w e r t r a n s c r i p t s t h a n a l l o d i p l o i d s , p r o b a b l y e i t h e r d u e t o t h e a d d i t i v i t y o f g e n e s o r 
i n c r e a s e d c e l l s i z e ( M a t o s e t a l . , 2 0 1 5 ) . 

D u p l i c a t i o n o f d i v e r g e n t p a r e n t a l g e n o m e s a n d d u p l i c a t i o n o f g e n e s c a n o f t e n r e s u l t i n b i a s 
o f p a r e n t a l g e n e a d d i t i v i t y ( a d d i t i v i t y i s d e s c r i b e d a s t h e a r i t h m e t i c a v e r a g e o f t h e p a r e n t a l 
e x p r e s s i o n l e v e l s ) . N o n a d d i t i v i t y e x p r e s s i o n s c a n b e d i v i d e d i n t o t h r e e g r o u p s ( Y o o e t a l . , 
2 0 1 4 ) : 1 ) T h e r e i s n o d i f f e r e n c e b e t w e e n t h e e x p r e s s i o n l e v e l o f a l l o p o l y p l o i d a n d p a r e n t a l 
s p e c i e s ; t h u s , o n e p a r e n t a l g e n o m e d o m i n a t e s t h e o t h e r o n e ; 2 ) a l l o p o l y p l o i d e x p r e s s i o n 
i s e i t h e r h i g h e r o r l o w e r i n c o m p a r i s o n t o b o t h p a r e n t a l s p e c i e s a l s o c a l l e d t r a n s g r e s s i v e 
e x p r e s s i o n , o r 3 ) o n e s p e c i e s p a r e n t a l s p e c i e s c o n t r i b u t e s m o r e t o t h e t o t a l e x p r e s s i o n t h a n 
t h e o t h e r o n e . B a r t o s e t a l . ( 2 0 1 9 ) e x a m i n e d t h e e f f e c t o f a d d i t i v i t y a n d n o n a d d i t i v i t y i n e g g s 
f r o m a s e x u a l h y b r i d a n d a l l o p o l y p l o i d f i s h f r o m t h e g e n u s Cobitis. I n t h e Cobitis g e n u s , h y b r i d s 
o f C. elongatoides a n d C. taenia a r e a s e x u a l ( P M E R p a t h w a y ) i n t h e c a s e o f f e m a l e s ( J a n k o e t 
a l . , 2 0 0 7 ; D e d u k h e t a l . , 2 0 2 0 ) b u t s t e r i l e i n t h e c a s e o f m a l e s ( V a s i l ' e v e t a l . , 2 0 0 3 ; C h o l e v a e t 
a l . , 2 0 1 2 ) . I t h a s b e e n f o u n d t h a t a d d i t i v i t y i n h y b r i d s i s c o m p l e t e l y o v e r r u n b y n o n a d d i t i v i t y , 
a s 8 3 % o f g e n e s f e l l i n t o t h e d o m i n a n c e c a t e g o r y . W h e n c o m p a r e d t o s o m a t i c l i v e r t i s s u e , 
d o m i n a n c e w a s a g a i n t h e m a i n i n h e r i t e d t r a i t f r o m p a r e n t a l s p e c i e s . I n c o n t r a s t , t r i p l o i d s 
o f m o t h e r Ctenopharyngodon idellus* f a t h e r M e g a l o b r a m a amblycephala t r a n s g r e s s i v e 
c a t e g o r y c o n t a i n e d 1 3 % g e n e s , circa 5 7 % b e l o n g e d t o d o m i n a n c e c a t e g o r y , a n d 3 0 % s h o w e d 
a d d i t i v i t y e f f e c t ( R e n e t a l . , 2 0 1 7 ) . 

2.5 . Emergent topics 

T h e i s s u e s o f h y b r i d i z a t i o n , p o l y p l o i d y a n d a b e r r a n t r e p r o d u c t i v e m o d e s h a v e a l l a t t r a c t e d 
a b i o l o g i c a l a u d i e n c e f o r c e n t u r i e s , a n d r e s e a r c h i n t o t h e m h a s b e e n c o n s i d e r a b l y b o o s t e d 
b y r e c e n t a d v a n c e s i n n a n o t e c h n o l o g i e s a n d t h e n e x t g e n e r a t i o n s e q u e n c i n g m e t h o d s , 
w h i c h h a v e l e d t o d i s c o v e r i e s o f v a r i o u s m e c h a n i s m s u n d e r l y i n g t h e s e p h e n o m e n a . I t h a s 
t h u s b e e n s h o w n t h a t b o t h p o l y p l o i d i z a t i o n a n d h y b r i d i z a t i o n r e p r e s e n t d r a s t i c c h a n g e s 
t o t h e g e n o m i c c o n s t i t u t i o n , p o t e n t i a l l y e v e n a w a k i n g a l t e r n a t i v e r e p r o d u c t i v e p a t h w a y s , 
l i k e a s e x u a l i t y . U n f o r t u n a t e l y , g i v e n t h e t i g h t i n t e r l i n k a m o n g t h e s e p h e n o m e n a , i t i s o f t e n 
d i f f i c u l t t o d i s e n g a g e t h e c a u s e s a n d c o n s e q u e n c e s o f g e n o m e m e r g i n g a n d m u l t i p l i c a t i o n s 
s i n c e m a n y p o l y p l o i d s a r e a l s o h y b r i d s a t t h e s a m e t i m e . A l s o , m a n y a n a l y z e d p o l y p l o i d s a r e 
p a l e o p o l y p l o i d s o r a t l e a s t h a v e b e e n e v o l v i n g f o r m a n y g e n e r a t i o n s , w h i c h c l e a r l y m i g h t h a v e 
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l e d t o t h e m o d i f i c a t i o n o f t h e i r g e n o m e s . H e n c e , a v i t a l q u e s t i o n o f c o n t e m p o r a r y e v o l u t i o n a r y 
b i o l o g y a n d g e n e t i c s i s t o d i s e n t a n g l e w h i c h o f t h e o b s e r v e d p a t t e r n s a r e c a u s a l l y r e l a t e d 
t o e i t h e r h y b r i d i z a t i o n o r p o l y p l o i d y , w h i c h e v o l v e s u b s e q u e n t l y a f t e r t h e f o r m a t i o n o f a l i o / 
p o l y p l o i d l i n e a g e , a n d h o w d o e s t h e a s e x u a l r e p r o d u c t i v e m o d e c o n t r i b u t e t o o b s e r v e d 
p a t t e r n s . 

T h e s e p a t t e r n s a r e u n l i k e l y t o b e r e s o l v e d s o l e l y b y i n - d e p t h s t u d i e s o f i n d i v i d u a l m o d e l 
t a x a , b u t a c o m p a r a t i v e a p p r o a c h i s n e e d e d , w h i c h i s p r e c i s e l y t h e a i m o f t h e p r e s e n t t h e s i s . 
T h e e s p e c i a l l y m a i n a d v a n t a g e w a s t h e f a c t t h a t d u r i n g t h i s t h e s i s , I g o t a c c e s s t o e s t a b l i s h e d 
m u l t i g e n e r a t i o n s t r a i n s o f s e v e r a l m o d e l o r g a n i s m s , w h i c h g a v e m e t h e p o s s i b i l i t y n o t o n l y 
t o a d d r e s s s o m e f u n d a m e n t a l q u e s t i o n s b u t a l s o t o d e v e l o p m e t h o d s t h a t w i l l b e u s e f u l f o r 
o t h e r c o m p a r a t i v e a p p r o a c h e s . 
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3. The a ims of the thes i s 

T h e o v e r a l l a i m o f t h i s t h e s i s w a s t o o b t a i n i n s i g h t i n t o t h e g e n e r a l i z a b i l i t y o f s o m e p a t t e r n s 
m e n t i o n e d a b o v e b y a c o m p a r a t i v e a n a l y s i s o f f o u r f i s h t a x a , w h i c h h a v e b e e n a f f e c t e d b y 
h y b r i d i z a t i o n , p o l y p l o i d y , a n d t o s o m e e x t e n t , a s e x u a l r e p r o d u c t i o n . S p e c i f i c a l l y , w e t e s t e d 
t h e f o l l o w i n g q u e s t i o n s ; 1 ) t o w h a t e x t e n t d o e s a s e x u a l r e p r o d u c t i o n d e p e n d o n g e n e t i c 
o r p h e n o t y p i c s e x d e t e r m i n a t i o n ; 2 ) h o w t h e s w i t c h t o a s e x u a l i t y i s l i n k e d w i t h a l t e r a t i o n s 
o f g e n e e x p r e s s i o n . I n a d d i t i o n , 3 ) w e h a v e o p t i m i z e d p r o t o c o l s f o r t h e e s t a b l i s h m e n t o f 
a u t o t r i p l o i d f i s h s t r a i n s , w h i c h w i l l b e o f p a r t i c u l a r i n t e r e s t f o r f u r t h e r s t u d i e s d i s e n t a n g l i n g 
t h e e f f e c t s o f p o l y p l o i d i z a t i o n f r o m t h o s e o f h y b r i d i z a t i o n . T h e s e t h r e e m a j o r a i m s h a v e 
b e e n a c h i e v e d b y c o m p a r i s o n o f f o u r p r i n c i p a l a n i m a l m o d e l s . A l l o p o l y p l o i d l o a c h e s o f g e n u s 
Cobitis, f e m a l e s r e p r o d u c e g y n o g e n e t i c a l l y u s i n g P M E R w h i l e m a l e s a r e s t e r i l e d u e t o t h e 
a r r e s t i n m e i o s i s I ( J a n k o e t a l . , 2 0 0 7 ; D e d u k h e t a l . , 2 0 2 0 ) . S i m i l a r t o Cobitis, f e m a l e h y b r i d s 
o f c o m m o n c a r p Cyprinus carpio a n d g i b e l c a r p Carassius gibelio p r o d u c e u n r e d u c e d e g g s b u t 
m a l e s a p p e a r s t e r i l e ( C h e r f a s e t a l . , 1 9 9 4 ) . T h e q u e s t i o n a r i s e s i f t h e r e a r e s i m i l a r i t i e s b e t w e e n 
m a l e s p e c i e s i n t e r m s o f s t e r i l i t y . Y e t , i t i s n o t k n o w n w h a t e l e m e n t s r e g u l a t e P M E R a n d w h a t 
i s t h e r e a s o n b e h i n d t h i s o n e s e x e x c l u s i v i t y . S u r p r i s i n g l y , i t s e e m s t h a t g e n e t i c e x p r e s s i o n i s 
n o t a f f e c t e d b y t h e c h a n g e o f r e p r o d u c t i v e m o d e a s t r a n s c r i p t o m i c i n v e s t i g a t i o n o f Cobitis 
f e m a l e r e v e a l e d o n l y m i n o r c h a n g e s i n b i o l o g i c a l p a t h w a y s . M o r e o v e r , m o s t o f t h e g e n e s w e r e 
e x p r e s s e d u n d e r t h e d o m i n a n c e o f o n e p a r e n t a l s p e c i e s ( B a r t o s e t a l . , 2 0 1 9 ) . O n t h e o t h e r 
h a n d , g y n o g e n e t i c Poecilia formosa s h o w s a d d i t i v e e x p r e s s i o n ( r e a n a l y z e d f r o m S c h e d i n a 
e t a l . , 2 0 1 8 ; L u e t a l . , 2 0 2 1 ) . I t s e e m s t h a t p a r e n t a l e x p r e s s i o n i n h e r i t a n c e v a r i e s a m o n g 
g y n o g e n e t i c f i s h , a n d f u r t h e r e x a m i n a t i o n o f u n r e d u c e d g a m e t e s p r o d u c t i o n i s n e e d e d . I n 
t h e c a s e o f a l l o p o l y p l o i d s , i t i s p r o b l e m a t i c t o d i s t i n g u i s h b e t w e e n e f f e c t o f h y b r i d i z a t i o n 
a n d p o l y p l o i d i z a t i o n . T h e r e f o r e , t h e i n v e s t i g a t i o n o f a u t o p o l y p l o i d y c o u l d p a r t i a l l y d i s t i n g u i s h 
a m o n g e f f e c t s o f b o t h p r o c e s s e s . U n f o r t u n a t e l y , a u t o p o l y p l o i d y i s n o t p r e v a l e n t i n a n i m a l 
k i n g d o m o r a t l e a s t n o t o f t e n d e t e c t e d a s a l l o p o l y p l o i d y ( S o l t i s e t a l . , 2 0 1 0 ) . T h e p o s s i b l e 
s o l u t i o n c o u l d l i e i n a r t i f i c i a l p o l y p l o i d y f o r w h i c h s u c c e s s f u l p r o t o c o l m u s t b e e s t a b l i s h e d a n d 
t e s t e d w h i c h i s u s u a l l y d o n e i n m o d e l o r g a n i s m s l i k e z e b r a f i s h . 

W e f o c u s e d o n t h e Cobitis m o d e l o f a s e x u a l s ( J a n k o e t a l . , 2 0 0 7 ) , w h i c h h a d b e e n 
i n v e s t i g a t e d f r o m c y t o g e n e t i c , g e n o m i c , a n d t r a n s c r i p t o m i c s i d e s l e a d i n g a n d s e e m e d t o b e 
c o m p o s e d o f a s e x u a l l y r e p r o d u c i n g f e m a l e h y b r i d s a n d s t e r i l e h y b r i d m a l e s . I n t h e f i r s t s t u d y , 
I a d d r e s s e d q u e s t i o n n u m b e r 1 a n d p e r f o r m e d g o n i a l c e l l t r a n s p l a n t a t i o n b e t w e e n s e x u a l a n d 
a s e x u a l s t r a i n s a n d b e t w e e n s e x e s t o u n d e r s t a n d w h e t h e r a s e x u a l i t y / s t e r i l i t y a r e l i n k e d t o 
g e n e t i c o r p h e n o t y p i c s e x d i f f e r e n t i a t i o n . 

I s u b s e q u e n t l y f o c u s e d o n Carassius gibelio m o d e l , i n w h i c h s e x d e t e r m i n a t i o n h a s b e e n 
p r e v i o u s l y d e s c r i b e d b y ( M . L u e t a l . , 2 0 2 1 ) , a n d i n v e s t i g a t e d t h e p a t t e r n s o f m a l e h y b r i d 
s t e r i l i t y t o t e s t w h e t h e r p a t t e r n s o b s e r v e d i n Cobitis l o a c h e s m i g h t h a v e s o m e g e n e r a l v a l i d i t y 
o r a r e t a x a s p e c i f i c . N e x t , i n t e s t i n g q u e s t i o n n u m b e r 2 , I c o n t r i b u t e d t o a s t u d y o f a s e x u a l 
h y b r i d s P. formosa b y a t r a n s c r i p t o m i c c o m p a r i s o n o f g o n a d - w i d e g e n e e x p r e s s i o n . S i n c e 
Poecilia s e e m s t o h a v e a d i f f e r e n t t y p e o f g y n o g e n e s i s t h a n Cobitis, i t m a y b e c o n s i d e r e d 
a s u i t e d a l t e r n a t i v e m o d e l t o u n d e r s t a n d w h e t h e r t r a n s c r i p t o m i c c h a n g e s a s s o c i a t e d w i t h 
s e x u a l i t y h a v e a p r e v a l e n t l y c a s e - s p e c i f i c b a s i s o r r e f l e c t s o m e g e n e r a l t r e n d s . F i n a l l y , 3 ) 
w e f o c u s e d o n t h e w i d e l y s t u d i e d f i s h m o d e l , t h e z e b r a f i s h , t o o p t i m i z e t h e p r o t o c o l f o r 
a u t o t r i p l o i d i z a t i o n , w h i c h I c o n s i d e r a v i t a l s t e p i n d i s e n t a n g l i n g t h e e f f e c t s o f h y b r i d i z a t i o n 
f r o m t h o s e o f p o l y p l o i d y . U n f o r t u n a t e l y , d u e t o o b j e c t i v e t i m e r e s t r i c t i o n s , I w a s n o t a b l e t o 
a p p l y t h e a c h i e v e d p r o t o c o l o n Cobitis l o a c h e s , b u t w e n o t o n l y c o n d u c t e d t h e r e p r o d u c i b l e 
p r o t o c o l t o p r o d u c e a u t o t r i p l o i d f i s h b u t w e a l s o f u r t h e r e x a m i n e d a n i n t e r e s t i n g l i n k b e t w e e n 
p o l y p l o i d y a n d s e x . T h e s e a f o r e m e n t i o n e d r e s u l t s a r e c u r r e n t l y p u b l i s h e d i n t h r e e p a p e r s a n d 
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i n t h e f o r m o f o n e s u b m i t t e d m a n u s c r i p t , w h i c h i s u n d e r r e v i s i o n . 

S p e c i f i c a l l y : 
1 ) I n v e s t i g a t e t h e r o l e o f s o m a t i c t i s s u e o n P M E R a c t i v a t i o n i n l o a c h s p e c i e s . 
2 ) I n v e s t i g a t e t h e s t e r i l i t y a n d r e p r o d u c t i v e p o t e n t i a l o f F l h y b r i d s o f c o m m o n c a r p a n d 

g i b e l c a r p . 
3 ) I n v e s t i g a t e u n i s e x u a l s p e c i e s A m a z o n m o l l y u s i n g c y t o g e n e t i c a n d t r a n s c r i p t o m i c 

a n a l y s i s . 
4 ) E s t a b l i s h a s u c c e s s f u l p r o t o c o l f o r t r i p l o i d z e b r a f i s h p r o d u c t i o n t o i n v e s t i g a t e t h e 

r e a s o n s b e h i n d i t s s e x - r a t i o s h i f t . 
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CHAPTER 2 
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IN THE HYBRID'S GERM CELLS BUT IS DEPENDENT ON SEX DIFFERENTIATION 
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Abstract 
n t e r s p e c i f i c h y b r i d i z a t i o n m a y t r i g g e r t h e t r a n s i t i o n f r o m s e x u a l r e p r o d u c t i o n t o a s e x u a l i t y , b u t m e c h a n i s t i c r e a s o n s f o r s u c h a c h a n g e i n a 

h y b r i d ' s r e p r o d u c t i o n a r e p o o r l y u n d e r s t o o d . G a m e t o g e n e s i s o f m a n y a s e x u a l h y b r i d s i n v o l v e s a s t a g e o f p r e m e i o t i c e n d o r e p l i c a t i o n ( P M E R ) , 
w h e n g o n i a l c e l l s d u p l i c a t e c h r o m o s o m e s a n d s u b s e q u e n t m e i o t i c d i v i s i o n s i n v o l v e b i v a l e n t s b e t w e e n i d e n t i c a l c o p i e s , l e a d i n g t o p r o d u c t i o n o f 
c l o n a l g a m e t e s . H e r e , w e i n v e s t i g a t e d t h e t r i g g e r s o f P M E R a n d w h e t h e r i t s i n d u c t i o n i s l i n k e d t o i n t r i n s i c s t i m u l i w i t h i n a h y b r i d ' s g o n i a l c e l l s o r 
w h e t h e r i t i s r e g u l a t e d b y t h e s u r r o u n d i n g g o n a d a l t i s s u e . W e i n v e s t i g a t e d g a m e t o g e n e s i s i n t h e Cobitis taenia h y b r i d c o m p l e x , w h i c h i n v o l v e s 
s e x u a l l y r e p r o d u c i n g s p e c i e s {Cobitis elongatoides a n d C. taenia) a s w e l l a s t h e i r h y b r i d s , w h e r e f e m a l e s r e p r o d u c e c l o n a l l y v i a P M E R w h i l e m a l e s 
a r e s t e r i l e . W e t r a n s p l a n t e d s p e r m a t o g o n i a ! s t e m c e l l s ( S S C s ) f r o m C. elongatoides a n d t r i p l o i d h y b r i d m a l e s i n t o e m b r y o s o f s e x u a l s p e c i e s 
a n d o f a s e x u a l h y b r i d f e m a l e s , r e s p e c t i v e l y , a n d o b s e r v e d t h e i r d e v e l o p m e n t i n a n a l l o s p e c i f i c g o n a d a l e n v i r o n m e n t . S e x u a l S S C s u n d e r w e n t 
r e g u l a r m e i o s i s a n d p r o d u c e d n o r m a l l y r e d u c e d g a m e t e s w h e n t r a n s p l a n t e d i n t o c l o n a l f e m a l e s . O n t h e o t h e r h a n d , t h e h y b r i d ' s S S C s l e a d 
t o s t e r i l i t y w h e n t r a n s p l a n t e d i n t o s e x u a l m a l e s b u t m a i n t a i n e d t h e i r a b i l i t y t o u n d e r g o a s e x u a l d e v e l o p m e n t ( P M E R ) a n d p r o d u c t i o n o f c l o n a l 
e g g s , w h e n t r a n s p l a n t e d i n t o s e x u a l f e m a l e s . T h i s s u g g e s t s t h a t a s e x u a l g a m e t o g e n e s i s i s u n d e r c o m p l e x c o n t r o l w h e n s o m a t i c g o n a d a l t i s s u e 
i n d i r e c t l y a f f e c t s t h e e x e c u t i o n o f a s e x u a l d e v e l o p m e n t b y d e t e r m i n i n g t h e s e x u a l d i f f e r e n t i a t i o n o f s t e m c e l l s a n d o n c e s u c h c e l l s d e v e l o p t o 
f e m a l e p h e n o t y p e s , h y b r i d g e r m c e l l s t r i g g e r t h e P M E R f r o m t h e i r i n t r i n s i c s i g n a l s . 
S igni f icance S t a t emen t 
A l t h o u g h s e x u a l r e p r o d u c t i o n i s a d o m i n a n t t r a i t a m o n g a l l e u k a r y o t e s , m a n y t a x a h a v e e v o l v e d t h e a b i l i t y t o r e p r o d u c e a s e x u a l l y . W h i l e a s e x u a l i t y 
o f t e n a p p e a r s t o b e l i n k e d t o i n t e r s p e c i f i c h y b r i d i z a t i o n , i t r e m a i n s u n k n o w n h o w t h e c o e x i s t e n c e o f d i v e r g e d g e n o m e s m a y i n i t i a t e s u c h a s w a p 
i n r e p r o d u c t i o n . I n o u r s t u d y , w e t r a n s p l a n t e d g e r m c e l l s b e t w e e n a s e x u a l h y b r i d s a n d t h e i r p a r e n t s . O n t h e o n e h a n d , t h e a b i l i t y o f c l o n a l 
g a m e t o g e n e s i s o c c u r r e d e x c l u s i v e l y i n h y b r i d g e r m c e l l s , s u g g e s t i n g t h a t a s e x u a l d e v e l o p m e n t i s d i r e c t l y t r i g g e r e d b y t h e h y b r i d g e n o m i c 
c o n s t i t u t i o n o f t h e c e l l . O n t h e o t h e r h a n d , c l o n a l i t y w a s o b s e r v e d o n l y i n c e l l s t r a n s p l a n t e d i n t o f e m a l e s , s u g g e s t i n g t h a t t h e e x e c u t i o n o f c l o n a l 
d e v e l o p m e n t i s i n f l u e n c e d b y s i g n a l s f r o m t h e g o n a d a l e n v i r o n m e n t a n d r e g u l a t e d b y s o m a t i c f a c t o r s . 
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Introduction 
A l t h o u g h s e x u a l r e p r o d u c t i o n i s a p r e d o m i n a n t c h a r a c t e r i s t i c 
o f a l l m u l t i c e l l u l a r e u k a r y o t e s , b a s e d o n c o n s e r v e d m o l e c u l a r 
m a c h i n e r y c o n t r o l l i n g m e i o t i c d i v i s i o n s , i t h a s b e e n d i s r u p t e d 
m a n y t i m e s . T h i s h a s r e s u l t e d i n a v a r i e t y o f t h e s o - c a l l e d 
a s e x u a l r e p r o d u c t i v e m o d e s t h a t o c c u r i n m o s t a n i m a l a n d 
p l a n t p h y l a . A s e x u a l l i n e a g e s n o t o n l y a l l o w k e y q u e s t i o n s 
a b o u t u l t i m a t e a d v a n t a g e s a n d d i s a d v a n t a g e s o f s e x t o b e 
t e s t e d , b u t a l s o d u e t o t h e i r c l o n a l m u l t i p l i c a t i o n , u n u s u a l 
g a m e t o g e n i c , a n d d e v e l o p m e n t a l p a t h w a y s , t h e y h a v e p r o v e d 

t o b e a p p e a l i n g m o d e l s f o r m a n y b i o l o g i c a l d i s c i p l i n e s c o n ­
c e r n e d w i t h e c o l o g y , c e l l b i o l o g y , a n d m o l e c u l a r g e n e t i c s [ 1 ] . 
Y e t , d e s p i t e i n t e n s i v e r e s e a r c h i n a s e x u a l o r g a n i s m s , f r u s t r a t -
i n g l y l a r g e g a p s r e m a i n i n o u r u n d e r s t a n d i n g o f m e c h a n i s m s 
t h a t t r i g g e r s u c h a s w i t c h f r o m s e x t o v a r i o u s f o r m s o f 
a s e x u a l i t y . T h i s i s a p a r t f r o m s o m e s t r a i g h t f o r w a r d c a s e s , 
s u c h a s Wolbachia-'mduced a s e x u a l i t y [ 2 ] o r t h e p r e s e n c e o f 
c a n d i d a t e " a s e x u a l i t y g e n e s " i n a f e w m o d e l t a x a [ 3 , 4 ] . 

A p r o m i s i n g c l a s s o f t h e o r i e s a i m i n g t o i d e n t i f y s o m e 
c o m m o n m e c h a n i s m s u n d e r l y i n g t h e e m e r g e n c e o f a s e x u a l i t y 

Received: December 8, 2021. Revised: March 8, 2022. Accepted: April 5, 2022 
© The Author(s) 2022. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions, 
please e-mail: journals.permissions@oup.com 

-25-

https://doi.org/10.1093/biolre/ioac074
mailto:tichopad@frov.jcu.cz
mailto:janko@iapg.cas.cz
mailto:journals.permissions@oup.com


2 

b u i l d s o n t h e f a c t t h a t m a n y a s e x u a l o r g a n i s m s a r e o f 
h y b r i d o r i g i n . I t h a s b e e n p r o p o s e d t h a t a b a n d o n m e n t o f 
s e x m a y b e s t i m u l a t e d b y a b e r r a n t i n t e r a c t i o n s b e t w e e n 
o r t h o l o g o u s c o p i e s o f i n d i v i d u a l g e n e s [ 5 , 6 ] , c h r o m o s o m e s 
[ 7 ] , o r e v e n e n t i r e r e g u l a t o r y n e t w o r k s b r o u g h t t o g e t h e r b y 
h y b r i d i z a t i o n b e t w e e n d i s t i n c t b u t n o t c o - a d a p t e d g e n o m e s 
[ 8 ] . U n f o r t u n a t e l y , t h e s c a r c i t y o f e m p i r i c a l s t u d i e s p r e v e n t s 
a n y c l e a r - c u t c o n c l u s i o n s a b o u t t h e r o l e o f h y b r i d i z a t i o n i n 
t r i g g e r i n g a s e x u a l i t y . I n d e e d , i f h y b r i d i z a t i o n i s s u p p o s e d t o 
i n i t i a t e a s e x u a l i t y , i t i s d i f f i c u l t t o e x p l a i n w h y i n d e p e n d e n t l y 
a r i s e n h y b r i d s i n u n r e l a t e d t a x a w o u l d s h a r e s i m i l a r d i s t o r t i o n 
o f g a m e t o g e n i c o r m e i o t i c m e c h a n i s m s , s u c h a s P M E R . 

F o r i n s t a n c e , o n e g a m e t o g e n i c p a t h w a y t h a t i s r e l a t i v e l y 
c o m m o n a m o n g i n d e p e n d e n t l y a r i s e n a s e x u a l a n i m a l s a n d 
p l a n t s i n sensu lato i s p r e m e i o t i c e n d o r e p l i c a t i o n ( P M E R ) [ 9 -
1 6 ] . T h i s p a t h w a y , d e p i c t e d i n F i g u r e 1 , i s c h a r a c t e r i z e d b y 
d u p l i c a t i o n o f c h r o m o s o m e s i n o o g o n i a b e f o r e m e i o s i s . C o n ­
s e q u e n t l y , s u b s e q u e n t m e i o t i c d i v i s i o n s o c c u r i n a p o l y p l o i d 
g a m e t e w i t h b i v a l e n t s f o r m i n g b e t w e e n h o m o l o g u e s . S u c h a 
p r o c e s s a l l e v i a t e s p o t e n t i a l p r o b l e m s i n p a i r i n g o f o r t h o l o g o u s 
c h r o m o s o m e s i n h y b r i d s [ 9 , 1 7 ] a n d s i m u l t a n e o u s l y l e a d s t o 
t h e p r o d u c t i o n o f c l o n a l p r o g e n y b e c a u s e b i v a l e n t p a i r i n g a n d 
c r o s s o v e r s o c c u r b e t w e e n d u p l i c a t e d c o p i e s o f c h r o m o s o m e s , 
w h i c h a r e i d e n t i c a l s i s t e r c o p i e s . 

A n a l y s i s o f t h e s p e c i a t i o n p r o c e s s i n s p i n e d l o a c h e s 
{Cobitis; A c t i n o p t e r y g i i ) d e m o n s t r a t e d t h a t e m e r g e n c e o f 
h y b r i d a s e x u a l i t y m e c h a n i s t i c a l l y c o i n c i d e d w i t h h y b r i d 
s t e r i l i t y [ 9 , 2 0 ] . H e n c e , t h e e m e r g e n c e o f a s e x u a l g a m e t o -
g e n e s i s i n g e n e r a l , a n d P M E R i n p a r t i c u l a r , m a y r e p r e s e n t a n 
a l t e r n a t i v e t y p e o f r e p r o d u c t i v e i n c o m p a t i b i l i t y p r o m o t i n g 
s p e c i a t i o n a m o n g h y b r i d i z i n g s p e c i e s [ 2 0 , 2 1 ] , T h e r e a r e 
n o t a b l e a n a l o g i e s b e t w e e n t h e e m e r g e n c e o f h y b r i d a s e x u a l i t y 
a n d c l a s s i c a l s p e c i a t i o n m o d e l s a s s u m i n g t h e a c c u m u l a t i o n 
o f p o s t z y g o t i c r e p r o d u c t i v e i n c o m p a t i b i l i t i e s . I n d e e d , t h e 
e m e r g e n c e o f b o t h h y b r i d a s e x u a l i t y a n d s t e r i l i t y e f f e c t i v e l y 
r e s t r i c t s i n t e r s p e c i f i c g e n e f l o w t h e r e b y p r o m o t i n g s p e c i a t i o n 
a n d s c a l e w i t h g e n o m i c d i v e r g e n c e b e t w e e n p a r e n t a l s p e c i e s . 
F u r t h e r m o r e , i n a s i m i l a r w a y t o h y b r i d s t e r i l i t y , a s e x u a l 
g a m e t o g e n e s i s a l s o a r i s e s a s y m m e t r i c a l l y w i t h r e s p e c t t o t h e 
s e x o f t h e h y b r i d s s o t h a t m o s t k n o w n a s e x u a l v e r t e b r a t e s 
e x h i b i t s t r o n g l y f e m a l e - b i a s e d s e x r a t i o s f o r w h i c h t h e y a r e 
s o m e t i m e s a l s o r e f e r r e d t o a s " a l l - f e m a l e " o r " u n i s e x u a l " 
[ 2 2 , 2 3 ] . 

U n f o r t u n a t e l y , t h e r e a r e o n l y a f e w s t u d i e s i n v e s t i g a t i n g 
f u n c t i o n a l d i f f e r e n c e s b e t w e e n m a l e a n d f e m a l e h y b r i d s 
i n t a x a w h e r e a s e x u a l i t y o c c u r s . A v a i l a b l e d a t a i n d i c a t e 
t h a t w h e n h y b r i d f e m a l e s a r e f e r t i l e a n d a s e x u a l ( o f t e n 
e m p l o y i n g P M E R ) , t h e i r h y b r i d b r o t h e r s a r e u s u a l l y s t e r i l e 
[ 1 1 , 2 1 , 2 4 ] , H o w e v e r , s o m e e x c e p t i o n s e x i s t , e . g . , i n 
h y b r i d o g e n e t i c t a x a l i k e Pelophylax [ 2 5 ] o r Squalius [ 2 6 ] . 
C r o s s i n g e x p e r i m e n t s w i t h i n s e v e r a l a s e x u a l c o m p l e x e s 
o f f i s h e s a n d r e p t i l e s f u r t h e r d e m o n s t r a t e t h a t a s y m m e t r y 
b e t w e e n f e m a l e h y b r i d a s e x u a l i t y a n d m a l e s t e r i l i t y i s d i r e c t l y 
l i n k e d t o t h e m e r g i n g o f p a r e n t a l g e n o m e s a n d a l r e a d y 
o c c u r s i n t h e F l h y b r i d g e n e r a t i o n [ 9 , 1 1 , 2 7 - 2 9 ] . Y o s h i k a w a 
et al. [ 3 0 ] f u r t h e r e x a m i n e d Misgurnus s p p . ( l o a c h e s ) , w h e r e 
h y b r i d f e m a l e s t y p i c a l l y r e p r o d u c e d c l o n a l l y w i t h P M E R a n d 
a r t i f i c i a l l y r e v e r t e d c l o n a l d i p l o i d f e m a l e p r o g e n i e s i n t o m a l e s . 
T h e y r e p o r t e d t h a t P M E R o c c u r r e d a l s o i n s p e r m a t o g o n i a 
o f t h e s e a r t i f i c i a l l y s e x - r e v e r t e d m a l e s f r o m f e m a l e s , w h i c h 
w a s s u r p r i s i n g s i n c e n a t u r a l Misgurnus m a l e h y b r i d s a r e 
s t e r i l e [ 1 1 ] . S u c h a f i n d i n g t h e r e f o r e i n d i c a t e s t h a t a s e x u a l 
g a m e t o g e n e s i s i s s o m e h o w l i n k e d t o o n e s e x ( f e m a l e s ) a n d 
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s e e m s t o d e p e n d o n g e n e t i c s e x d e t e r m i n a t i o n r a t h e r t h a n o n 
p h e n o t y p i c s e x . 

P M E R t h u s a p p e a r s t o b e a c r u c i a l c e l l u l a r d e v i a t i o n i n 
t h e e v o l u t i o n o f m a n y n a t u r a l h y b r i d a n d a l l o p o l y p l o i d l i n ­
e a g e s , m a k i n g i t i m p o r t a n t i n f u r t h e r i n g o u r u n d e r s t a n d i n g o f 
g e n e t i c a n d c e l l u l a r m e c h a n i s m s t h a t u n d e r l y i t s o c c u r r e n c e . 
U n f o r t u n a t e l y , h o w a n d w h y t h e h y b r i d g e r m c e l l s s w i t c h 
t h e i r d e v e l o p m e n t a l p a t h w a y t o w a r d P M E R a r e u n k n o w n . 
F o r i n s t a n c e , i t r e m a i n s u n c l e a r w h e t h e r P M E R r e s u l t s f r o m 
e n d o m i t o s i s , w h i c h i n v o l v e s m i t o t i c r e p l i c a t i o n o f c h r o m o ­
s o m e s w i t h o u t c e l l d i v i s i o n , o r e n d o r e d u p l i c a t i o n , i . e . , r e p l i ­
c a t i o n o f c h r o m o s o m e s w i t h o u t i n i t i a t i o n o f m i t o s i s . I t h a s 
b e e n s h o w n t h a t r e d c r u c i a n c a r p x c o m m o n c a r p [Caras-
sius auratus ( r e d v a r i e t y ) x Cyprinus carpio] h y b r i d s p r o d u c e 
t e t r a p l o i d o o g o n i a b y g e r m c e l l f u s i o n , r a t h e r t h a n b y m u l t i ­
p l i c a t i o n o f t h e i r c h r o m o s o m e s [ 3 1 ] . 

L o a c h e s o f t h e f a m i l y C o b i t i d a e ( C y p r i n i f o r m e s , T e l e o s t e i ) 
h a v e b e e n s h o w n t o b e a s u i t a b l e m o d e l o r g a n i s m t o 
u n d e r s t a n d t h e m e c h a n i s m s u n d e r l y i n g h y b r i d s t e r i l i t y a n d 
a s e x u a l i t y [ 1 0 , 1 7 , 2 0 , 3 0 , 3 2 ] , I n p a r t i c u l a r , t h e s o - c a l l e d 
Cobitis taenia h y b r i d c o m p l e x i s d i s t r i b u t e d i n E u r o p e a n d 
c o m p r i s e s s e x u a l s p e c i e s o f C . taenia ( T T ) a n d Cobitis 
elongatoides ( E E ) t h a t d i v e r g e d ~ 9 m i l l i o n y e a r s a g o [ 2 0 ] 
b u t a r e f r e q u e n t l y h y b r i d i z i n g , p r o d u c i n g s t e r i l e m a l e s a n d 
h y b r i d f e m a l e s , w h i c h r e p r o d u c e c l o n a l l y u s i n g P M E R [ 9 , 
2 8 ] . H y b r i d f e m a l e s a r e g y n o g e n e t i c , a n d h e n c e , s p e r m i s 
r e q u i r e d t o t r i g g e r t h e i r g a m e t e s ' d e v e l o p m e n t , b u t t h i s d o e s 
n o t g e n e r a l l y c o n t r i b u t e t o t h e p r o g e n y ' s g e n o m e , r e s u l t i n g 
i n t h e f o r m a t i o n o f c l o n a l p r o g e n y . M a t e r n a l s p e c i e s o f 
t h e m o s t k n o w n n a t u r a l c l o n e s i s C . taenia b u t r e c i p r o c a l 
h y b r i d i z a t i o n h a s a l s o b e e n d o c u m e n t e d [ 3 3 ] . N o n e t h e l e s s , i n 
r e c i p r o c a l c r o s s i n g , t h e r e a r e n o d i f f e r e n c e s i n t h e p h e n o t y p e 
o f h y b r i d o f f s p r i n g ; t h u s , t h e p r o g e n y o f C . elongatoides 
f e m a l e a n d C . taenia m a l e w i l l h a v e t h e s a m e m o r p h o l o g i c a l 
t r a i t s a n d s e x m o d e a s t h e p r o g e n y o f C . taenia f e m a l e 
a n d C . elongatoides m a l e . H y b r i d ' s o o c y t e s m a y s o m e t i m e s 
i n c o r p o r a t e t h e s p e r m ' s g e n o m e l e a d i n g t o a n e w g e n e r a t i o n 
o f t r i p l o i d p r o g e n y . T h e s e m a y b e e i t h e r s t e r i l e i n c a s e o f 
t r i p l o i d m a l e s o r f e r t i l e a n d g y n o g e n e t i c i n c a s e o f f e m a l e s 
w i t h a t r i p l o i d g e n o m e c o m p o s i t i o n ( F i g u r e 1 ) . A n a l o g o u s 
p r o c e s s o f s p e r m i n c o r p o r a t i o n m a y l e a d t o t h e f o r m a t i o n o f 
t e t r a p l o i d s , w h i c h a r e g e n e r a l l y i n v i a b l e a n d d o n o t d e v e l o p 
i n t o a d u l t s [ 1 9 ] , a l b e i t r a r e e x c e p t i o n s o f c l o n a l t e t r a p l o i d 
f e m a l e s h a v e b e e n f o u n d i n n a t u r e [ 1 8 ] . C o n s e q u e n t l y , n a t u r a l 
p o p u l a t i o n s o f s p i n e d l o a c h e s a r e g e n e r a l l y c o m p o s e d o f 
s e x u a l h o s t s p e c i e s ( o f t e n o c c u r r i n g i n a m i n o r i t y ) , d i p l o i d , 
a n d m a i n l y t r i p l o i d c l o n a l h y b r i d f e m a l e s [ 3 4 ] , 

I n t h i s s t u d y , w e i n v e s t i g a t e d w h e t h e r t h e i n i t i a t i o n o f 
P M E R i s a u t o n o m o u s l y r e g u l a t e d i n t h e h y b r i d ' s g e r m c e l l s 
o r w h e t h e r i t d e p e n d s o n e x t r i n s i c s t i m u l i f r o m s u r r o u n d i n g 
s o m a t i c c e l l s a n d t h e t i s s u e i n w h i c h t h e y o c c u r . W e a l s o t e s t e d 
w h e t h e r P M E R i s s t r i c t l y c o n f i n e d t o f e m a l e s e x d e t e r m i n a ­
t i o n , o r w h e t h e r t h e g e r m l i n e o r i g i n a t i n g f r o m m a l e s m a y 
a l s o u n d e r g o s u c h a p a t h w a y . T o d o s o , w e p e r f o r m e d t h e 
f o l l o w i n g s t u d y , t h e d e s i g n o f w h i c h i s d e p i c t e d i n F i g u r e 2 . 
W e t r a n s p l a n t e d t e s t i c u l a r c e l l s c o n t a i n i n g s p e r m a t o g o n i a ! 
s t e m c e l l s ( S S C s ) b e t w e e n s e x u a l l y r e p r o d u c i n g s p e c i e s a n d 
t h e i r a s e x u a l h y b r i d s f r o m t h e C . taenia h y b r i d c o m p l e x a n d 
i n v e s t i g a t e d t h e d e v e l o p m e n t o f s u c h c e l l s i n t h e h o s t ' s b o d y . 
S p e c i f i c a l l y , w e e x t r a c t e d S S C s f r o m C . elongatoides m a l e s 
( s e x u a l s p e c i e s ) a n d s t e r i l e a l l o t r i p l o i d m a l e s w i t h t h e C . 
elongatoides-taenia-taenia g e n o m i c c o n s t i t u t i o n ( s e e F i g u r e 1 
f o r a n e x p l a n a t i o n o f t h e h y b r i d o r i g i n s ) . T h e s e c e l l s w e r e 
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B E E 1 1 

Figure 1. Cobitis taenia ( T T ) a n d C. elongatoides ( E E ) h y b r i d i z a t i o n s c h e m e . ( A ) G a m e t o g e n e s i s i n E E , t r i p l o i d E T T f e m a l e a n d m a l e . R e d c o l o r r e p r e s e n t s 
c h r o m o s o m e s d e r i v e d f r o m p a r e n t a l s p e c i e s E E , b l u e t h o s e f r o m p a r e n t a l s p e c i e s T T I n h y b r i d f e m a l e s , t h e P M E R r e s u l t s i n d o u b l i n g o f c h r o m o s o m e s 
a n d p a i r i n g b e t w e e n i d e n t i c a l c o p y p r o d u c e s p r o p e r b i v a l e n t s w i t h c r o s s o v e r s . H o w e v e r , i n m a l e s , P M E R d o e s n o t o c c u r . T h e r e f o r e , c h r o m o s o m e s 
c a n n o t p r o p e r l y p a i r l e a d i n g t o b i v a l e n t s ( b i v ) , m u l t i v a l e n t s ( m u l ) , a n d u n i v a l e n t s ( u n i ) . P a r e n t a l s p e c i e s p r o d u c e h a p l o i d g a m e t e s , h y b r i d f e m a l e s p r o d u c e 
c l o n a l e g g s a n d m a l e s e i t h e r c a n n o t f i n i s h m e i o s i s p r o p e r l y o r f i n a l s p e r m a t o z o a a r e o f t e n a n e u p l o i d o r p o l y p l o i d w i t h d i s r u p t e d m o t i l i t y . ( B ) F 1 d i p l o i d 
h y b r i d s a r e p r o d u c e d b y n a t u r a l o r a r t i f i c i a l s p a w n i n g b e t w e e n T T ( 4 8 c h r o m o s o m e s ) a n d E E ( 5 0 c h r o m o s o m e s ) i n d i v i d u a l s . E T d i p l o i d h y b r i d m a l e s a r e 
s t e r i l e , w h e r e a s h y b r i d d i p l o i d f e m a l e s a r e f e r t i l e u s i n g g y n o g e n e s i s (gyn) a s r e p r o d u c t i v e m o d e a n d c a n e s t a b l i s h n a t u r a l p o p u l a t i o n s [ 1 8 ] . I n s o m e 
c a s e s , s p e r m f r o m p a r e n t a l s p e c i e s c a n f e r t i l i z e a n e g g g i v i n g r i s e t o t h e t r i p l o i d h y b r i d s E T T ( 7 3 c h r o m o s o m e s ) o r E E T ( 7 4 c h r o m o s o m e s ) d e p e n d i n g o n 
s p e r m d o n o r , w h e r e m a l e s a r e a g a i n s t e r i l e a n d f e m a l e s a r e g y n o g e n e t i c a l l y f e r t i l e . A g a i n , t r i p l o i d f e m a l e s a r e a b l e t o e s t a b l i s h s t a b l e o n l y f e m a l e 
p o p u l a t i o n . F e r t i l i z a t i o n o f t r i p l o i d e g g s i s a l s o p o s s i b l e b u t n a t u r a l o c c u r r e n c e o f E E E T ( 9 9 c h r o m o s o m e s ) , E E T T ( 9 8 c h r o m o s o m e s ) , a n d E T T T ( 9 7 
c h r o m o s o m e s ) i s v e r y r a r e a n d t e t r a p l o i d s a p p e a r u n a b l e t o r e p r o d u c e [ 1 9 ] . 

r e c i p r o c a l l y t r a n s p l a n t e d i n t o j u v e n i l e r e c i p i e n t s o f b o t h s e x e s 

t h a t w e r e s t e r i l i z e d b y o l i g o n u c l e o t i d e m o r p h o l i n o ( M O ) 

t r e a t m e n t p r i o r t o t r a n s p l a n t a t i o n . T h e r e f o r e , t w o g r o u p s 

o f f i s h w e r e o b t a i n e d : 1 ) t r i p l o i d r e c i p i e n t s o f g o n i a l c e l l s 

f r o m d i p l o i d d o n o r s ( h e r e a f t e r c a l l e d T r D d ) a n d 2 ) d i p l o i d 

r e c i p i e n t s o f g o n i a l c e l l s f r o m t r i p l o i d d o n o r s ( h e r e a f t e r c a l l e d 

D r T d ) . R e c i p i e n t s w e r e k e p t u n t i l a d u l t h o o d a n d a l l o w e d t o 

s p a w n i n o r d e r t o i n v e s t i g a t e t h e i r f e r t i l i t y a n d i n h e r i t a n c e 
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1 ) D e s i g n o f t r a n s p l a n t a t i o n 

D r T d g r o u p T r D d g r o u p 

EC Q + E E G f ETT 9 
ETT 0 ^ " 

MO-r/ i i r f 

Successful transplantation Successful transplantation 

2 ) C r o s s i n g o f c h i m e r i c i n d i v i d u a l s 

D r T d g r o u p T r D d g r o u p 

EE ^ /J(J*Mran5plantation + E E control ETT Qpt/xi transplantation + E E control C f 

E or ETT 

I I ľ I I I I 

Unsuccessful transplantation * Successful transplantation Unsuccessful transplantation* SuccessfuI transplantation 

Ffsh after transplantation 
and spawning 

O ffspri ng of cli i mc ra s 

3 ) C o n f i r m a t i o n o f s u c c e s s f u l t r a n s p l a n t a t i o n 

Pachytene sind dipJotenc chromosome analysis + histology 

M i c rasa tell i t«s of species specific Inci 

•• Flow cytometry (offspring must he different 
ploidy than parental mother} 

Figure 2. The experimental design. (1) The design of reciprocal transplantation between two groups: diploid recipient and triploid donor (DrTd) and 
triploid recipient and diploid donor (TrDd). In the DrTd group, parental species of C. elongatoides (EE—red color) were spawned and their early embryos 
(2-cell stage) were injected with MO against the dnd gene to terminate development of parental gonads. Transplantation was undertaken using the 
germ stem cells from adult allotriploid male C. elongatoides-taenia-taenia (ETT—blue color). In the second group TrDd, eggs of ETT females were 
activated with goldfish (C. auratus) (sperm symbol). Embryos were treated with anti-rinri MO and later transplanted with germ cells from adult EE 
males. (2) Two years after transplantation, experimental fish from both groups were spawned with the EE males. In the DrTd group, EE fish after 
successful transplantation should produce triploid ETT eggs where two scenarios can occur: either eggs are activated only (gynogenesis) producing ETT 
offspring or sperm can be incorporated into the eggs thus producing EETT. In the TrDd group, successfully transplanted ETT fish should produce haploid 
E gamete that must be fertilized with sperm and produce parental species EE. *ln the case of unsuccessful MO treatment and transplantation, fish 
would produce their natural biotype, i.e., haploid eggs in the case of parental species and triploid eggs in case of hybrids. (3) Confirmation of successful 
transplantation. Offspring of chimeric fish from the DrTd group carried the C. taenia microsatellite loci in the case of successful transplantation. On the 
other hand, C. taenia loci were absent in offspring from the TrDd group. 
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Figure 3. R e s u l t s o f h i s t o l o g y a n a l y s i s a f t e r MO-dnd t r e a t m e n t d e s i g n e d f o r C. taenia i n C. elongatoides. A 1 s h o w s t h e w h o l e - b o d y h i s t o l o g y o f a s t e r i l e 
f e m a l e a f t e r M O t r e a t m e n t . A 2 i s a m a g n i f i c a t i o n o f t h e o v a r i a n c a v i t y ( O C ) . B 1 s h o w s t h e w h o l e b o d y h i s t o l o g y o f a s t e r i l e m a l e a f t e r M O t r e a t m e n t . 
B 2 b l a c k a r r o w h e a d s h o w s e n l a r g e d f r a g m e n t f r o m B 1 o f t h e s p e r m d u c t ( S D ) , i . e . , t h e c o n n e c t i o n b e t w e e n e a c h t e s t i s t o a u r o g e n i t a l o p e n i n g , t h e 
t e s t e s t h e m s e l v e s a r e n o t p r e s e n t . C 1 a n d C 2 s h o w f e r t i l e f e m a l e s w i t h v i t e l l o g e n i c e g g s ( b l a c k a s t e r i s k s ) , w h e r e a s D 1 a n d D 2 s h o w f e r t i l e m a l e s w i t h 
g a m e t e s ( w h i t e a s t e r i s k s ) . 

p a t t e r n s i n t h e i r p r o g e n y . A f t e r s p a w n i n g , t h e r e c i p i e n t s ' 
g o n a d s w e r e i n v e s t i g a t e d u s i n g c y t o g e n e t i c m e t h o d s t o c h e c k 
f o r m e i o t i c p a t t e r n s a n d p o t e n t i a l p r e s e n c e o f P M E R . 

Results 
T r a n s p l a n t a t i o n e f f i c i e n c y 
W e c o l l e c t e d 3 1 r e p r e s e n t a t i v e f i s h o f b o t h e x p e r i m e n t a l 
g r o u p s f o r f u r t h e r e x a m i n a t i o n s , w h i c h i n c l u d e d e x p e r i m e n ­
t a l c r o s s i n g , h i s t o l o g y , a n d c y t o g e n e t i c a n a l y s i s o f m e i o t i c 
c h r o m o s o m e s . I n t o t a l , w e e x a m i n e d 2 3 f i s h o f t h e D r T d 
g r o u p ( 1 2 f e m a l e s a n d 1 1 m a l e s ) a n d e i g h t f i s h o f t h e T r D d 
g r o u p ( o n l y f e m a l e s ) . A m o n g t h e s e , w e o b s e r v e d t h a t f o u r 
o u t o f 1 2 D r T d f e m a l e s w e r e n o t s t e r i l i z e d c o m p l e t e l y d u e t o 
M O f a i l u r e , s i x w e r e s t e r i l i z e d b u t w i t h o u t s u c c e s s f u l t r a n s ­
p l a n t a t i o n ( F i g u r e 3 ) a n d t w o a p p e a r e d a s g e r m l i n e c h i m e r a s 
a f t e r s u c c e s s f u l s t e r i l i z a t i o n a n d t r a n s p l a n t a t i o n . S i m i l a r l y , 
s t e r i l i z a t i o n f a i l e d i n f o u r o u t o f 1 1 D r T d m a l e s . I n f i v e w e 
o b s e r v e d s t e r i l i z a t i o n w i t h o u t t r a n s p l a n t a t i o n s ( F i g u r e 3 ) a n d 
t w o a p p e a r e d a s s u c c e s s f u l c h i m e r a s . I n t h e T r D d g r o u p , s i x 
h y b r i d f e m a l e s w e r e s u c c e s s f u l l y s t e r i l i z e d a n d t r a n s p l a n t e d 
( T a b l e 1 ) , w h e r e a s t w o w e r e s u c c e s s f u l l y s t e r i l i z e d b u t w i t h 
n o s u c c e s s i n t r a n s p l a n t a t i o n . 

G e n e t i c p r o f i l i n g o f e x p e r i m e n t a l f i s h a n d t h e i r 
o f f s p r i n g b a s e d o n m i c r o s a t e l l i t e m a r k e r s 
G e n e t i c p r o f i l i n g o f f i s h w a s p e r f o r m e d b y a n a l y s e s o f s e l e c t e d 
s p e c i e s s p e c i f i c ( C . elongatoides v s . C . taenia) m i c r o s a t e l l i t e 
l o c i . S i n c e w e u s e d t w o t y p e s o f f i s h , d i p l o i d C . elonga­
toides a n d t r i p l o i d C . elongatoides-taenia-taenia, t h e s u c c e s s 
o f t r a n s p l a n t a t i o n w a s i n d i c a t e d b y t h e p r e s e n c e o f C . taenia 
s p e c i f i c l o c i i n t h e j u v e n i l e s o f t h e D r T d g r o u p a n a l y z e d 
( w h e r e p a r e n t a l s p e c i e s C . elongatoides p r o d u c e j u v e n i l e s w i t h 

C . taenia l o c i ) o r b y i t s a b s e n c e i n j u v e n i l e s o f T r D d ( w h e r e 
h y b r i d s C . elongatoides-taenia-taenia p r o d u c e j u v e n i l e s w i t h ­
o u t C . taenia l o c i ) . A l t o g e t h e r , f r o m 1 0 p o t e n t i a l c h i m e r i c 
f e m a l e s ( s i x C . elongatoides a n d f o u r C . elongatoides-taenia-
taenia), w e o b t a i n e d 1 3 6 j u v e n i l e i n d i v i d u a l s f o r a n a l y s i s . 
S u c c e s s f u l t r a n s p l a n t a t i o n w a s c o n f i r m e d i n t w o o u t o f s i x 
d i p l o i d C . elongatoides f e m a l e s o f t h e D r T d g r o u p , w h i c h 
a l t o g e t h e r p r o d u c e d 2 3 j u v e n i l e s w i t h a f o r e i g n a l l e l i c p r o ­
f i l e c o r r e s p o n d i n g t o t h e d o n o r ' s g e n o t y p e ( E T T ) . M o r e o v e r , 
i n s i x o u t t h e s e 2 3 j u v e n i l e s , w e o b s e r v e d i n c o r p o r a t i o n 
o f p a t e r n a l C . elongatoides s p e r m , l e a d i n g t o a n i n c r e a s e d 
p l o i d y l e v e l o f p r o g e n y ( E E T T ) . T h i s c o n f i r m s t h e i r s u c c e s s ­
f u l t r a n s p l a n t a t i o n a n d d e m o n s t r a t e s t h a t s u c h t r a n s p l a n t e d 
o o g o n i a m a i n t a i n t h e i r a b i l i t y t o p r o d u c e c l o n a l p r o g e n i e s . I n 
t h e r e m a i n i n g f o u r C . elongatoides, t r a n s p l a n t a t i o n w a s n o t 
s u c c e s s f u l . I n a r e c i p r o c a l e x p e r i m e n t , f o u r C . elongatoides-
taenia-taenia f e m a l e s f r o m t h e T r D d g r o u p y i e l d e d 4 7 j u v e ­
n i l e s , w h o s e g e n o t y p e c o r r e s p o n d e d t o o n e h a p l o i d s e t o f t h e i r 
C . elongatoides d o n o r a n d a s e c o n d h a p l o i d s e t o f t h e C . 
elongatoides f a t h e r . T h i s i n d i c a t e d s u c c e s s f u l t r a n s p l a n t a t i o n 
i n t h e T r D d g r o u p a n d s u g g e s t e d t h a t C . elongatoides g e r m 
c e l l s t r a n s p l a n t e d i n t o E T T f e m a l e s c o n s e r v e d t h e a b i l i t y t o 
p r o p e r l y d i v i d e i n t o a p p a r e n t l y n o r m a l E E - t y p e g a m e t e s . 

H i s t o l o g y 
H i s t o l o g i c a l a n a l y s i s o f g e r m l i n e c h i m e r a s w a s m o s t l y 
d i r e c t e d t o t h e m a l e s b e c a u s e h y b r i d m a l e s t e r i l i t y i n C . 
elongatodies x C . taenia i s r e p r e s e n t e d b y m e i o t i c a r r e s t 
l e a d i n g t o a n a b e r r a n t g e r m c e l l p o p u l a t i o n , l a c k i n g f u n c t i o n a l 
s p e r m a t o z o a . T h e r e f o r e , i t w a s p o s s i b l e t o o b t a i n s u p p o r t i n g 
e v i d e n c e o f s u c c e s s f u l t r a n s p l a n t a t i o n i n d i p l o i d m a l e s 
( F i g u r e 4 A ) w h e n c o m p a r e d w i t h g o n a d a l t i s s u e f r o m d i p l o i d 
( F i g u r e 4 B ) a n d t r i p l o i d c o n t r o l s ( F i g u r e 4 C ) . T h e D r T d m a l e s 
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Table 1. S u m m a r y o f t h e c h i m e r i c e x p e r i m e n t . D r T d g r o u p , d i p l o i d r e c i p i e n t , t r i p l o i d d o n o r ; T r D d g r o u p , t r i p l o i d r e c i p i e n t , d i p l o i d d o n o r ; B i o t y p e E E , 
p a r e n t a l s p e c i e s d i p l o i d C. elongatodies; E T T , t r i p l o i d h y b r i d o f C. elongatodies-taenia-taenia. G e n e t i c p r o f i l i n g i s b a s e d o n m i c r o s a t e l l i t e l o c i f r o m 
c h i m e r i c o f f s p r i n g w h e r e t h e f i r s t n u m b e r r e p r e s e n t s e m b r y o s d e r i v e d f r o m t h e r e c i p i e n t g e r m l i n e a n d t h e s e c o n d n u m b e r f r o m t h e d o n o r g e r m l i n e 
( i . e . , s u c c e s s f u l t r a n s p l a n t a t i o n ) . N o t e t h a t t h e t e r m " o r d i n a r y " i n t h e h i s t o l o g y a n a l y s i s c o l u m n s t a n d s f o r n o d i f f e r e n c e f r o m t h e c o n t r o l g r o u p s . W e 
s h o w o n l y s u c c e s s f u l c h i m e r i c f i s h 

Sex of recipient Biotype of recipient Biotype of donor Genetic profiling of 
offspring (donor 
derived/recipient dervied) 

Pachytene analysis Histology analysis 

DrTd group 
F EE ETT ETT 16 and E E 0 73 bivalents Ordinary gonad with eggs 
F EE ETT E T T 7 and EE 0 Not done NA 
M EE ETT No success in spawning Bivalents with Reduced number of germ 

univalents cells: no spermatozoa 
M EE ETT No success in spawning Bivalents and Reduced number of germ 

univalents cells: no spermatozoa 
TrDd group 
F ETT EE No success in spawning 25 bivalents Ordinary gonad with eggs 
F ETT EE EE 8 and 0 E T T 25 bivalents ordinary gonad with eggs 
F ETT EE EE 7 and 0 E T T 25 bivalents ordinary gonad with eggs 
F ETT EE EE 17 and 0 E T T Not done NA 
F ETT EE EE 15 and 0 E T T Not done Ordinary gonad with eggs 
F ETT EE No success in spawning 25 bivalents NA 

a n d t r i p l o i d c o n t r o l m a l e s c o n t a i n e d g e r m c e l l s i n p r e m e i o t i c 
s t a g e s a n d a s m a l l n u m b e r o f p o s t m e i o t i c a b n o r m a l c e l l s , 
w h e r e a s d i p l o i d c o n t r o l s c o n t a i n e d m a i n l y s p e r m a t o z o a . 
H o w e v e r , h i s t o l o g y i t s e l f w a s n o t u s e d a s a n i n d i c a t o r o f 
s u c c e s s f u l t r a n s p l a n t a t i o n . 

M e i o s i s a n a l y s i s o f c h i m e r i c f i s h 
T o i n v e s t i g a t e t h e p a r t i c u l a r g a m e t o g e n i c m e c h a n i s m s 
a d o p t e d b y t h e f i s h a n d t h e i r g a m e t e s , w e a n a l y z e d 6 7 
p a c h y t e n e s p r e a d s o b t a i n e d f r o m t w o C. elongatoides s p e r m 
l a c k i n g m a l e s i n t h e D r T d g r o u p . W e o b s e r v e d a b n o r m a l 
p a i r i n g w i t h s e v e r a l b i v a l e n t s a n d u n i v a l e n t s ( F i g u r e 4 D ) 
a n d c o m p a r e d t h e s e w i t h c o n t r o l s f r o m 2 n a n d F l 3 n 
m a l e s ( F i g u r e 4 E a n d F , r e s p e c t i v e l y ) . W e d i d n o t o b s e r v e 
a n y c e l l s w i t h d u p l i c a t e d g e n o m e s . W e a d d i t i o n a l l y c h e c k e d 
a n o t h e r s i x m a l e s f r o m t h e s a m e g r o u p ; h o w e v e r , w e d i d 
o b s e r v e c e l l s w i t h 2 5 b i v a l e n t s d u r i n g p a c h y t e n e , s u g g e s t i n g 
n o s u c c e s s i n t r a n s p l a n t a t i o n . I n f e m a l e s f r o m t h e D r T d 
g r o u p , w e d i d o b s e r v e o o c y t e s n o t o n l y w i t h i m p r o p e r 
p a i r i n g ( F i g u r e 4 G ) b u t a l s o w i t h d u p l i c a t e d g e n o m e s a s 7 3 
b i v a l e n t s i n d i c a t i n g t h e o c c u r r e n c e o f P M E R i n c h i m e r i c f i s h 
d u r i n g g a m e t o g e n e s i s ( F i g u r e 4 H ) . F i g u r e 4 1 s h o w s p a c h y t e n e 
c h r o m o s o m e s f r o m t h e 2 n f e m a l e c o n t r o l s . W e d i d n o t f i n d 
m i s p a i r e d c h r o m o s o m e s i n c e l l s t h a t u n d e r w e n t P M E R . 
F r o m f o u r c h i m e r i c t r i p l o i d f e m a l e s i n t h e D d T r g r o u p , 
w e s u c c e s s f u l l y o b s e r v e d d i p l o t e n e c h r o m o s o m e s w i t h 2 5 
b i v a l e n t s ( F i g u r e 4 J ) , a n d f o r o n e f e m a l e , w e a d d i t i o n a l l y 
m a n a g e d t o o b t a i n c h r o m o s o m e s d u r i n g b o t h t h e p a c h y t e n e 
a n d d i p l o t e n e ( 4 K ) s t a g e s . I n t o t a l , w e e x a m i n e d 6 1 o o c y t e s 
t h a t i n c l u d e d 2 5 b i v a l e n t s o f C. elongatoides. T h i s s u g g e s t s 
s u c c e s s f u l t r a n s p l a n t a t i o n f o l l o w e d b y t h e n o r m a l f o r m a t i o n 
o f h a p l o i d g a m e t e s o f C. elongatoides. T r i p l o i d c o n t r o l f i s h 
c a n b e s e e n i n F i g u r e 4 L w i t h 7 3 b i v a l e n t s . 

Discussion 
A l t h o u g h a s e x u a l o r g a n i s m s a r e i m p o r t a n t m o d e l s f o r m a n y 
b i o l o g i c a l d i s c i p l i n e s , t h e m e c h a n i s m s t r i g g e r i n g c l o n a l r e p r o ­
d u c t i o n o f g a m e t e s r e m a i n g e n e r a l l y u n c l e a r . T o t e s t w h e t h e r 

s t i m u l i f o r a s e x u a l d e v e l o p m e n t a r e i n t r i n s i c t o d i f f e r e n t i ­
a t i n g g e r m c e l l s o r d e p e n d o n t h e i r g o n a d a l e n v i r o n m e n t , 
w e p e r f o r m e d r e c i p r o c a l t r a n s p l a n t a t i o n o f s p e r m a t o g o n i a ! 
c e l l s b e t w e e n t r i p l o i d h y b r i d s ( C . elongatoides-taenia-taenia) 
a n d o n e o f t h e i r p a r e n t a l s e x u a l s p e c i e s ( C . elongatoides). 
T o s t e r i l i z e t h e r e c i p i e n t s ' g o n a d s , w e u s e d M O a n t i s e n s e 
R N A , w h i c h i s a r o u t i n e l y a p p l i e d p r o c e d u r e i n m a n y c e l l 
t r a n s p l a n t a t i o n e x p e r i m e n t s . T h i s w a s q u i t e c h a l l e n g i n g w h e n 
u s e d i n h y b r i d s a n d a l l o p o l y p l o i d s b e c a u s e o f t h e n e e d t o s u c ­
c e s s f u l l y t a r g e t a l l g e n e c o p i e s c o m i n g f r o m d i v e r g e d p a r e n t a l 
s u b g e n o m e s i n a h y b r i d [ 3 6 ] . N e v e r t h e l e s s , a l t h o u g h Cobitis 
h y b r i d s c o m b i n e g e n o m e s t h a t d i v e r g e d a s l o n g a s ~ 9 M y a 
[ 2 0 ] , w e a c h i e v e d a r e a s o n a b l e r a t e o f s u c c e s s f u l s t e r i l i z a t i o n 
r a n g i n g b e t w e e n 6 5 a n d 1 0 0 % , w h i c h i s c o m p a r a b l e t o o t h e r 
s t u d i e s [ 3 7 , 3 8 ] a n d i n d i c a t e d t h a t o u r M O d e s i g n b a s e d o n 
o n e p a r e n t a l g e n o m e i s s u f f i c i e n t t o t a r g e t s a l l o r t h o l o g o u s 
a l l e l e s i n s u c h s i t u a t i o n s . 

A f t e r t h e i r s u c c e s s f u l t r a n s p l a n t a t i o n , w e r e c o g n i z e d t h a t 
m a l e g e r m s t e m c e l l s f r o m m a l e d o n o r s , e i t h e r C. elongatoides 
o r t h e t r i p l o i d h y b r i d , t r a n s d i f f e r e n t i a t e d i n t o o o g o n i a w h e n 
t r a n s p l a n t e d i n t o f e m a l e r e c i p i e n t s . T h i s d e m o n s t r a t e d t h a t 
b o t h t y p e s o f m a l e g e r m s t e m c e l l s w e r e s e n s i t i v e t o t h e 
g o n a d a l e n v i r o n m e n t a n d t h e i r s e x u a l d i f f e r e n t i a t i o n i s l a r g e l y 
d r i v e n b y t h e r e c i p i e n t ' s b o d y . T h i s o b s e r v a t i o n i s c o n s i s t e n t 
w i t h a h y p o t h e s i s t h a t f i s h g e r m s t e m c e l l s a r e s e x u a l l y p l a s t i c 
( s o - c a l l e d s e x u a l l y b i p o t e n t ) a n d a f t e r t r a n s p l a n t a t i o n , t h e y 
m a y t r a n s d i f f e r e n t i a t e i n t o b o t h o o c y t e s a n d s p e r m a t o g o n i a , 
r e s p e c t i v e l y , d e p e n d i n g o n t h e p a r t i c u l a r g o n a d a l e n v i r o n m e n t 
t h e y o c c u r i n [ 3 9 - 4 2 ] , B y c o n t r a s t , w e f o u n d n o e f f e c t o f t h e 
r e c i p i e n t ' s g o n a d a l e n v i r o n m e n t o n t h e a b i l i t y o r i n a b i l i t y o f 
t r a n s p l a n t e d g e r m c e l l s t o u n d e r g o c l o n a l d e v e l o p m e n t . I n p a r ­
t i c u l a r , C. elongatoides m a l e s t e m g e r m c e l l s t r a n s p l a n t e d i n t o 
E T T f e m a l e r e c i p i e n t s c o n s i s t e n t l y d e v e l o p e d i n t o r e d u c e d 
o o c y t e s t h a t g a v e r i s e t o r e c o m b i n i n g p u r e - b r e d p r o g e n y , 
w h e r e a s t r i p l o i d m a l e s t e m g e r m c e l l s d e m o n s t r a t e d t h e a b i l i t y 
o f P M E R w h e n t r a n s p l a n t e d i n t o C. elongatoides f e m a l e s 
a n d p r o d u c e d p u r e l y c l o n a l p r o g e n y , o r t e t r a p l o i d p r o g e n y 
w i t h c l o n a l l y t r a n s m i t t e d m a t e r n a l g e n o m e a n d i n c o r p o r a t e d 
s p e r m . T h i s s u g g e s t s t h a t a b i l i t y t o u n d e r g o P M E R i s i n h e r e n t 
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Clonal gametogenesis is triggered by intrinsic stimuli 
in the hybrid's germ cells but is dependent on sex differentiation 

T. Tichopad e t a I. 7 

DrTd group: males 

D r T d g r o u p : f e m a J e s 

TrDd group: females 

Figure 4. R e s u l t s o f h i s t o l o g y a n d p a c h y t e n e a n a l y s i s f r o m a d i p l o i d r e c i p i e n t w i t h a t r i p l o i d d o n o r ( D r T d , f i g u r e s A - l ) , a n d a t r i p l o i d r e c i p i e n t w i t h a 
d i p l o i d d o n o r ( T r D d , f i g u r e s J - L ) . A - C s h o w s c o m p a r i s o n s o f h i s t o l o g y o f d i p l o i d c h i m e r i c f i s h ( A ) w i t h a d i p l o i d c o n t r o l ( B ) a n d a t r i p l o i d c o n t r o l ( C ) . 
D i p l o i d c h i m e r i c m a l e ( D ) h a d a n i m p r o p e r p a i r i n g d u r i n g t h e p a c h y t e n e s t a g e l e a d i n g t o m a n y u n i v a l e n t s , w h e r e a s t h e d i p l o i d c o n t r o l ( E ) s h o w s 2 5 
b i v a l e n t s i n p r o p e r p a i r i n g . T h e t r i p l o i d m a l e c o n t r o l ( F ) a l s o h a d i m p r o p e r p a i r i n g , w h i c h i s l i k e t h e d i p l o i d c h i m e r i c f i s h . P a c h y t e n e a n a l y s i s o f t h e f e m a l e 
i n t h e D r T d g r o u p s h o w s a p h e n o m e n o n t y p i c a l o f t r i p l o i d f e m a l e s d e s c r i b e d b y D e d u k h e t a l . [ 9 , 3 5 ] , i . e . , e i t h e r i m p r o p e r p a i r i n g ( G ) o r p r o p e r l y p a i r e d 
7 3 b i v a l e n t s a s r e s u l t o f P M E R ( H ) . T h e d i p l o i d f e m a l e c o n t r o l ( I ) s h o w s 2 5 b i v a l e n t s . ( J ) a n d ( K ) s h o w t h e p a c h y t e n e a n d d i p l o t e n e c h r o m o s o m e a n a l y s i s 
w i t h 2 5 b i v a l e n t s , r e s p e c t i v e l y , i n t r i p l o i d f i s h f r o m t h e T r D d g r o u p , w h i l e t r i p l o i d c o n t r o l f i s h p o s s e s s 7 3 b i v a l e n t s ( L ) . S C s w e r e i m m u n o l a b e l e d w i t h 
a n t i b o d i e s a g a i n s t S Y C P 3 p r o t e i n ( g r e e n ) a n d S Y C P 1 p r o t e i n ( r e d ) ; c h r o m o s o m e s a r e s t a i n e d w i t h D A P I ( b l u e ) . S y n a p s e d c h r o m o s o m e s s h o w b o t h 
S Y C P 3 a n d S Y C P 1 ( l o c a l i z a t i o n i n d i c a t e d b y w h i t e a r r o w s ) , w h e r e a s a s y n a p s e d c h r o m o s o m e s e x h i b i t o n l y S Y C P 3 s t a i n i n g ( w h i t e a r r o w h e a d s ) . I n 
m i c r o p h o t o g r a p h ( K ) , d i p l o t e n e c h r o m o s o m e s a r e s t a i n e d w i t h D A P I ( c y a n ) . 

t o t h e h y b r i d c o n s t i t u t i o n o f t h e a s e x u a l g o n i a l c e l l s r a t h e r 
t h a n b e i n g a f f e c t e d b y t h e i r g o n a d a l e n v i r o n m e n t . 

O u r d a t a a l s o p r o v i d e d i n t e r e s t i n g i n s i g h t i n t o a s y m m e t r i ­
c a l r e p r o d u c t i o n p a t t e r n s o f h y b r i d s w i t h r e s p e c t t o s e x , s i n c e 
t h e h y b r i d s ' s p e r m a t o g o n i a t r a n s p l a n t e d i n t o C . elongatoides 
m a l e s a p p a r e n t l y d i d n ' t e x p r e s s t h e a b i l i t y o f P M E R a n d 
a r r e s t e d t h e i r d e v e l o p m e n t i n m e t a p h a s e I d u e t o a b n o r m a l 
p a i r i n g o f o r t h o l o g o u s c h r o m o s o m e s . T h i s r e s u l t i s i n e x a c t 
a g r e e m e n t w i t h p r e v i o u s a n a l y s e s o f n a t u r a l a n d e x p e r i m e n t a l 

E T a n d E T T h y b r i d s [ 9 , 3 5 ] , w h i c h r e p o r t e d t h a t P M E R i s 
c o n f i n e d t o h y b r i d f e m a l e s a n d o c c u r s a l r e a d y i n t h e F l g e n e r ­
a t i o n , w h e r e a s a l l h y b r i d m a l e s a r e s t e r i l e w i t h s p e r m a t o g o n i a 
a r r e s t e d a t m e t a p h a s e I [ 9 , 2 8 , 3 2 , 4 3 ] . H o w a n d w h y s h o u l d 
t h e s e x a f f e c t t h e i n i t i a t i o n o f P M E R r e m a i n s u n c l e a r , h o w ­
e v e r . O u r d a t a d e m o n s t r a t e d t h a t g o n i a l c e l l s o r i g i n a t i n g f r o m 
m a l e - d e t e r m i n e d j u v e n i l e s a r e a b l e t o u n d e r g o P M E R a n d 
d e v e l o p i n t o c l o n a l p r o g e n y w h e n t r a n s p l a n t e d i n t o t h e o v a r y 
w h e r e t h e y t r a n s d i f f e r e n t i a t e i n t o o o g o n i a . T h i s i m p l i e s t h a t 

- 3 7 -



8 

i n Cobitis h y b r i d s , t h e a b i l i t y o f P M E R r e f l e c t s t h e p h e n o t y p i c 
s e x o f g o n a d s a n d d o e s n o t n e c e s s a r i l y d e p e n d o n g e n e t i c s e x 
d e t e r m i n a t i o n . B y c o n t r a s t , i n v e s t i g a t i o n o f h y b r i d s f r o m t h e 
r e l a t e d g e n u s Misgurnus, Y o s h i k a w a e t a l . [ 3 0 , 4 4 ] d e m o n ­
s t r a t e d t h a t f e m a l e h y b r i d s t h a t w e r e s e x - r e v e r s e d i n t o m a l e s 
m a i n t a i n e d t h e a b i l i t y t o p r o d u c e u n r e d u c e d f e r t i l e s p e r m v i a 
P M E R , w h e r e a s n a t u r a l h y b r i d m a l e s r e m a i n e d s t e r i l e [ 1 1 ] . 
T h i s w o u l d s u g g e s t t h a t t h e c e l l ' s c a p a b i l i t y o f P M E R m a y 
d e p e n d o n g e n e t i c s e x d e t e r m i n a t i o n e v e n w h e n d e v e l o p i n g 
i n t o m a l e p h e n o t y p e s . 

T h e a p p a r e n t d i s c r e p a n c y b e t w e e n o u r a n d Y o s h i k a w a e t a l . 
s t u d y [ 3 0 ] m a y b e d u e t o s e v e r a l r e a s o n s . F i r s t , a s e x u a l h y b r i d s 
i n b o t h g e n e r a e v o l v e d i n d e p e n d e n t l y f r o m d i f f e r e n t p a r e n t a l 
s p e c i e s a n d h e n c e t h e p a r t i c u l a r t y p e o f c e l l d e r e g u l a t i o n 
l e a d i n g t o P M E R m a y b e d i f f e r e n t . S e c o n d , t h e r e a r e t o d a t e 
n o r o b u s t d a t a o n g e n e t i c s e x d e t e r m i n a t i o n i n C o b i t i d a e , 
a l b e i t m a l e h e t e r o g a m y ( X 1 X 2 Y a n d X 0 , r e s p e c t i v e l y ) h a s 
b e e n i n d i c a t e d i n t w o s p e c i e s o f t h e f a m i l y [ 4 5 , 4 6 ] . H e n c e , t h e 
t y p e o f s e x d e t e r m i n a t i o n m a y v a r y b e t w e e n b o t h Cobitis a n d 
Misgurnus g e n e r a . F i n a l l y , Y o s h i k a w a e t a l . [ 3 0 ] i n v e s t i g a t e d 
t h e d e v e l o p m e n t o f f e m a l e - o r i g i n a t e d g o n i a l c e l l s i n p h e n o ­
t y p i c m a l e s , w h e r e a s w e e x p l o r e d t h e f a t e o f m a l e - o r i g i n a t e d 
g o n i a l c e l l s t r a n s p l a n t e d i n t o r e c i p i e n t s o f b o t h s e x e s . I t i s t h u s 
t h e o r e t i c a l l y p o s s i b l e t h a t h y b r i d p r i m o r d i a l g e r m c e l l s g e n e t i ­
c a l l y d e t e r m i n e d a s f e m a l e s m a i n t a i n t h e i r c a p a b i l i t y o f P M E R 
e v e n w h e n t u r n e d i n t o s p e r m a t o g o n i a ( a s i n Y o s h i k a w a e t a l . 
[ 3 0 ] ) , w h e r e a s p r i m o r d i a l g e r m c e l l s g e n e t i c a l l y d e t e r m i n e d 
a s m a l e s g a i n s u c h a c a p a b i l i t y o n l y w h e n t u r n e d i n t o f e m a l e 
p h e n o t y p e s a n d p r o d u c e s t e r i l e g a m e t e s w h e n m a i n t a i n i n g 
t h e i r o r i g i n a l s e x ( a s i n p r e s e n t s t u d y ) . 

E i t h e r w a y , o u r f i n d i n g s , t o g e t h e r w i t h p r e v i o u s l y g a t h e r e d 
i n f o r m a t i o n a b o u t g e r m c e l l d e v e l o p m e n t i n f i s h e s , a n d i n 
C o b i t i d a e i n p a r t i c u l a r , l e a d u s t o p r o p o s e t h e f o l l o w i n g 
h y p o t h e s i s r e l a t e d t o t h e t r i g g e r i n g o f a s e x u a l i t y : t h e c a p a ­
b i l i t y o f c l o n a l g a m e t o g e n e s i s ( a t l e a s t t h e o n e b a s e d o n 
P M E R ) i s r a t h e r i n d e p e n d e n t o f t h e g o n a d a l e n v i r o n m e n t a n d 
a p p e a r s t r i g g e r e d b y i n t r i n s i c s t i m u l i w i t h i n a s e x u a l g o n i a l 
c e l l s , w h i c h i s c a u s a l l y l i n k e d t o t h e h y b r i d c o n s t i t u t i o n o f 
t h e i r g e n o m e s . N o n e t h e l e s s , t h e v e r y e x e c u t i o n o f P M E R 
a p p e a r s t o b e p r i m a r i l y b o u n d t o a n o o g o n i a l d e v e l o p m e n t a l 
p a t h w a y . I t i s a t t h i s l e v e l w h e n t h e g o n a d a l e n v i r o n m e n t 
a f f e c t s d e v e l o p m e n t a n d a s e x u a l i t y , s i n c e p r i m o r d i a l g e r m 
c e l l s a r e s e x u a l l y b i p o t e n t a n d t h e i r d i f f e r e n t i a t i o n i n t o o o g o -
n i a i s d e c i s i v e l y a f f e c t e d b y t h e e n v i r o n m e n t i n w h i c h t h e y 
o c c u r . O n c e t h e d e v e l o p m e n t a l p a t h w a y i n t o m a l e o r f e m a l e 
g e r m l i n e s i s d e c i d e d , t h e h y b r i d ' s g o n i a l c e l l s d e v e l o p i n t o 
s t e r i l e s p e r m a t o c y t e s , w h e r e a s t h e t e s t e s o r f e r t i l e o o c y t e s 
a r e c a p a b l e o f P M E R w h i l e i n t h e o v a r y . T h i s h y p o t h e s i s 
i m p l i e s t w o s e t s o f c r u c i a l q u e s t i o n s f o r f u t u r e r e s e a r c h i n 
a s e x u a l o r g a n i s m s : ( 1 ) h o w d o e s t h e h y b r i d i z a t i o n p e r s e 
t r i g g e r P M E R ? a n d ( 2 ) w h y i s i t u s u a l l y l i n k e d t o o n e s e x i n 
h y b r i d s ? W i t h c u r r e n t l y a v a i l a b l e k n o w l e d g e , w e m a y s o f a r 
o f f e r o n l y s p e c u l a t i v e a n s w e r s . 

F i r s t , P M E R o c c u r s a l r e a d y i n F l g e n e r a t i o n s [ 9 , 2 8 , 3 5 ] , 
a n d h e n c e , i t i s u n l i k e l y t h a t t h i s t r a i t e v o l v e s b y a c c u m u l a t e d 
m u t a t i o n s d u r i n g e v o l u t i o n o f h y b r i d p o p u l a t i o n s . I n s t e a d , i t 
i s m o r e l i k e l y t h a t t h e e x e c u t i o n o f P M E R i s b a s e d o n d e v e l o p ­
m e n t a l p r o g r a m s t h a t h a v e a l r e a d y e x i s t e d i n c e l l s o f s e x u a l 
p r o g e n i t o r s o f h y b r i d a s e x u a l s b u t a r e j u s t t r i g g e r e d b y t h e 
h y b r i d n a t u r e o f t h e g a m e t e . P o s s i b l y , t h e i n i t i a t i o n o f P M E R 
i s d r i v e n b y a c c u m u l a t e d i n c o m p a t i b i l i t i e s b e t w e e n g e n o m e s 
b r o u g h t t o g e t h e r b y h y b r i d i z a t i o n , w h i c h f a i l t o p r o p e r l y 
r e g u l a t e g a m e t i c d e v e l o p m e n t a n d c e l l d i v i s i o n l e a d i n g t o 
a b e r r a n t c h r o m o s o m e d u p l i c a t i o n s [ 5 , 6 , 2 0 ] . F o r i n s t a n c e , t h e 
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v e r y n a t u r e o f P M E R , i . e . , m u l t i p l i c a t i o n o f t h e g e n o m e w i t h ­
o u t c e l l d i v i s i o n , m a k e s i t a t l e a s t s u p e r f i c i a l l y a n a l o g o u s t o 
e n d o p o l y p l o i d y , w h i c h i s a c o m m o n m e c h a n i s m h o w v a r i o u s 
o r g a n i s m s , i n c l u d i n g f i s h e s , m o d i f y t h e g e n o m i c c o n t e n t o f 
s p e c i f i c c e l l t y p e s o r t i s s u e s . C e l l u l a r m e c h a n i s m s e n s u r i n g t h e 
a l t e r n a t i o n o f S a n d G p h a s e s a r e r e l a t i v e l y c o n s e r v e d a m o n g 
v a r i o u s a n i m a l l i n e a g e s [ 4 7 ] , s u g g e s t i n g t h a t c e l l s o f m o s t 
o r g a n i s m s a r e c a p a b l e o f e n d o p o l y p l o i d y u n d e r t h e p r o p e r 
r e g u l a t o r y s t i m u l u s [ 4 8 ] . E x t r a p o l a t i n g C a r m a n ' s m o d e l [ 8 ] o f 
a s e x u a l i t y , i t i s p o s s i b l e t h a t P M E R o c c u r s i n h y b r i d l i n e a g e s 
w h e n a p a r t i c u l a r t y p e o f m i s r e g u l a t i o n b e t w e e n a d m i x e d 
p a r e n t a l s u b g e n o m e s g e n e r a t e s e n d o p o l y p l o i d y s p e c i f i c a l l y i n 
g o n i a l t i s s u e , l e a d i n g t o s t a b i l i z a t i o n o f c l o n a l l i n e a g e . T h e 
s i t u a t i o n m a y b e q u i t e c o m p l e x , h o w e v e r , a n d t h e r e s u l t m a y 
c r u c i a l l y d e p e n d o n o t h e r t r a i t s t h a n h y b r i d i z a t i o n , e . g . , t h e 
h y b r i d ' s p l o i d y a f f e c t i n g t h e s t o i c h i o m e t r i c r a t i o o f o r t h o l o -
g o u s a l l e l e s a n d t h e i r p r o d u c t s . F o r i n s t a n c e , i n Poeciliopsis 
s p p . ( m o l l i e s ) , d i p l o i d h y b r i d s a r e h y b r i d o g e n e t i c ( i . e . , c l o n a l l y 
t r a n s m i t o n l y o n e p a r e n t a l g e n o m e a n d e x c l u d e t h e o t h e r ' s 
b e f o r e m e i o s i s ) , w h e r e a s t r i p l o i d h y b r i d s b e t w e e n t h e s a m e 
p a r e n t a l s p e c i e s c h a n g e t h e r e p r o d u c t i v e m o d e t o g y n o g e n -
e s i s a n d c l o n a l i t y [ 4 9 ] S i m i l a r l y , d i p l o i d h y b r i d Misgurnus 
s p p . r e p r o d u c e g y n o g e n e t i c a l l y v i a P M E R , w h e r e a s t e t r a p l o i d 
h y b r i d s b e t w e e n t h e s a m e p a r e n t a l s p e c i e s p r o d u c e r e d u c e d 
g a m e t e s [ 3 2 ] , 

T h e s e c o n d q u e s t i o n m a y h a v e a l o t i n c o m m o n t o f u n d a ­
m e n t a l d i f f e r e n c e s b e t w e e n m a l e a n d f e m a l e t y p e s o f g a m e ­
t o g e n e s i s . S u c h d i f f e r e n c e s m a y t r a n s l a t e i n t o t h e t i m i n g o f 
D N A m e t h y l a t i o n i n m a l e a n d f e m a l e g a m e t o g e n e s i s [ 5 0 , 
5 1 ] . T h e r e i s a l s o e v i d e n c e f o r d i f f e r e n c e s i n p a t t e r n s o f 
e p i g e n e t i c r e g u l a t i o n b e t w e e n S S C s a n d d e r i v e d o o c y t e s f r o m 
S S C s [ 5 2 ] , w h i c h s u g g e s t a n a r t i f i c i a l e p i g e n e t i c r e s t a r t o f 
o u r t r a n s p l a n t e d S S C s . I t m a y t h u s b e p r o p o s e d t h a t i n t h e 
h y b r i d ' s s p e r m a t o g o n i a t r a n s p l a n t e d i n t o f e m a l e r e c i p i e n t s , 
t h e c e l l - c e l l c o m m u n i c a t i o n b e t w e e n f e m a l e s o m a t i c c e l l s a n d 
t r a n s p l a n t e d S S C s h a s l e d t o t h e e s t a b l i s h m e n t o f g o n a d a l 
t i s s u e a c c o r d i n g t o t h e r e c i p i e n t ' s s e x d e t e r m i n a t i o n [ 5 3 ] , 
t h u s e p i g e n e t i c r e p r o g r a m m i n g t o f e m a l e - l i k e p a t t e r n s a n d 
u l t i m a t e a w a k e n i n g o f P M E R . I n t h a t s c e n a r i o , t h e S S C s 
t r a n s p l a n t e d i n t o m a l e r e c i p i e n t s w o u l d n o t u n d e r g o s u c h a 
p r o c e s s . T h e y w o u l d t h u s n o t g a i n t h e a b i l i t y o f P M E R . 

T h e p r e s e n t f i n d i n g s d e m o n s t r a t e d t h a t t h e i n v e s t i g a t i o n o f 
g a m e t i c d e v e l o p m e n t i s l i k e l y t o p r o v i d e c r u c i a l i n s i g h t s i n 
u n d e r s t a n d i n g a s e x u a l r e p r o d u c t i o n a n d t h e e s t a b l i s h m e n t o f 
i n t e r s p e c i f i c r e p r o d u c t i v e b a r r i e r s i n t h e s p e c i a t i o n p r o c e s s . 
N a m e l y , t h i s s t u d y i n d i c a t e d t h a t a b i l i t y t o p e r f o r m a s e x u a l 
g a m e t o g e n e s i s v i a P M E R i s c a u s a l l y l i n k e d t o h y b r i d c o m p o s i ­
t i o n o f g o n i a l c e l l s a n d i s t r i g g e r e d b y f a c t o r s i n t r i n s i c t o t h e s e 
c e l l s a n d d e v e l o p m e n t a l p r o g r a m s i n h e r i t e d f r o m p a r e n t a l 
s p e c i e s . O n t h e o t h e r h a n d , i t a l s o a p p e a r s t h a t t h e e x e c u t i o n 
o f P M E R i s e x c l u s i v e t o t h e f e m a l e g e r m l i n e , w h o s e d e t e r m i ­
n a t i o n a p p a r e n t l y d e p e n d s o n c e l l - c e l l c o m m u n i c a t i o n w i t h 
s u r r o u n d i n g g o n a d a l t i s s u e . T h u s , e v e n i n h y b r i d f e m a l e s , 
w h o s e f e r t i l i t y i s r e s t o r e d b y P M E R , t h e s e x - s p e c i f i c f a c t o r s o f 
s u r r o u n d i n g s o m a t i c t i s s u e t h a t c o n t r o l g a m e t i c d e v e l o p m e n t 
c o n t r i b u t e t o t h e p o s t z y g o t i c b a r r i e r , s i n c e P M E R p r e v e n t s t h e 
h y b r i d ' s e f f e c t i v e b a c k c r o s s i n g t o p a r e n t a l s p e c i e s . 

Materials and methods 
E x p e r i m e n t a l p r o t o c o l w a s a p p r o v e d b y M i n i s t r y o f A g r i c u l ­
t u r e o f t h e C z e c h R e p u b l i c ( r e f e r e n c e n u m b e r : 5 5 1 8 7 / 2 0 1 6 -
M Z E - 1 7 2 1 4 ) . 
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Clonal gametogenesis is triggered by intrinsic stimuli 
in the hybrid's germ cells but is dependent on sex differentiation 
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S t e r i l i z a t i o n b y d e a d e n d a n t i s e n s e o l i g o n u c l e o t i d e 
M O o l i g o n u c l e o t i d e w a s d e s i g n e d b a s e d o n t h e dnd g e n e 
s e q u e n c e o f Misgurnus anguillicaudatus ( A B 5 3 1 4 9 4 . 1 ) . T h e 
dnd g e n e s e q u e n c e o f C . taenia o b t a i n e d f r o m D D B J / E M -
B L / G e n B a n k t r a n s c r i p t o m e ( G G J F 0 0 0 0 0 0 0 0 . 1 ) w a s a l i g n e d 
a g a i n s t A B 5 3 1 4 9 4 . 1 b y m u s c l e s o f t w a r e v . 3 . 8 . 1 5 5 1 t o 
v a l i d a t e s p e c i f i c i t y t o t h e Cobitis g e n u s . A l i g n m e n t w i t h t h e 
h i g h l i g h t e d M O t a r g e t a n d p h y l o g e n e t i c m a x i m u m l i k e l i h o o d 
t r e e w a s p e r f o r m e d w i t h i q t r e e , 1 . 6 . 1 0 [ 5 4 ] a n d a p p r o x i m a t e 
B a y e s t e s t [ 5 5 ] . M F P + M E R G E m o d e l s e l e c t i o n w a s b a s e d 
o n t h e dnd g e n e o f M. anguillicaudatus ( A B 5 3 1 4 9 4 . 1 ) , Danio 
rerio ( A Y 2 2 5 4 4 8 . 1 ) , Carrasius auratus ( J N 5 7 8 6 9 7 . 1 : 4 4 -
1 1 4 0 ) , Gobiocypris rams ( K M 0 4 4 0 1 1 . 1 ) , Paedocypris 
progenetica ( K Y 8 2 8 4 4 7 . 1 ) , Sinocyclocheilus rhinocerous 
( X M _ 0 1 6 5 7 6 2 9 5 . 1 ) , a n d Rhodeus ocellatus ( M G 9 9 5 7 4 3 . 1 ) . 
S N P s w e r e c h e c k e d a t p r o b e p o s i t i o n f o r a n y i n t e r s p e c i f i c 
v a r i a b i l i t y . M O o l i g o n u c l e o t i d e w a s s y n t h e s i z e d b y G e n e 
T o o l s , L L C T M ( P h i l o m a t h , O r e g o n , U S A ) . T h e f i n a l dnd-MO 
s e q u e n c e w a s 5 ' - G A T C T G C T C C T T C C A T T G C G T T T G C - 3 ' . 

T h e f i n a l s o l u t i o n f o r s t e r i l i t y i n d u c t i o n w a s c o m p o s e d o f 
1 0 0 / x M o f M O a n d 3 0 0 n g / / x l o f m R N A i n c o m b i n a t i o n 
w i t h G F P a n d z e b r a f i s h (D. rerio) n o s l 3 ' U T R a n d d i l u t e d 
i n 0 . 2 M K C 1 [ 5 6 ] . T h e c o n t r o l g r o u p s o l u t i o n r e c e i v e d o n l y 
3 0 0 n g / / x l o f m R N A d i l u t e d i n 0 . 2 K C 1 . S o l u t i o n s w e r e l o a d e d 
i n t o a m i c r o c a p i l l a r y m o u n t e d o n a m i c r o m a n i p u l a t o r ( M -
1 5 2 N a r i s h i g e , J a p a n ) w i t h a n a u t o m a t i c m i c r o i n j e c t o r ( F e m -
t o j e t E p p e n d o r f , G e r m a n y ) . E a c h e m b r y o w a s i n j e c t e d i n t o 
a b l a s t o d i s c a t t h e 1 - t o 4 - c e l l s t a g e . A l t o g e t h e r , 5 0 e m b r y o s 
w e r e i n j e c t e d i n e a c h g r o u p . 

H i s t o l o g y a n a l y s i s 
E i t h e r w h o l e b o d y s e g m e n t s o r g o n a d a l t i s s u e w e r e f i x e d 
o v e r n i g h t i n B o u i n ' s f i x a t i v e . S p e c i m e n s w e r e i m m e r s e d i n 
7 0 % e t h a n o l , d e h y d r a t e d a n d c l e a r e d i n a n e t h a n o l - x y l e n e 
s e r i e s , e m b e d d e d i n t o p a r a f f i n b l o c k s , a n d c u t t r a n s v e r s a l l y 
i n t o 4 - / x m - t h i c k s e c t i o n s u s i n g a r o t a r y m i c r o t o m e ( L e i c a 
R M 2 2 3 5 ; W e t z l a r , G e r m a n y ) . P a r a f f i n s l i d e s w e r e s t a i n e d 
w i t h h e m a t o x y l i n a n d e o s i n b y u s i n g a s t a i n i n g m a c h i n e 
( T i s s u e - T e k D R S 2 0 0 0 ; S a k u r a F i n e t e k U S A , I n c . , T o r r a n c e , 
C a l i f o r n i a ) a c c o r d i n g t o s t a n d a r d p r o c e d u r e s . H i s t o l o g i c a l 
s e c t i o n s w e r e p h o t o g r a p h e d u s i n g a m i c r o s c o p e ( N i k o n 
E c l i p s e C i ; T o k y o , J a p a n ) w i t h a m o u n t e d c a m e r a ( C a n o n 
E O S 1 0 0 0 D ; O t a , T o k y o , J a p a n ) . I n t h e c a s e o f M O t r e a t e d 
f i s h , t h e s e x i d e n t i f i c a t i o n w a s b a s e d o n F u j i m o t o et al. [ 3 7 ] 
a n d G o t o et al. [ 5 7 ] , 

I n d u c t i o n o f g e r m l i n e c h i m e r a s a n d d o n o r - d e r i v e d 
g a m e t e s p r o d u c t i o n 
F i v e d i p l o i d s C . elongatoides a n d t w o t r i p l o i d s C . elongatoides-
taenia-taenie d o n o r m a l e s p e c i m e n s w e r e o v e r a n e s t h e t i z e d 
i n t r i c a i n e s o l u t i o n ( M S 2 2 2 ) , d i s i n f e c t e d w i t h 7 0 % e t h a n o l , 
a n d d e c a p i t a t e d . T h e b o d y c a v i t y w a s c a r e f u l l y o p e n e d , a n d 
t h e g o n a d s w e r e r e m o v e d a n d p l a c e d i n i c e - c o l d p h o s p h a t e -
b u f f e r e d s a l i n e ( P B S ) . T e s t e s w e r e c u t i n t o s m a l l e r f r a g m e n t s 
t o a l l o w l e a k a g e o f t h e s p e r m a n d s e r i a l l y w a s h e d i n P B S . 
G o n a d f r a g m e n t s w e r e t r a n s f e r r e d i n t o 1 5 m l t u b e s a n d 
w e l l c h o p p e d w i t h s c i s s o r s . G o n a d a l t i s s u e w a s e n z y m a t i c a l l y 
d i g e s t e d i n 5 m l o f P B S w i t h 0 . 1 5 % t r y p s i n w i t h a l a b o r a t o r y 
s h a k e r a t r o o m t e m p e r a t u r e f o r 1 . 5 h . D N a s e I ( S i g m a A l d r i c h 
1 0 1 0 4 1 5 9 0 0 1 ; M e r c k , B u r l i n g t o n , M A , U S A ) ( a l i q u o t e d 
t o 5 % s t o c k s o l u t i o n i n R N a s e f r e e w a t e r ) w a s a d d e d 
c o n t i n u o u s l y w h e n c l u m p i n g w a s o b s e r v e d . A f t e r w a r d , 
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d i g e s t i o n w a s t e r m i n a t e d b y t h e a d d i t i o n o f 5 m l L I 5 w i t h 
2 0 % f e t a l b o v i n e s e r u m , f i l t r a t e d t h r o u g h 3 0 - / x m f i l t e r s , 
a n d c e n t r i f u g e d a t 4 0 0 g f o r 1 0 m i n . T h e s u p e r n a t a n t w a s 
r e m o v e d , a n d t h e p e l l e t w a s c a r e f u l l y r e s u s p e n d e d . T h e c e l l 
s u s p e n s i o n w a s l o a d e d i n t o a p u l l e d g l a s s m i c r o c a p i l l a r y 
m o u n t e d o n a m i c r o m a n i p u l a t o r w i t h a p n e u m a t i c i n j e c t o r . 

S t e r i l i z e d r e c i p i e n t s w e r e a n e s t h e t i z e d i n 0 . 0 5 % t r i c a i n e 
s o l u t i o n , p l a c e d o n a n a g a r c o a t e d P e t r i d i s h a n d c e l l s w e r e 
i n j e c t e d i n t o t h e c o e l o m i c c a v i t y . R e c i p i e n t s w e r e t r a n s f e r r e d 
i n t o f r e s h w a t e r t o r e c o v e r . G e r m l i n e c h i m e r a s w e r e c u l ­
t u r e d a t r o o m t e m p e r a t u r e i n a q u a r i a w i t h c o n t r o l l e d c o o l i n g 
a n d w a t e r f i l t r a t i o n a n d f e d ad libitum w i t h b r i n e s h r i m p s 
(Artemia s p . ) , b l o o d w o r m s (Tubifex s p . ) , a n d a d r y d i e t . 
T w o g r o u p s o f c h i m e r a s w e r e m a d e : 1 ) d i p l o i d r e c i p i e n t a n d 
t r i p l o i d m a l e d o n o r ( D r T d ) a n d 2 ) t r i p l o i d r e c i p i e n t a n d 
d i p l o i d m a l e d o n o r ( T r D d ) . 

S p a w n i n g 
P o t e n t i a l c h i m e r i c f i s h ( e i t h e r C . elongatoides r e c i p i e n t w i t h 
t r i p l o i d ' s t r a n s p l a n t , o r t r i p l o i d r e c i p i e n t s w i t h C . elonga­
toides t r a n s p l a n t ) a s w e l l a s c o n t r o l s ( C . elongatoides) w e r e 
r e a r e d i n s t a n d a r d i z e d c o n d i t i o n s a n d 6 m o n t h s p r i o r t o 
s p a w n i n g , w a t e r t e m p e r a t u r e w a s s l o w l y d e c r e a s e d (—2°C 
p e r d a y ) t o 1 4 ° C a n d k e p t a t t h i s l e v e l f o r 3 m o n t h s . I n t h e 
f o l l o w i n g 3 m o n t h s , w a t e r t e m p e r a t u r e w a s i n c r e a s e d ( + 2 ° C 
p e r d a y ) t o f i n a l t e m p e r a t u r e o f 2 2 ° C a n d k e p t t i l l s p a w n i n g 
w i t h i n c r e a s e d b l o o d w o r m f e e d i n g . T r a n s p l a n t e d f i s h w e r e 
e x a c t l y 2 y e a r s o l d a t t h e t i m e o f s p a w n i n g . T r a n s p l a n t e d 
f i s h ( S u p p l e m e n t a r y D a t a 1 ) t o g e t h e r w i t h c o n t r o l f i s h ( C . 
elongatoides) w e r e i n j e c t e d t w i c e ( 2 4 a n d 1 2 h p r i o r t o 
s p a w n i n g ) w i t h O v o p e l ( I n t e r f i s h K f , B u d a p e s t , H u n g a r y ) . A 
s o l u t i o n f o r t h e f i r s t i n j e c t i o n w a s m a d e f r o m o n e O v o p e l p i l l 
p e r 2 0 m l o f 0 . 9 % N a C l . T h e s o l u t i o n f o r t h e s e c o n d i n j e c t i o n 
w a s m a d e f r o m o n e O v o p e l p i l l p e r 5 m l o f 0 . 9 % N a C l . I n 
b o t h c a s e s , t h e v o l u m e o f t h e O v o p e l s o l u t i o n d i r e c t l y i n j e c t e d 
i n t o a f i s h b o d y w a s 0 . 0 5 m l p e r 1 0 g o f f i s h w e i g h t . E g g s 
w e r e c a r e f u l l y r e m o v e d f r o m s p i n e d l o a c h e s a n d p u t i n a 
d r i e d P e t r i d i s h ( S u p p l e m e n t a r y D a t a 1 ) . S p e r m w e r e a d d e d 
t o t h e e g g s t o g e t h e r w i t h f r e s h w a t e r . T h e n u m b e r o f f i s h i n 
e a c h g r o u p w a s a s f o l l o w s : 1 4 f i s h i n t h e D r T d g r o u p ( s i x 
f e m a l e s , e i g h t m a l e s ) , e i g h t f i s h i n T r D d ( e i g h t f e m a l e s , z e r o 
m a l e s ) , a n d s i x m a l e s a n d f o u r f e m a l e s o f C . elongatoides a s 
c o n t r o l s . 

I d e n t i f i c a t i o n o f g e r m l i n e c h i m e r a s 
I n t h i s s t u d y , w e u s e d p a r e n t a l s p e c i e s C . elongatoides ( E E — 
c o m p o s i t i o n o f g e n o m e s ) a n d t r i p l o i d h y b r i d s b e t w e e n C . 
elongatoides and C. taenia ( E T T ) . D i p l o i d p a r e n t a l s p e c i e s 
p r o d u c e h a p l o i d g a m e t e s , w h e r e a s h y b r i d s p r o d u c e o o c y t e s 
t h a t c o n t a i n b o t h g e n o m e s ; t h e r e f o r e , p r e s e n c e / a b s e n c e o f 
C . taenia ( T T ) s p e c i e s i n o f f s p r i n g c a n p r o v e t h e s u c c e s s 
o f t r a n s p l a n t a t i o n . S u c c e s s f u l l y t r a n s p l a n t e d 2 n E E f i s h w i l l 
p r o d u c e E T T e g g s , w h e r e a s 3 n E T T f i s h w i l l p r o d u c e h a p l o i d 
e g g s w i t h g e n o m e E . I n d i c a t i o n o f f i v e s p e c i f i c l o c i C o t a 0 6 8 , 
C o t a l l l , C o t a O l O , C o t a 0 9 3 , C o t a 0 3 2 o f C . taenia [ 5 8 ] i n 
o f f s p r i n g f r o m p a r e n t a l s p e c i e s o f E E m e a n s t h a t d i p l o i d f i s h 
p o s s e s s h y b r i d g o n a d s . O n t h e o t h e r h a n d , t r i p l o i d f i s h E T T 
p r o d u c i n g h a p l o i d e g g s r e p r e s e n t t h e o c c u r r e n c e o f d i p l o i d 
g o n a d s i n t r i p l o i d f i s h . T o s u p p o r t o u r r e s u l t s , w e a l s o u s e d 
f l o w c y t o m e t r y a n a l y s i s a n d m e i o s i s a n a l y s i s o n b o t h p a r e n t a l 
s p e c i e s a n d o f f s p r i n g . 

-33 -
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D N A e x t r a c t i o n a n d a n a l y s i s o f m i c r o s a t e l l i t e s 
W h o l e g e n o m i c D N A f r o m i n d i v i d u a l s t e s t e d ( C . elongatoides 
a n d C . elongatoides-taenia-taenia) w e r e e x t r a c t e d f r o m a 
d o r s a l f i n i n a d u l t s o r p a r t o f l a r v a e u s i n g a c o m m e r c i a l T i s s u e 
D N A I s o l a t i o n K i t ( G e n e a i d B i o t e c h , T a i p e i , T a i w a n ) f o l l o w ­
i n g t h e m a n u f a c t u r e r ' s p r o t o c o l . G e n o t y p e d e t e r m i n a t i o n i n 
t h e f i s h e s w a s p e r f o r m e d b y a n a l y s e s o f s e l e c t e d m i c r o s a t e l -
l i t e s p e c i e s s p e c i f i c l o c i [ 2 8 , 5 8 ] . F r a g m e n t - l e n g t h a n a l y s e s 
w e r e p e r f o r m e d o n a n A B I 3 7 3 0 A v a n t c a p i l l a r y s e q u e n c e r 
( A p p l i e d B i o s y s t e m s , F o s t e r C i t y , C A , U S A ) w i t h a n i n t e r n a l 
s i z e s t a n d a r d ( G e n e S c a n - 5 0 0 L I Z , T h e r m o F i s h e r S c i e n t i f i c , 
W a l t h a m , M A , U S A ) ; t h e a l l e l e s w e r e s c o r e d m a n u a l l y w i t h 
G e n e M a p p e r v . 3 . 7 ( A p p l i e d B i o s y s t e m s , Z u g , S w i t z e r l a n d ) . 

F l o w c y t o m e t r y a n a l y s i s 
T h e l e v e l o f p l o i d y w a s d e t e r m i n e d a s t h e r e l a t i v e D N A 
c o n t e n t o f f i n c l i p c e l l s v i a f l o w c y t o m e t r y ( P a r t e c C C A 
I ; P a r t e c G m b H , M u n s t e r , G e r m a n y w i t h a U V m e r c u r y 
l a m p f o r e x c i t a t i o n a n d a n e m i s s i o n l e v e l o f 4 3 5 / 5 0 0 n m ) 
u s i n g s t a n d a r d C y S t a i n D N A 1 - s t e p s o l u t i o n ( S y s m e x C Z 
s . r . o . , B r n o , C z e c h R e p u b l i c ) c o n t a i n i n g 4 9 . 6 - d i a m i d i n o - 2 -
p h e n y l i n d o l ( D A P I ) . A s a r e f e r e n c e s t a n d a r d , w e u s e d a f i n 
c l i p o f d i p l o i d C . elongatoides. 

P a c h y t e n e c h r o m o s o m e s w i t h i m m u n o f l u o r e s c e n t 
s t a i n i n g 
P a c h y t e n e c h r o m o s o m e s w e r e o b t a i n e d f r o m m a l e s a n d 
f e m a l e s a c c o r d i n g t o p r o t o c o l s d e s c r i b e d b y M o e n s [ 5 9 ] a n d 
A r a y a - J a i m e et al. [ 6 0 ] . O v a r i e s w e r e h o m o g e n i z e d m a n u a l l y 
i n 1 x P B S s o l u t i o n . A f t e r w a r d , 2 0 / x l o f c e l l s s u s p e n s i o n w a s 
p u t o n S u p e r Frost® s l i d e s ( M e n z e l G l a s e r ; T h e r m o F i s h e r 
S c i e n t i f i c ) f o l l o w e d b y a d d i t i o n o f 4 0 / x l o f 0 . 2 M s u c r o s e 
a n d 4 0 / x l o f 0 . 2 % T r i r o n x l O O f o r 7 m i n . T h e s a m p l e s 
w e r e f i x e d f o r 1 6 m i n b y a d d i n g 4 0 0 / x l o f 2 % P F A . T e s t e s 
w e r e h o m o g e n i z e d m a n u a l l y f o l l o w e d b y d r o p p i n g 1 / x l o f 
s u s p e n s i o n i n t o 3 0 / x l o f h y p o t o n i c s o l u t i o n ( 1 / 3 o f l x P B S ) 
a n d t h e n d r o p p e d o n t o SuperFrost® s l i d e s ( M e n z e l G l a s e r ; 
T h e r m o F i s h e r S c i e n t i f i c ) . T h e s a m p l e s w e r e f i x e d i n 4 0 0 / x l 
o f 2 % P F A f o r 4 m i n . A f t e r f i x a t i o n , s l i d e s w i t h t h e p a c h y t e n e 
s a m p l e s f r o m m a l e s a n d f e m a l e s w e r e a i r d r i e d a n d w a s h e d 
i n 1 x P B S . 

S l i d e s w e r e s t o r e d u n t i l i m m u n o f l u o r e s c e n t s t a i n i n g o f 
s y n a p t o n e m a l c o m p l e x e s ( S C ) . L a t e r a l c o m p o n e n t s o f S C s 
w e r e v i s u a l i z e d b y r a b b i t p o l y c l o n a l a n t i b o d i e s ( a b l 4 2 0 6 , 
A b e a m ) a g a i n s t S Y C P 3 p r o t e i n , w h e r e a s t h e c e n t r a l c o m p o ­
n e n t o f S C s w a s d e t e c t e d b y c h i c k e n p o l y c l o n a l a n t i b o d i e s 
a g a i n s t S Y C P 1 p r o t e i n ( a g i f t f r o m S e a n M . B u r g e s s ) . F r e s h 
s l i d e s w e r e i n c u b a t i n g w i t h 1 % b l o c k i n g r e a g e n t ( R o c h e ) i n 
l x P B S a n d 0 . 0 1 % T w e e n - 2 0 f o r 2 0 m i n f o l l o w e d b y t h e 
a d d i t i o n o f p r i m a r y a n t i b o d y f o r 1 h a t r o o m t e m p e r a t u r e . 
S l i d e s w e r e w a s h e d 3 t i m e s i n 1 x P B S a t R T a n d i n c u b a t e d 
i n t h e c o m b i n a t i o n w i t h s e c o n d a r y a n t i b o d i e s A l e x a 4 8 8 -
c o n j u g a t e d g o a t a n t i - r a b b i t I g G ( H + L ) ( M o l e c u l a r P r o b e s ) 
a n d A l e x a - 5 9 4 - c o n j u g a t e d g o a t a n t i - c h i c k e n I g G ( H + L ) 
( M o l e c u l a r P r o b e s ) f o r 1 h a t R T . S l i d e s w e r e w a s h e d i n 1 x 
P B S a n d m o u n t e d i n V e c t a s h i e l d / D A P I ( 1 . 5 m g / m l ) ( V e c t o r , 
B u r l i n g a m e , C A , U S A ) . 

D i p l o t e n e c h r o m o s o m a l s a m p l e s ( a l s o k n o w n a s " l a m p -
b r u s h c h r o m o s o m e s " ) w e r e p r e p a r e d f r o m p a r e n t a l a n d 
h y b r i d f e m a l e s a c c o r d i n g t o a n e a r l i e r p u b l i s h e d p r o t o c o l [ 6 1 ] . 
V i t e l l o g e n e t i c o o c y t e s o f 0 . 5 - 1 . 5 m m i n d i a m e t e r w e r e t a k e n 
f r o m f e m a l e s i n t h e O R 2 s a l i n e [ 8 2 . 5 m M N a C l , 2 . 5 m M 
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K C 1 , 1 m M M g C 1 2 , 1 m M C a C 1 2 , l m M N a 2 H P 0 4 , 5 m M 
H E P E S ( 4 - ( 2 - h y d r o x y e t h y l ) - l - p i p e r a z i n e e t h a n e s u l f o n i c a c i d ) ; 
p H 7 . 4 ] , I s o l a t i o n o f t h e o o c y t e s ' n u c l e i w a s p e r f o r m e d 
m a n u a l l y i n t h e i s o l a t i o n m e d i u m " 5 : 1 " ( 8 3 m M K C 1 , 1 7 m M 
N a C l , 6 . 5 m M N a 2 H P 0 4 , 3 . 5 m M K H 2 P 0 4 , 1 m M M g C 1 2 , 
1 m M D T T ( d i t h i o t h r e i t o l ) ; p H 7 . 0 - 7 . 2 ) u s i n g j e w e l e r f o r c e p s 
( D u m o n t , S w i t z e r l a n d ) . N u c l e a r e n v e l o p e s w e r e m a n u a l l y 
r e m o v e d i n a q u a r t e r s t r e n g t h " 5 : 1 " m e d i u m w i t h t h e a d d i t i o n 
o f 0 . 1 % p a r a f o r m a l d e h y d e a n d 0 . 0 1 % 1 M M g C 1 2 i n 
g l a s s c h a m b e r s a t t a c h e d t o a s l i d e . A f t e r t h i s p r o c e d u r e , 
w e o b t a i n e d c h r o m o s o m e s a m p l e s f r o m i n d i v i d u a l o o c y t e s 
i n e a c h c h a m b e r . S l i d e s w i t h o o c y t e n u c l e i c o n t e n t s w e r e 
s u b s e q u e n t l y c e n t r i f u g e d f o r 2 0 m i n a t + 4 ° C , 4 0 0 0 r p m , 
f i x e d f o r 3 0 m i n i n 2 % p a r a f o r m a l d e h y d e i n l x P B S , a n d 
p o s t - f i x e d i n 7 0 % e t h a n o l o v e r n i g h t ( a t + 4 ° C ) . 

P a c h y t e n e a n d d i p l o t e n e c h r o m o s o m e s w e r e i n v e s t i g a t e d 
u s i n g a P r o v i s A X 7 0 O l y m p u s m i c r o s c o p e w i t h s t a n d a r d f l u o ­
r e s c e n c e f i l t e r s e t s . M i c r o p h o t o g r a p h s w e r e c a p t u r e d b y C C D 
c a m e r a ( D P 3 0 W O l y m p u s ; T o k y o , J a p a n ) . O l y m p u s A c q u i s i ­
t i o n S o f t w a r e w a s u s e d f o r c a p t u r i n g t h e i m a g e s f o l l o w e d b y 
t h e i r a d j u s t m e n t a n d a r r a n g e m e n t i n A d o b e P h o t o s h o p , C S 6 
s o f t w a r e . 
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A B S T R A C T 

Sterility and semi-sterility often occur as a result of interspecific hybridization; however, the exact cause of 
sterility varies across the all animal kingdom; therefore, it is in the interest of scientists to examine every hybrid 
species separately. In the present study, the morphology of the spermatozoa of diploid F l hybrids of Cyprinus 
carpio and Carassius gibdio was examined and compared with their parents. Hybrid spermatozoa showed great 
variability in head and flagellum lengths. These spermatozoa were diploid and triploid often with morphological 
abnormalities such as multiple flagella and nuclei. They were motile within two minutes after water activation 
which was almost two times longer than their parental species. We also analysed the reproductive output of F l 
hybrids together with parental species in both parent positions via artificial spawning. Overall, the reproductive 
output of the hybrid x hybrid combination was the lowest; however, the hybrids were able to produce a small 
number of offspring documenting the viability of the F2 generation. 

1 . Introduction 

Interspecific hybridization has been described as one of the genet-
ical improvement methods in aquaculture with the aim to obtain ad­
vantageous heterosis effect, i.e. the phenotype superior to those of 
parental species. It has been reported that hybridization affects survival 
rate (Bakos, 1979; Wohlfarth, 1993), sex ratio (Wolters and DeMay, 
1996; Yamazaki, 1983), growth rate (Bakos, 1979; Nwadukwe, 1995), 
parasitic diseases (Dorson et al., 1991; Hines et al., 1974; Šimková 
et al., 2013), and environmental tolerance to lower temperatures or 
salinity (Scheerer and Thorgaard, 1983; Verdegem et al., 1997). 
Nonetheless, due to the unpredictable compatibility of two already 
divergent genetic regulatory networks (Davidson and Levin, 2005), it is 
difficult to predict the final phenotypes of artificial hybridization. The 
main factor limiting the viability or sterility of resulting hybrid progeny 
is the relative time when the two species underwent speciation from a 
common ancestor (Janko et al., 2019; Zhang et al., 2014). Besides 
aquaculture concerns, interspecific hybridization in fish has been 
shown to cause shifts to asexual or partially asexual reproductive modes 
such as parthenogenesis, gynogenesis or hybridogenesis (Janko et al., 
2018). Alteration of the ploidy level and/or the occurrence of sterility 

due to hybridization were also documented in several fish species (Hu 
et al., 2019; Piferrer et al., 2009). Sterility often occurs after hy­
bridization (Bartley et al., 2000); however, in the case of interspecific 
hybridization, the molecular background of sterility is dependent on 
various factors such as influence of meiotic drive or speciation genes, 
(Orr and Presgraves, 2000) which results in different causes of sterility 
in different organisms. Hybrids of marine fish blue drum (Mbea mitsu-
fcuri) and white croaker (Pennahia argentata) are sterile because of the 
mitotic arrest of primordial germ cells (Yoshikawa et al., 2018), but 
there are more reasonable causes of sterility such as the aberrant be­
haviour of homologous chromosomes during meiosis (Ponjarat et al., 
2019; Shimizu et al., 1997). In some species, sterility also appeared to 
be sex dependent in accordance with Haldane's rule (Haldane, 1922) 
which says that a heterozygous sex (XY males or ZW females, de­
pending on the type of sex determination) is more predisposed to 
sterility. Typical examples can be found in Cobitis sp., where hybrids C. 
taenia and C. élongatoides produce sterile males but asexual, fertile fe­
males (Choleva et al., 2012). 

Hybrid sterility could serve generally as a prevention of gene 
transmission by germline into the next generations of wild populations 
and thus could protect them from genetical contamination (Fujimoto 
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et al., 2008). Indeed, it is necessary to mention the exceptional poten­
tial of sterile hybrids for aquaculture as many concerns have been 
raised due to escapes of domesticated fish from fish farms into open 
waters with further genetical and ecological consequences on wild 
population (Wringe et al., 2018; McGinnity et al., 2003); therefore, the 
examination of the reproduction potential of hybrids in aquaculture is 
very important. 

Common carp (Cyprinus carpio) is the oldest domesticated fish in the 
world (Balon, 2004), and thus the preservation and manipulation of 
genetic integrity are important factors in carp breeding and production 
(Vandeputte, 2003). The gibel carp (Carasstus gibelio) is a fish that is 
extremely tolerant to environmental stress such as a low concentration 
of oxygen, eutrophication and high turbidity (Ruppert et al., 2017); 
furthermore, due to its extreme tolerance, it is considered as successful 
invasive fish (Lusková et al., 2010). In the wild, gibel carp and common 
carp naturally hybridize (Šimková et al., 2015; Šimková et al., 2013) 
producing the F l generation of diploid males and females. Artificial 
backcrossing has also been performed, resulting in triploid hybrids, 
including sterile males and fertile females (Balashov et al., 2017). The 
identification of F l hybrids of common carp and the species of Carassius 
using molecular markers is well established (Hänfling et al., 2005); 
however, the reproductive potential of diploid male hybrids of common 
carp and gibel carp in nature is not well documented. 

One of the most reliable biomarkers for the quality assessment of 
spermatozoa is their motility (Alavi and Cosson, 2005; Gallego and 
Asturiano, 2018), which has a direct connection with fertilizing cap­
ability. Other considerably useful biomarkers are morphological and 
morphometric parameters of spermatozoa (Figueroa et al., 2016). Head 
length, midpiece length, and flagellum length have been considered the 
most important morphological parameters since they reflect the amount 
of genetic material, sperm movement and fertilization rate (Cosson, 
2004). Besides classic biomarkers, genetic expression of selected genes 
can also provide information about sperm maturity (hspa 8 gene), fer­
tility (bdnf gene) or sperm physiology (lepa gene) (Figueroa et al., 
2018). The aim of the present study was to analyse the morphological 
parameters, viability, motility and reproductive performance of sper­
matozoa of F l hybrids and compare them with their parental species: C. 
carpio and C. gibelio. 

2. Materials a n d methods 

The study was conducted at the Institute of Vertebrate Biology, 
Academy of Sciences of the Czech Republic. The facility is authorized to 
perform experiments on animals (Act no. 246/1992 Coll., ref. number 
16OZ21519/2016-17,214). Lukáš Vetešník owns the certificate (CZ 
01292), giving him the capacity to conduct and manage experiments 
involving animals according to section 15d paragraph 3 of Act no. 246/ 
1992 Coll. 

2 . 1 . Experimental fish 

All adult specimens between three and five years old (five females of 
common carp, five males of common carp, five females of gibel carp, 
five males of gibel carp, six females of F l hybrid and eight males of F l 
hybrid) were collected while harvesting the Mlýnský fishpond 
(48°47'15"N, 16°49'21"E; Danube River Basin, the Czech Republic). The 
fish were separated into two tanks according to their sex and stimulated 
for ovulation/spermiation by means of conventional Lm. administration 
of carp pituitary (females received two doses, 0.3 and 2.7 mg/kg, 24 h 
and 12 h before propagation, respectively; males received 1 mgAg 24 h 
before propagation) and by consequent increasing the water tempera­
ture to 22 °C (Kocour et al., 2005; Linhart et al., 2003). Sperm and 
oocytes were collected in accordance with Linhart et al. (2003). Eight 
diploid hybrid specimens, five gibel carp specimens and five common 
carp specimens were analysed for total numbers of sperm cells in 1 |il 
via a Biirker counting chamber with 20 squares (Fisher Scientific, 
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Table 1 
Summary of the number of spermatozoa and GSI, presented as means with SD, 
in common carp, gibel carp and their F l hybrids. Superscript letters indicate 
statistical significance (Dunn's test, p < .05). 

Species No. spermatozoa in 1 pi ( ± SD) G S I % ( ± SD) 

F l hybrids 4.99e + 03 ( ± 6.35e + 03) 1.9 ( ± 0.7) • 
Gibel carp 1.73e + 07 ( ± 1.89e + 06) 2.8 ( ± 0.2) a ' b 

Common carp 3.08e + 07 ( ± 5.02e + 06) 3.3 C± 0.2) b 

Sweden). After measuring, the fish were killed and sampled, and go-
nadosomatic index (GSI) figures were calculated as the weight of the 
gonads divided by the weight of the whole fish body. 

2 . 2 . Sperm motility and velocity 

To assess the percentage of sperm motility and velocity in um/s, 
sperm was diluted in a drop of distilled water containing 0.1% of BSA 
(to avoid sperm stickiness on a glass slide). Sperm motility was analysed 
from video recordings taken at 25 frames per second with a CCD video 
camera (SONY DXC-970MD, Japan) mounted on a dark-field micro­
scope with a magnification of 200 x (NIKON Optiphot 2, Japan). The 
successive positions of the recorded sperm heads were measured from 
five successive video frames taken at 15, 30, 45, 60, 75, 120 s post 
activation using a video recorder (SONY SVHS, SVO-9500 MDP, Japan) 
and analysed with a micro image analyser (Olympus Micro Image 4.0.1. 
for Windows). 

2 . 3 . Electron microscopy 

The sperm from five gibel carps, three common carps and four F l 
hybrids were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer 
(PB) for 24 h at 4°C and washed three times in PB. The samples for 
scanning electron microscopy (SEM) examination were stuck on poly-L-
lysine-coated glass slides, post-fixed with 4% osmium tetroxide for 2 h 
at 4 °C, washed three times in PB, dehydrated through an acetone series 
(30, 50, 70, 90, 95 and 100% acetone for 15min), dried with a Pelco 
CPD 2 critical point dryer, coated with gold under vacuum with SEM 
coating unit E5100 (Polaron Equipment) and studied using a JSM 6300 
scanning electron microscope (JEOL). The samples for transmission 
electron microscopy (TEM) were embedded into low melting tem­
perature agar, dehydrated through the acetone series and embedded in 
resin (Polybed 812). A series of ultrathin sections were cut using a UCT 
ultramicrotome (Leica), double-stained with uranyl acetate and lead 
citrate and observed using a 1010 transmission electron microscope 
(JEOL). 

2 . 4 . Ploidy determination in sperm and offspring 

The sperm and blood of the studied species (gibel carps, common 
carps and F l hybrids) were subjected to relative DNA content de­
termination. Fresh blood of diploid Carassius auratus was used as a re­
ference standard. Ploidy level of the studied species was estimated 
based on sperm and blood samples mixed with 2 ml CyStain DNA 1 step 
staining solution (DAPI - 4', 6- diamidino-2-phenylindol) and measured 
by means of flow cytometry (Partec CCA I; Partec GmbH, Minister, 
Germany). At least 2000 nuclei were analysed per sample using a 
0.1 ul/s flow-through rate. The evaluations were done in duplicates. 

2.5. Fertilization rote, hatching rate and offspring viability 

Fertilization rate, hatching rate and offspring viability were assessed 
in the following nine parental combinations: 1) common carp pairs, 2) 
gibel carp pairs, 3) female common carp x male gibel carp pairs, 4) 
female gibel carp x male common carp pairs, 5) female common carp 
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Fig. 1 . The selected morphological parameters of spermatozoa from gibel carp (n = 60), common carp (n = 36) and their F l hybrids (n = 48). Overview of head 
length (A), flagellum length (B) and midpiece length (C). All data are presented as mean ± SD. The different letters above the SD bars indicate statistical significance 
(Tukey's HSD test,p < .05). 
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Fig. 2. Principal component analysis of morphological characteristics of sperm from gibel carp (n = 60), common carp (n = 36) and their F l hybrids (n = 48). The 
following parameters were included: nucleus length, central nucleus width, midpiece length, anterior midpiece width, posterior midpiece width and flagellum length. 

x F l male hybrid pairs, 6) female gibel carp x F l male hybrid pairs, 7) 
female F l hybrid x male common carp pairs, 8) female F l hybrid x male 
gibel carp pairs and 9) F l hybrid pairs. The weight of eggs in one pair 
spawning was 0.4 g (280-330 eggs), and fertilization was performed 
with 10 ul of sperm from parental species and 20 ul of sperm from hy­
brids (supplementary data). The embryos were incubated in the in­
cubator with water temperature 19.5 °C. The percentages of fertilized 
eggs and hatched embryos were evaluated one day (6th embryonic step, 
19.5 ATUs) and four days post fertilization (9th embryonic step, 78 
ATUs), respectively (Penaz et al., 1983). Six days post fertilization 
(beginning of larvae period, 117 ATUs), the percentages of viable larvae 
with and without malformations were counted. 

2 . 6 . Data analysis 

GSI data among the fish group of hybrids (eight specimens), 
common carps (five specimens) and gibel carps (five specimens) were 
compared by the Kruskal Wallis test followed by the post-hoc Dunn's 
test. Counted numbers of mitochondria in each spermatozoon (n = 90) 
were compared between parental species and F l hybrids using 
Wilcoxon rank-sum test. Measured lengths of the head, flagellum and 

midpiece compartments of the spermatozoa were log-transformed, and 
the effects of the fish groups were analysed separately for every para­
meter by one-way factorial ANOVA, where fish species was treated as a 
fixed effect, while individual fish was set as a random effect (5 speci­
mens of gibel carp, 3 specimens of common carp and 4 specimens of F l 
hybrids with 12 spermatozoa measurements from each fish). The 
principal component analysis (PCA) was computed, including the fol­
lowing parameters for the spermatozoa: nucleus length, central nucleus 
width, midpiece length, anterior midpiece width, posterior midpiece 
width and flagellum length. 

Measured percentages of the mobility of the spermatozoa from each 
fish were fitted using logistic regression with quasibinomial distribu­
tion. The significance of fish group, time and interaction of fish group 
and time on mobility were tested by F test type III. Velocity measure­
ments were log-transformed, and significance of fish group, time and 
their interaction were tested using factorial two-way ANOVA type III. 
Fertilization rates, hatching rates and viability of larvae were fitted 
separately by logistic regression. The significance of the model para­
meter (fish group) was tested again by F tests in each model. In all 
analyses, the significance level was set as 0.05, and the post-hoc Tukey's 
test was used for pairwise comparisons (except the Kruskal Wallis test). 
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Fig. 5. Sperm motility (mo) and velocity (ye) of common carp (mo 
n = 36, ve n = 333), gibel carp (mo n = 45, ve n = 395) and their 
hybrids (mo n = 35, ve n = 271). All data are presented as mean ± SD. 
The different letters above the SD bars indicate statistical significance 
(Tukey's HSD test, p < .05). The majuscules represent the comparison 
of each species or hybrids separately via time. The minuscules represent 
the comparisons of all fish separately at each time. Data at 120 s, se­
parated by dashed lines, were not included in the statistical analysis. 

1 5 S 3 0 s J 5 s 6 0 s 7 5 s 12Q 5 

All analyses were performed in R software version 3.6.0. 

3. Results 

3 . 1 . Reproduction parameters and ploidy level 

Hybrids produced a smaller number of spermatozoa than their 
parental species (Table 1). The GSI of the males was smaller in the 
hybrids than in the parental species (KW test: p < .05, followed by 
multiple comparisons: p < .05, Table 1). ANOVA showed significant 
differences in the head length (p < .05, Fig. 1A), flagellum length 
(p < .05, Fig. IB) and midpiece length (p < .05, Fig. 1C) of the sper­
matozoa of the tested groups. 

The first axis of PCA, accounting for 81.5% of total variance, se­
parated common carp, gibel carp and hybrids (with the exception of 
one hybrid specimen, which was grouped with gibel carp). The second 
axis accounted for 12.1% of total variance and separated common carp 
and gibel carp; two hybrid specimens overlapped with common carp 
(Fig. 2). PCA showed great variability in spermatozoa parameters, 
especially within hybrids. SEM and TEM of the spermatozoa showed 
numerous abnormalities in the hybrid spermatozoa, such as multiple 
nuclei and multiple flagella in one or two cytoplasmic channels (Figs. 3, 
4). and a higher number of mitochondria. An average number of mi­
tochondria in hybrid spermatozoa was 4.4 ± 2.0 while spermatozoa of 
parental species was 2.0 ± 1.2 (p-value <.05). All parents (common 
carp, gibel carp and F l hybrids) included in this study were diploid; 
nonetheless, hybrid spermatozoa showed aneuploid, haploid, diploid 
and triploid states, while the sperm cells of the parental species were 
haploid (data not shown) according to flow cytometry. 

3.2. Velocity and motility 

The spermatozoa motility and velocity measured after water sperm 
activation are shown in Fig. 5. Significant effects of fish group (common 
carp, gibel carp and their F l hybrids), time and interaction of time and 
fish group were found on both motility and velocity (p < .05, see Fig. 5 

for Turkey's tests). The spermatozoa of common carp stopped their 
movements after 60 s, while the spermatozoa of gibel carp moved for 
75 s. Some of the hybrid spermatozoa were able to move for two min­
utes. Parental spermatozoa velocity rapidly decreased with time, while 
the velocity of the hybrids was slow throughout the entire time of ob­
servation with almost constant speed from 30 s to 120 s. 

3 . 3 . Fertilization rate, hatching rate and offspring viability 

The effects of the parental species combinations on fertilization rate, 
hatching rate and offspring viability were significant (fertilization 
analysis: p < .05, hatching analysis: p < .05, viability analysis: p < .05, 
Fig. 6). The fertilization rate reached the lowest values in parental 
combinations with at least one hybrid parent (ranging from no fertili­
zation success to fertilization rate equal to 75%). In contrast, the 
hatching rate reached the lowest values in the group containing female 
gibel carps with hybrid males (18-61%), and offspring viability was the 
lowest for the group of hybrid females with male common carp males 
(20-70%). All measured traits; fertilization rate, hatching rate and 
offspring viability—were highest in the common carp and gibel carp 
parents (fertilization rate: 91-98%, hatching rate: 94-99%, offspring 
viability: 97-99%). Overall, the fertilization rate was the highest in the 
combinations of pure breeds (common carp or gibel carp). Offspring 
viability was the highest in the offspring of pure breed fish (common 
carp or gibel carp). The highest differences in viability were found 
between groups containing hybrids in at least one parental position and 
groups containing pure breeds in both parental positions. The viability 
of F2 hybrid offspring after one year has been 1% (supplementary data). 

4. Discussion 

In our study, diploid F l hybrids of common carp and gibel carp 
showed reduced testicular development, which corresponds to the low 
number of spermatozoa in comparison to the parental species. Similar 
findings were documented across many fish taxa, i.e. crosses between 
grass carp and big head carp (Aristichthys nobilis) (Allen and 
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Wattendorf, 1987), brown trout (Sahna truttä) and brook trout (Salve-
limis fontinalis) (Scheerer and Thorgaard, 1983) and muskellunge (Esox 
masquinongy) and northern pike (Esox lucius) (Brecka et al., 1995). 
Moreover, in our case, if hybrids were not completely sterile, the 
spermatozoa showed various morphological abnormalities, such as 
large heads, multiple nuclei or longer and multiple flagella in com­
parison with the parental species. Interestingly, similar findings were 
observed in hybrids of common carp and goldfish (Kucinski et al., 
2015) ; autopolyploid fish, such as rainbow trout (Oncorhynchus mykiss) 
(Carrasco et al., 1998); tench (Tinea ünca) (Linhart et al., 2006); allo­
polyploid spiny loach (C. elongatoides-taenia complex) (Majtänovä et al., 
2016) ; and hybrids of Misgurnus anguillicaudatus and M. mizolepis (Zhao 
et al., 2016), which also supported close connections between fish 
sterility and both hybridization and polyploidization. Morphological 
anomalies in multiple nuclei are probably caused by asynapsis of 
chromosomes with following arrests during meiosis (Li et al., 2015); 
indeed, the longer heads of spermatozoa in F l hybrids were probably 
connected with the higher amount of chromosomal DNA in the cells, 
which was caused by an unreduced number of chromosomes in the 

sperm cells, which led to polyploid/aneuploidy gametes. Zhao et al. 
(2014) presented the similar relationship between head lengths and 
number of chromosomes in allopolyploid spermatozoa from natural 
allopolyploids of Misgurnus loaches. A higher variance in the compart­
ment lengths of spermatozoa produced by F l hybrids suggests that 
aberrations in chromosome a/synapsis and segregation can pass meiosis 
checkpoints in different states of ploidy in contrast to mammalian 
spermatogenesis, where damaged spermatozoa are eliminated (Hamer 
et al., 2008). The spermatozoa anomalies of F l hybrids significantly 
affect their viability and performance, which has already been observed 
in fish hybrids of M. anguillicaudatus and M. mizolepis (Fujimoto et al., 
2008) and hybrids of Lepomis cyanellus and L. macrochirus (Wills and 
Sheehan Jr, 2000). The sperm cells of F l hybrids moved for two min­
utes after activation; however, the prolonged motility duration was 
likely compensated by the low percentage of motile sperm and velocity 
in comparison to the parental species. It seems that, if spermatozoa are 
not completely disrupted as a result of incomplete meiosis, they possess 
higher amounts of energy. Polyploid sperm cells showed an increased 
number of mitochondria in the midpiece part, which could compensate 
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for the larger size of hybrid spermatozoa (Dong et al., 2005; Zhao et al., 
2014). Nonetheless, in our study, a higher number of mitochondria was 
linked with hybridization of diploid parents and not with autopolyploid 
or allopolyploid parents, as previously documented (Alavi et al., 2013; 
Psenicka et al., 2011; Psenicka et al., 2010), where polyploid fishes 
produced aneupolyploid or polyploid gametes. An important question 
arises what is an involvement of these processes when producing di­
ploid or polyploid spermatozoa, and if there are differences among 
spermatozoa from diploid hybrid parents, allopolyploid parents and 
autopolyploid parents. It seems that the reason behind diploid sper­
matozoa is not so important as the resulting level of ploidy of sper­
matozoa since they show the similar patterns. Besides energy storage, 
according to (Cosson, 2004), flagellum length is also positively corre­
lated with the motility; this is in agreement with our findings, as fla­
gellum midpiece lengths were larger and the movement of spermatozoa 
was longer in F l hybrids than in common carp and gibel carp. 

The second part of the analyses of the sperm was performed via 
assessment of fertilization rate, hatching rate and offspring viability, i.e. 
viability of hatched embryos, in parental combinations, including males 
and females of common carp, gibel carp and F l hybrids in different 
crossed combinations. The fertilization rate of groups containing hy­
brids in both parent positions was significantly lower than the groups 
containing either common carp or gibel carp in both parent positions. 
The analysis of offspring viability showed low viability in all combi­
nations when a hybrid was present in at least one parental position 
except for one pair comprised of a female gibel carp and a male hybrid; 
however, the hatching rate of this pair was low and comparable to the 
pair of two hybrid parents. This seems to indicate that embryos with 
malformations resulting from this crossbreeding were not probably 
even hatched. The lowest fertilization rate was found in the pairs of 
hybrid parents, where the gametes were probably affected with the 
highest genetic incompatibilities during gametogenesis (Ortiz-
Barrientos et al., 2007). Analysis of the reproductive output of different 
parental combinations obtained by artificial spawning showed that 
both the females and the males hybrids were semi-fertile or sterile, 
which means that sterility was not sex dependent in our F l hybrids, 
therefore, Haldane's rule is not applicable (Schilthuizen et al., 2011) in 
common carp and gibel carp hybrids. Concerning the hybrid offspring 
representing the F2 generation, i.e. offspring resulting from hybrid x 
hybrid crossbreeding, a small number of offspring were able to survive, 
although most of them did not survive two months after hatching 
(supplementary data 3.) probably because of outbreeding depression 
(Emlen, 1991; Lynch, 1991). 

To conclude, our study showed that F l hybrids of common carp and 
gibel carp produced a small number of viable offspring. Therefore, 
using common carp and gibel carp F l hybrids in aquaculture to achieve 
sterile fish for genetic manipulation (in order to increase economic 
profits) would present a potential risk to wild populations of fish and 
endanger local ecosystems if they escaped from fish farms. Alternative 
possibilities include producing multiple hybrid generations, as re­
productive ability can change in later generations (Liu et al., 2001), or 
inducing sterility through molecular methods, such as gene knock down 
using morpholino (Wong and Zohar, 2015) or knock out using CRISPR/ 
Cas9 (Baloch et al., 2019). Gene expression of selected genes from 
sperm cells produced by hybrids could provide information about mo­
lecular biomarkers in assessment of gametes quality (Figueroa et al., 
2018) or explain gene regulatory networks in spermatozoa (Hu et al., 
2017). F l hybrids can be also used in fish breeding programmes 
creating new types of breeds with unique genetic traits. We also high­
light the need to carefully study the gametogenesis of hybrid and 
polyploid fish separately, as the probable disruption of gametogenesis 
may represent the important mechanisms of post-zygotic isolation. 
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CHAPTER 4 

MEIOSIS SUPPRESSION IN THE UNISEXUAL AMAZON MOLLY, Poecilia f o r m o s a 

D e d u k h , D . , d a C r u z , I . , K n e i t z , S . , M a r t a , A . , O r m a n n s , J . , T i c h o p a d , T . , L u , Y . , A l s h e i m e r , M v J a n k o , K. , 
S c h a r t l , M . M e i o s i s s u p p r e s s i o n i n t h e u n i s e x u a l A m a z o n m o l l y , Poecilia formosa. M a n u s c r i p t . 

M y s h a r e o n t h i s w o r k w a s a b o u t 1 0 % . 
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Abs t rac t 

U n i s e x u a l r e p r o d u c t i o n , w h i c h g e n e r a t e s c l o n a l o f f s p r i n g , i s a n a l t e r n a t i v e s t r a t e g y t o 
s e x u a l b r e e d i n g a n d o c c u r s e v e n i n v e r t e b r a t e s . A w i d e r a n g e o f n o n - s e x u a l r e p r o d u c t i v e 
m o d e s e x i s t , a n d o n e o f t h e l e a s t u n d e r s t o o d q u e s t i o n s i s h o w s u c h p a t h w a y s e m e r g e d a n d 
h o w t h e y m e c h a n i s t i c a l l y p r o c e e d . T h e A m a z o n m o l l y , P. formosa, n e e d s s p e r m f r o m m a l e s 
o f r e l a t e d s p e c i e s t o t r i g g e r t h e p a r t h e n o g e n e t i c d e v e l o p m e n t o f d i p l o i d e g g s . H o w e v e r , t h e 
m e c h a n i s m o f h o w t h e u n r e d u c e d f e m a l e g a m e t e s a r e p r o d u c e d r e m a i n s u n c l e a r . 

C y t o l o g i c a l a n a l y s e s r e v e a l e d t h a t t h e c h r o m o s o m e s o f p r i m a r y o o c y t e s i n i t i a t e p a c h y t e n e 
b u t d o n o t p r o c e e d t o b i v a l e n t f o r m a t i o n a n d r e c o m b i n a t i o n . C o m p a r i n g o v a r y t r a n s c r i p t o m e s 
o f P. formosa a n d i t s s e x u a l p a r e n t a l s p e c i e s P. mexicana r e v e a l e d d i f f e r e n t i a l l y e x p r e s s e d 
m e i o t i c g e n e s i n v o l v e d i n t h e g e n e r a t i o n o f d o u b l e - s t r a n d b r e a k s , s y n a p s i s , a n d r e g u l a t i o n o f 
p r o p h a s e I p r o g r e s s i o n . Spoil, w h i c h m a r k s t h e i n i t i a t i o n o f r e c o m b i n a t i o n , i s s i g n i f i c a n t l y 
d o w n r e g u l a t e d c o m p a r e d t o P. mexicana. S e v e r a l m e i o s i s g e n e s s h o w b i a s e d e x p r e s s i o n 
t o w a r d s o n e o f t h e t w o a l l e l e s f r o m t h e p a r e n t a l g e n o m e s . 

R e s u l t s s h o w t h a t i n t h e A m a z o n m o l l y d i p l o i d o o c y t e s a r e g e n e r a t e d b y a p o m i x i s d u e 
t o a f a i l u r e i n t h e f o r m a t i o n o f s y n a p s e d h o m o l o g o u s c h r o m o s o m e s . T h i s i s c o n n e c t e d t o 
d y s r e g u l a t i o n o f i m p o r t a n t p l a y e r s o f m e i o s i s e i t h e r o n t h e t r a n s c r i p t i o n a l l e v e l a n d / o r h y b r i d 
d y s g e n e s i s b e c a u s e o f c o m p r o m i s e d i n t e r a c t i o n o f p r o t e i n s f r o m d i v e r g e d g e n o m e s . W e 
h y p o t h e s i z e t h a t d o w n r e g u l a t i o n o f s p o 7 7 a t t h e e a r l i e s t s t e p o f m e i o s i s h a s b e e n t h e c r i t i c a l 
s t e p i n t h e e v o l u t i o n o f a m e i o s i s , w h i l e o t h e r c h a n g e s a r e c o n n e c t e d t o a d a p t i v e r e f i n e m e n t 
o r d o w n s t r e a m r e s p o n s e s t o t h e s w i t c h f r o m m e i o s i s t o m i t o s i s . 

Keywords: M e i o s i s ; p a r t h e n o g e n e s i s ; s y n a p t o n e m a l c o m p l e x ; r e c o m b i n a t i o n ; t r a n s c r i p t o m e ; 
o o g e n e s i s 

Int roduct ion 

A s e x u a l i t y i s a n e x c e p t i o n a l a n d r a r e m o d e o f r e p r o d u c t i o n i n v e r t e b r a t e s . U n d e r s t a n d i n g t h e 
g e n e t i c b a s i s a n d m o l e c u l a r m e c h a n i s m s o f a s e x u a l i t y a n d w h y i t p e r s i s t s i n s o m e s p e c i e s i s 
n o t o n l y o f i n t e r e s t t o c o m p r e h e n d t h e b i o l o g y o f t h o s e p e c u l i a r b i o t y p e s b u t a l s o c o n t r i b u t e s 
t o t h e u n d e r s t a n d i n g o f t h e m e c h a n i s m s a n d e v o l u t i o n o f s e x u a l r e p r o d u c t i o n . A s e x u a l i t y h a s 
t h e a d v a n t a g e o f f a s t e r e x p o n e n t i a l p o p u l a t i o n g r o w t h ( L o e w e a n d L a m a t s c h , 2 0 0 8 ) a n d t h e 
a v o i d a n c e o f t h e t w o - f o l d c o s t o f s e x ( M a y n a r d S m i t h , 1 9 7 8 ) . H o w e v e r , g e n e r a t i n g g e n e t i c a l l y 
i d e n t i c a l i n d i v i d u a l s h a s m a i n d i s a d v a n t a g e s : i t s c o n s e q u e n c e s a r e l o w g e n e t i c d i v e r s i t y 
( k n o w n a s t h e " R e d Q u e e n " e f f e c t ) a n d d e c a y o f f i t n e s s d u e t o t h e a c c u m u l a t i o n o f d e l e t e r i o u s 
m u t a t i o n s ( d e s c r i b e d b y " M u l l e r ' s r a t c h e t " ( V a n V a l e n , 1 9 7 3 ; B e l l , 1 9 8 2 ) ) . T h e s e d r a w b a c k s 
a r e c o n s i d e r e d t o o u t w e i g h t h e p o s i t i v e f e a t u r e s o f c l o n a l p r o p a g a t i o n ( L y n c h e t a l . , 1 9 9 5 ; 
N e i m a n e t a l . , 2 0 1 0 ; L i v e l y a n d M o r r a n , 2 0 1 4 ) . D u e t o t h e p r e d i c t e d i m p o r t a n c e o f t h o s e 
n e g a t i v e c o n s e q u e n c e s a n d c o n s i d e r i n g t h a t t h e c h a n g e s i n c e l l u l a r m e c h a n i s m s r e q u i r e d 
f o r a s e x u a l r e p r o d u c t i o n w o u l d b e c o m p l i c a t e d , f o r a l o n g t i m e , i t w a s h e l d i m p o s s i b l e t h a t 
v e r t e b r a t e s c o u l d b e p a r t h e n o g e n e t i c . T h i s p e r c e p t i o n , h o w e v e r , c h a n g e d w h e n i n 1 9 3 2 , t h e 
A m a z o n m o l l y , Poecilia formosa, w a s d e t e c t e d a s t h e f i r s t v e r t e b r a t e t o r e p r o d u c e b y " a f o r m 
o f a p p a r e n t p a r t h e n o g e n e s i s " i n n a t u r e ( H u b b s a n d H u b b s , 1 9 3 2 ) . T o d a t e , a p p r o x i m a t e l y 
1 0 0 f i s h , a m p h i b i a n , a n d r e p t i l e b i o t y p e s a r e k n o w n , w h i c h o b l i g a t o r y o r t r a n s i e n t l y s k i p 
g e n e t i c r e c o m b i n a t i o n , w h i l e t h e p h e n o m e n o n , a s a n a t u r a l p r o c e s s , a p p e a r s t o b e a b s e n t i n 
e n d o t h e r m v e r t e b r a t e s ( A v i s e , 2 0 0 8 ; S t o c k e t a l . , 2 0 2 1 ) . 
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Meiosis suppression in the unisexual Amazon molly, Poecilia formosa 

T h e s o c a l l e d ' a s e x u a l o r g a n i s m s ' i n g e n e r a l , a n d v e r t e b r a t e s i n p a r t i c u l a r , e m p l o y a p l e t h o r a 
o f v a r y i n g c y t o l o g i c a l m e c h a n i s m s t o a c h i e v e t h e p r o d u c t i o n o f u n r e d u c e d g a m e t e s o r a t 
l e a s t p a r t i a l l y c l o n a l i n h e r i t a n c e . A m o n g t h e s e , s e v e r a l m e c h a n i s m s a p p e a r t o h a v e e m e r g e d 
m a n y t i m e s i n d e p e n d e n t l y a m o n g u n r e l a t e d l i n e a g e s ( S t e n b e r g a n d S a u r a , 2 0 0 9 ) . O n e s u c h 
m e c h a n i s m a s s u m e s s u p p r e s s i o n o f k a r y o k i n e s i s a n d c y t o k i n e s i s i n o o g o n i a d u r i n g t h e l a s t 
p r e m e i o t i c m i t o s e s . T h i s y i e l d s a p r i m a r y o o c y t e w i t h t w i c e t h e n u m b e r o f c h r o m o s o m e s e t s , 
w h i c h f o r m t w i c e t h e n u m b e r o f b i v a l e n t s d u r i n g p a c h y t e n e , f o l l o w e d b y t w o r e g u l a r m e i o t i c 
d i v i s i o n s . T h i s p r o c e s s , t e r m e d p r e - m e i o t i c e n d o r e p l i c a t i o n , r e s u l t s i n a n o v u m w i t h t h e 
s o m a t i c n u m b e r o f c h r o m o s o m e s a n d c l o n a l g e n o m i c c o n s t i t u t i o n . B e c a u s e o f t h e o c c a s i o n a l 
p a i r i n g o f h o m o l o g o u s c h r o m o s o m e s , w h i c h t h e n r e c o m b i n e , i t i s a n a u t o m i c t i c f o r m o f 
a s e x u a l i t y . I t i s r e l a t i v e l y w i d e s p r e a d a m o n g c l o n a l a n i m a l s ( S t e n b e r g a n d S a u r a , 2 0 0 9 ) . I n 
v e r t e b r a t e s , i t o c c u r s i n t r i p l o i d f o r m s o f s o m e Ambystoma s a l a m a n d e r s ( M a c g r e g o r a n d 
U z z e l l , 1 9 6 4 ; C u e l l a r , 1 9 7 6 ) , d i p l o i d a n d t r i p l o i d l i z a r d s f r o m t h e g e n u s Aspidocelis ( C u e l l a r , 
1 9 7 1 ) , i n B a t u r a t o a d s ( S t o c k e t a l . , 2 0 0 2 ) , a n d i n t e l e o s t f i s h e s i n t r i p l o i d Poeciliopsis 
monacha 2-lucida ( C i m i n o , 1 9 7 2 ) , i n d i p l o i d a n d t r i p l o i d h y b r i d s o f Cobitis ( D e d u k h e t a l . , 
2 0 2 0 ) a n d Misgurnus s p e c i e s ( I t o n o e t a l . , 2 0 0 6 ) . A n o t h e r a u t o m i c t i c m e c h a n i s m t h a t c a n 
r e s t o r e a d i p l o i d e g g w h i l e r e t a i n i n g m e i o s i s d u r i n g t h e p a r t h e n o g e n e t i c d e v e l o p m e n t i s t h e 
f u s i o n o f t h e o o c y t e a f t e r t h e f i r s t r e d u c t i o n d i v i s i o n w i t h t h e f i r s t o r s e c o n d p o l a r b o d y 
T h i s m e c h a n i s m e x p l a i n s t h e p r o c e s s o f f a c u l t a t i v e p a r t h e n o g e n e s i s o b s e r v e d i n s o m e s h a r k s 
( C h a p m a n e t a l . , 2 0 0 7 ) , K o m o d o d r a g o n s , a n d s n a k e s ( C a r d e t a l . , 2 0 2 1 ) . I t i s w i d e s p r e a d 
a m o n g p l a n t s a n d i s k n o w n f o r i n s e c t s , c r u s t a c e a n s , a n d t a r d i g r a d e s ( S t e n b e r g a n d S a u r a , 
2 0 0 9 ) . I n t e r e s t i n g l y , t h i s a u t o m i c t i c p r o c e s s h a s b e e n o b s e r v e d r e g u l a r l y i n l a b o r a t o r y -
p r o d u c e d h y b r i d s o f P. mexicana a n d P. latipinna ( L a m p e r t e t a l . , 2 0 0 7 ) a n d c o u l d b e s e e n 
a s t h e p r i m o r d i a l m e c h a n i s m f r o m w h i c h o o g e n e s i s i n P. formosa e v o l v e d . F i n a l l y , a s e x u a l i t y 
c a n b e f u l l y a p o m i c t i c , w i t h m e i o s i s b e i n g t o t a l l y s u p p r e s s e d a n d t h e o o c y t e b e i n g p r o d u c e d 
b y m i t o s i s . A p o m i x i s a n d e n d o r e d u p l i c a t i o n d o n o t l e a d t o g e n e t i c v a r i a t i o n i n t h e r e s u l t a n t 
c l o n a l p o p u l a t i o n . A u t o m i x i s b y f u s i o n o f t h e p r o d u c t s o f t h e m e i o t i c d i v i s i o n , h o w e v e r , 
c a n l e a d t o v a r i a b l e o f f s p r i n g b e c a u s e s e g r e g a t i o n a n d r e c o m b i n a t i o n t a k e p l a c e b e t w e e n 
n o n i d e n t i c a l h o m o l o g o u s c h r o m o s o m e s . 

S i n c e i t s d i s c o v e r y , P. formosa h a s b e c o m e a p a r a d i g m a t i c m o d e l f o r s t u d i e s o n a s e x u a l i t y 
( S c h l u p p , 2 0 0 5 ; L a m p e r t a n d S c h a r t l , 2 0 0 8 ) . I t i s a n a l l - f e m a l e s p e c i e s t h a t r e p r o d u c e s b y 
g y n o g e n e s i s , a f o r m o f p a r t h e n o g e n e s i s . T h i s m o d e o f r e p r o d u c t i o n s t i l l r e q u i r e s t h e p r e s e n c e 
o f m a l e s . M a l e s o f r e l a t e d s e x u a l s p e c i e s p r o v i d e s p e r m a s a t r i g g e r t o p h y s i o l o g i c a l l y a c t i v a t e 
t h e d e v e l o p m e n t o f t h e e m b r y o f r o m a d i p l o i d e g g w i t h o u t c o n t r i b u t i n g g e n e t i c a l l y t o t h e 
o f f s p r i n g . T h e s p e r m D N A i s u s u a l l y d e g r a d e d b e f o r e k a r y o g a m y c a n o c c u r , w h i c h g u a r a n t e e s 
c l o n a l i t y - w i t h o n l y e x t r e m e l y r a r e e x c e p t i o n s . M i n u t e p a r t s o f t h e p a t e r n a l g e n o m e c a n 
p e r s i s t a s m i c r o c h r o m o s o m e s , w h i c h b e h a v e l i k e B - c h r o m o s o m e s i n t h e s o m a a n d t h e 
g e r m l i n e . I n o t h e r r a r e c a s e s , t h e s p e r m e x c l u s i o n m e c h a n i s m f a i l s c o m p l e t e l y , a n d a t r i p l o i d 
A m a z o n m o l l y d e v e l o p s ( f o r r e v i e w s o n t h e r e p r o d u c t i v e b i o l o g y o f P. formosa s e e S c h l u p p , 
2 0 0 5 ; L a m p e r t a n d S c h a r t l , 2 0 0 8 ) . G e n e a l o g i c a l l y , P. formosa i s d e r i v e d f r o m t w o s e x u a l 
s p e c i e s . A l l i n d i v i d u a l s o f t o d a y ' s P. formosa s t e m f r o m a s i n g l e i n t e r s p e c i f i c h y b r i d o f t w o 
d i s t a n t l y r e l a t e d Poecilia s p e c i e s , P. mexicana a s t h e m a t e r n a l a n d P. latipinna a s t h e p a t e r n a l 
a n c e s t o r ( S t o c k e t a l . , 2 0 1 0 ; W a r r e n e t a l . , 2 0 1 8 ) . T h i s r a i s e s t h e q u e s t i o n o f h o w s e x u a l 
r e p r o d u c t i o n w a s l o s t i n t h e " p r i m a E v a " o f a l l A m a z o n m o l l i e s a n d h o w d i p l o i d c l o n a l l i n e a g e s 
a r e p e r p e t u a t e d . 

H o w e v e r , d e s p i t e P. formosa b e i n g a p a r a d i g m a t i c o r g a n i s m f o r s t u d i e s o n t h e o r i g i n s a n d 
e v o l u t i o n a r y c o n s e q u e n c e s o f a s e x u a l i t y , t h e r e i s n o c o n s e n s u s o n h o w s e x u a l r e p r o d u c t i o n w a s 
l o s t i n t h e " p r i m a E v a " o f a l l A m a z o n m o l l i e s a n d h o w d i p l o i d c l o n a l l i n e a g e s a r e p e r p e t u a t e d . 
F o r t h i s , s e v e r a l h y p o t h e s e s c a n b e e n v i s a g e d i n a n a l o g y t o t h e a b o v e - m e n t i o n e d c a s e f r o m 
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o t h e r a s e x u a l a n i m a l s . W i t h r e s p e c t t o t h e m e c h a n i s m o f o o c y t e f o r m a t i o n i n P. formosa 
c y t o l o g i c a l d a t a w e r e f i r s t i n t e r p r e t e d a s e v i d e n c e f o r p r e m e i o t i c e n d o r e d u p l i c a t i o n . L a t e r , 
h o w e v e r , o n t h e b a s i s o f D N A q u a n t i f i c a t i o n b y t h e s a m e a u t h o r s , t h i s h y p o t h e s i s w a s 
r e j e c t e d , a n d a p o m i x i s w a s a s c r i b e d t o t h e A m a z o n m o l l y ( M o n a c o e t a l . , 1 9 8 1 ; R a s c h e t a l . , 
1 9 8 2 ) . D e s p i t e t h e h u g e m e t h o d o l o g i c a l p r o g r e s s i n t h e l a s t 3 0 y e a r s , t h e d e c o n v o l u t i o n o f 
t h e a s e x u a l r e p r o d u c t i v e m e c h a n i s m o f A m a z o n m o l l y w a s n o t r e - v i s i t e d a g a i n . I n t h i s w o r k , 
w e s h o w b y c y t o g e n e t i c a n a l y s e s u s i n g i m m u n o d e t e c t i o n o f s y n a p t o n e m a l c o m p o n e n t s a n d a 
r e c o m b i n a t i o n m a r k e r a n d w h o l e m o u n t o o c y t e s t h a t t h e c h r o m o s o m e s o f P. formosa p r i m a r y 
o o c y t e s t a k e t h e p r e p a r a t o r y s t e p s o f m e i o s i s I b u t d o n o t p r o c e e d t o b i v a l e n t f o r m a t i o n 
a n d r e c o m b i n a t i o n . F u r t h e r m o r e , t r a n s c r i p t o m e a n a l y s e s u n c o v e r e d t h a t m o s t o f t h e m e i o t i c 
g e n e s a r e e x p r e s s e d i n a s i m i l a r p a t t e r n i n t h e a s e x u a l o v a r y o f P. formosa a n d t h e s e x u a l 
p a r e n t a l s p e c i e s P. mexicana e x c e p t f o r k e y g e n e s i n v o l v e d i n t h e g e n e r a t i o n o f r e g u l a t i o n o f 
d o u b l e - s t r a n d b r e a k s , s y n a p s i s , a n d r e g u l a t i o n o f p r o p h a s e I p r o g r e s s i o n . 

Mater ia ls and methods 

Animals: A l l f i s h w e r e r e a r e d u n d e r s t a n d a r d c o n d i t i o n s f o r P o e c i l i i d f i s h h u s b a n d r y ( K a l l m a n 
1 9 7 5 ) w i t h a l i g h t / d a r k c y c l e o f 1 4 / 1 0 h a t 2 6 °C i n t h e f i s h f a c i l i t y o f t h e B i o c e n t r e a t t h e 
U n i v e r s i t y o f Würzburg, G e r m a n y . A n i m a l s w e r e k e p t a n d s a m p l e d i n a c c o r d a n c e w i t h t h e 
a p p l i c a b l e E U a n d G e r m a n n a t i o n a l l e g i s l a t i o n g o v e r n i n g a n i m a l e x p e r i m e n t a t i o n . I n p a r t i c u l a r , 
a l l e x p e r i m e n t a l p r o t o c o l s w e r e a p p r o v e d t h r o u g h a n a u t h o r i z a t i o n ( F B W L 5 6 8 / 2 0 1 -
2 7 9 2 / 2 0 ) o f t h e V e t e r i n a r y O f f i c e o f t h e D i s t r i c t G o v e r n m e n t o f L o w e r F r a n c o n i a , G e r m a n y , i n 
a c c o r d a n c e w i t h t h e G e r m a n A n i m a l P r o t e c t i o n L a w ( T i e r S c h G ) . 

F i s h f r o m t h e f o l l o w i n g l a b o r a t o r y l i n e s w e r e u s e d : 
Poecilia formosa, W L C # 4 6 9 8 ( l a b o r a t o r y s t r a i n P f l ) , # 4 3 9 4 ( o r i g i n R i o P u r i f i c a c i o n , T a m p s . 

M e x i c o V I / 1 7 ) , # 1 3 4 1 ( o r i g i n C i u d a d M a n t e , T a m p s . M e x i c o M l / 2 ) , # 1 3 0 4 ( l a b o r a t o r y s t r a i n P f l l ) 
Poecilia mexicana, W L C # 1 3 5 3 ( o r i g i n L a g u n a d e l C h a m p a y a n , T a m p s . M e x i c o I V / 5 ) 
H y b r i d s : O v a r y t r a n s c r i p t o m e d a t a f r o m a p r e v i o u s s t u d y a n a l y z i n g F l h y b r i d s f r o m c r o s s i n g 

v i r g i n P. mexicana f e m a l e w i t h a P. latipinna m a l e ( L u e t a l . , 2 0 2 1 ) w e r e u s e d . 
RNA extractions and transcr iptome sequencing: O v a r i e s f r o m f o u r a d u l t n o n - p r e g n a n t 

P. formosa a n d P. mexicana w e r e d i s s e c t e d a t d a y s 0 - 3 a f t e r g i v i n g b i r t h d u r i n g t h e t i m e w h e n 
t h e n e x t c l u t c h o f o o c y t e s m a t u r e s . T o t a l R N A w a s i s o l a t e d u s i n g T R I z o l R e a g e n t ( T h e r m o 
F i s h e r S c i e n t i f i c , W a l t h a m , U S A ) a c c o r d i n g t o t h e s u p p l i e r ' s r e c o m m e n d a t i o n . C u s t o m 
e u k a r y o t i c s t r a n d - s p e c i f i c s e q u e n c i n g ( B G I , S h e n z e n , C h i n a ) o f T r u S e q l i b r a r i e s g e n e r a t e d 3 0 -
3 5 m i l l i o n 1 5 0 b p p a i r e d - e n d c l e a n r e a d s f o r e a c h s a m p l e o n t h e B G I S E Q p l a t f o r m . T o v a l i d a t e 
t h e r e p l i c a t e s , P C A a n a l y s i s w a s d o n e b y D E S e q 2 ( L o v e e t a l . , 2 0 1 4 ) (Figure S I ) . 

Differential gene expression analysis: A f t e r d u p l i c a t e a n d b a r c o d e r e m o v a l , r e a d s w e r e 
a l i g n e d t o t h e P. formosa g e n o m e v e r s i o n 5 . 1 . 2 ( G C A _ 0 0 0 4 8 5 5 7 5 . 1 ) u s i n g t h e S T A R a l i g n e r 
v e r s i o n 2 . 5 ( - r u n M o d e a l i g n R e a d s - q u a n t M o d e G e n e C o u n t s ) ( D o b i n e t a l . , 2 0 1 3 ) . A g e n e 
w a s c o n s i d e r e d a s e x p r e s s e d i f i t h a d m o r e t h a n t e n r e a d s a l i g n e d . B a s e d o n t h e c o u n t s o f 
t h e a l i g n e d r e a d s , d i f f e r e n t i a l l y e x p r e s s e d g e n e s b e t w e e n P. formosa, P. mexicana a n d F l 
h y b r i d s (Pmex/P.lat) w e r e o b t a i n e d u s i n g D E S e q 2 ( L o v e e t a l . , 2 0 1 4 ) . A g e n e w a s d e f i n e d a s 
d i f f e r e n t i a l l y e x p r e s s e d i f t h e l o g 2 f o l d c h a n g e ( F C ) i s > | 2 | a n d a p - a d j < 0 . 0 5 . F o r f o c u s s i n g o n 
g e n e s w i t h k n o w n f u n c t i o n d u r i n g m e i o s i s a n d g e r m c e l l d e v e l o p m e n t g e n e s , w e r e t r i e v e d 
t h e I D s o f t h e f e m a l e m e i o t i c g e n e s f r o m t h e m e i o s i s o n l i n e d a t a b a s e ( h t t p s : / / m c g . u s t c . e d u . 
c n / b s c / m e i o s i s / i n d e x . h t m l ) ( L i e t a l . , 2 0 1 4 ) (Table S I ) . F u n c t i o n a l c l u s t e r i n g w a s p e r f o r m e d 
b y t h e D a t a b a s e f o r A n n o t a t i o n , V i s u a l i z a t i o n a n d I n t e g r a t e d D i s c o v e r y ( D A V I D , h t t p s : / / d a v i d . 
n c i f c r f . g o v / ) u s i n g h u m a n h o m o l o g u e s . 
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Meiosis suppression in the unisexual Amazon molly, Poecilia formosa 

Allele biased expressed gene analysis: T o e v a l u a t e t h e d i f f e r e n c e s i n r e l a t i v e e x p r e s s i o n 
b e t w e e n p a r e n t a l a l l e l e s , t h e r e a d s f r o m P. formosa o v a r i e s w e r e m a p p e d u s i n g B o w t i e 2 
( L a n g m e d e t a l . , 2 0 0 9 ) a g a i n s t b o t h p a r e n t a l g e n e s e q u e n c e s ( i . e . , P. latipinna a n d Pmexicana) 
t h a t a r e h o m o l o g o u s t o P. formosa ( L u e t a l . , 2 0 2 1 ) . U n i q u e l y m a p p e d r e a d s w e r e r e t r i e v e d , 
a n d t r a n s c r i p t a b u n d a n c e s w e r e e s t i m a t e d a s T r a n s c r i p t s p e r m i l l i o n ( T P M ) u s i n g S a l m o n 
( P a t r o e t a l . , 2 0 1 7 ) . G e n e s w i t h T P M ; > 1 w e r e c o n s i d e r e d a s e x p r e s s e d a n d w e r e i n c l u d e d i n 
f u r t h e r a n a l y s e s . 

T h e f r e q u e n c y o f p a r e n t a l a l l e l e b i a s e d e x p r e s s i o n f o r t h e d i f f e r e n t i a l e x p r e s s e d a n d m e i o t i c 
g e n e s w a s e s t i m a t e d a s f o l l o w s : 

A P I = Z T P M p l t / ( Z T P M P I + Z T M P P ) 
P.lat Plat v P.lat P .mex ' 

A p = Z T P M P / ( Z T P M P + Z T P M P I J 
P.mex P.mex v P.mex P.lat ' 

w h e r e A i s P. latipinna o r P. mexicana p a r e n t a l a l l e l e a n d T P M i s t h e e x p r e s s i o n v a l u e 
d e t e r m i n e d f o r e a c h p a r e n t a l a l l e l e . A g e n e w a s d e t e r m i n e d a s P. latipinna o r P. mexicana 
a l l e l e e x p r e s s i o n b i a s e d i f t h e f r e q u e n c y w a s o v e r 6 0 % . 

A p r o t e i n i n t e r a c t i o n n e t w o r k w a s p r o d u c e d f o r t h e m e i o s i s g e n e s i d e n t i f i e d w i t h a l l e l i c 
e x p r e s s i o n b i a s b y a p p l y i n g t h e S T R I N G d a t a b a s e a n d v i s u a l i z e d u s i n g C y t o s c a p e s o f t w a r e 
3 . 9 . 0 . ( v o n M e r i n g e t a l . , 2 0 0 3 ; S h a n n o n e t a l . , 2 0 0 3 ) . 

Pachytene chromosomes and immunofluorescent staining: P a c h y t e n e c h r o m o s o m e s 
w e r e o b t a i n e d f r o m j u v e n i l e f e m a l e s ( 1 - 1 4 d a y s a f t e r b i r t h ) u s i n g a m o d i f i c a t i o n o f t h e 
p r o t o c o l d e s c r i b e d i n ( P e t e r s e t a l . , 1 9 9 7 ) . O v a r i e s w e r e p l a c e d i n 1 0 0 I o f 1 0 0 m M s u c r o s e 
a n d i n c u b a t e d f o r 1 0 m i n f o l l o w e d b y p r e p a r a t i o n o f c e l l s u s p e n s i o n . T h e s u s p e n s i o n w a s 
i m m e d i a t e l y d r o p p e d o n SuperFrost® s l i d e s ( M e n z e l G l a s e r ) , w h i c h h a d b e e n d i p p e d i n a 
f r e s h 1 % p a r a f o r m a l d e h y d e ( P F A ) p H 8 , 5 s o l u t i o n c o n t a i n i n g 0 . 1 5 % T r i t o n X - 1 0 0 . C e l l s w e r e 
d i s t r i b u t e d b y t h e g e n t l e i n c l i n a t i o n o f t h e s l i d e . S l i d e s w e r e p l a c e d i n a h u m i d c h a m b e r f o r a t 
l e a s t o n e h o u r . A f t e r w a r d , s l i d e s w e r e d r i e d a n d w a s h e d i n p h o s p h a t e b u f f e r e d s a l i n e ( l x P B S ; 
4 . 3 m M N a 2 H P 0 4 , 1 . 4 3 m M K H 2 P 0 4 , 2 . 7 m M K C I , 1 3 7 m M N a C I , p H 7 . 4 ) a n d s t o r e d a t 4 °C i n 
l x P B S f o r i m m u n o f l u o r e s c e n t s t a i n i n g p r o c e d u r e n o t l o n g e r t h a n o n e w e e k . 

T h e f o l l o w i n g p r i m a r y a n t i b o d i e s w e r e u s e d t o d e t e c t l a t e r a l a n d c e n t r a l c o m p o n e n t s o f 
s y n a p t o n e m a l c o m p l e x e s ( S C ) : r a b b i t p o l y c l o n a l a n t i b o d i e s ( a b 1 4 2 0 6 , A b e a m ) a g a i n s t S Y C P 3 
p r o t e i n a n d c h i c k e n p o l y c l o n a l a n t i b o d i e s ( a g i f t f r o m S e a n M . B u r g e s s ( B l o k h i n a e t a l . , 2 0 1 9 ) ) 
a g a i n s t S Y C P 1 p r o t e i n c o r r e s p o n d i n g l y . R e c o m b i n a t i o n l o c i w e r e d e t e c t e d w i t h m o u s e m o n o c l o n a l 
a n t i b o d i e s ( a b l 4 2 0 6 , A b e a m ) a g a i n s t M L H 1 p r o t e i n . P r i o r t o a d d i n g t h e a n t i b o d i e s , f r e s h s l i d e s 
w e r e i n c u b a t e d w i t h 1 % b l o c k i n g r e a g e n t ( R o c h e ) i n l x P B S c o n t a i n i n g 0 . 0 1 % T w e e n - 2 0 f o r 2 0 
m i n . A n t i b o d i e s w e r e a d d e d i n c o n c e n t r a t i o n s a c c o r d i n g t o t h e m a n u f a c t u r e r s ' s p e c i f i c a t i o n s 
f o r 1 h o u r a t R T . S l i d e s w e r e w a s h e d t h r e e t i m e s i n l x P B S a t R T a n d i n c u b a t e d w i t h s e c o n d a r y 
a n t i b o d i e s A l e x a - 4 8 8 - c o n j u g a t e d g o a t a n t i - r a b b i t I g G ( H + L ) ( T h e r m o F i s h e r S c i e n t i f i c ) , A l e x a - 5 9 4 
g o a t a n t i - c h i c k e n I g Y ( H + L ) ( T h e r m o F i s h e r S c i e n t i f i c ) , a n d A l e x a - 5 9 4 - c o n j u g a t e d g o a t a n t i - m o u s e 
I g G ( H + L ) ( T h e r m o F i s h e r S c i e n t i f i c ) f o r o n e h o u r a t R T . S l i d e s w e r e w a s h e d t h r e e t i m e s i n l x P B S 
a n d m o u n t e d i n V e c t a s h i e l d / D A P I ( 1 . 5 m g / m l ) ( V e c t o r , B u r l i n g a m e , C a l i f . , U S A ) . 

Confocal laser scanning microscopy: C l a s s i c a l a n a l y s i s o f d i p l o t e n e c h r o m o s o m a l s p r e a d 
p r e p a r a t i o n s w a s a l m o s t i m p o s s i b l e d u e t o t h e s m a l l s i z e o f t h e o o c y t e n u c l e i , p r e v e n t i n g a n y 
m i c r o s u r g i c a l m a n i p u l a t i o n s . T h u s , w e i n v e s t i g a t e d t h e i n t a c t o o c y t e n u c l e u s o f P. formosa 
a n d P. mexicana i n d i v i d u a l s . N u c l e i w e r e i s o l a t e d w i t h f i n e f o r c e p s f r o m o o c y t e s o f 0 . 5 - 1 m m 
d i a m e t e r i n i s o l a t i o n m e d i u m ( 8 3 m M K C I , 1 7 m M N a C I , 6 . 5 m M N a 2 H P 0 4 , 3 . 5 m M K H 2 P 0 4 , 
1 m M M g C I 2 , 1 m M D T T ( d i t h i o t h r e i t o l ) . I s o l a t e d n u c l e i w e r e t r a n s f e r r e d t o a n i s o l a t i o n 
m e d i u m c o n t a i n i n g 1 M TO-PRO™-3 I o d i d e ( T h e r m o F i s h e r S c i e n t i f i c ) . C o n f o c a l l a s e r s c a n n i n g 
m i c r o s c o p y w a s c a r r i e d o u t w i t h a L e i c a T C S S P 5 m i c r o s c o p e b a s e d o n a L e i c a D M I 6 0 0 0 C S 
i n v e r t e d m i c r o s c o p e . S p e c i m e n s w e r e e x a m i n e d b y t h e X Y Z s c a n n i n g t e c h n i q u e u s i n g H C P L 
A P O 2 0 x o b j e c t i v e a n d H e N e l a s e r ( 6 3 3 n m ) . 

-53 -



I m a g e s w e r e c a p t u r e d a n d p r o c e s s e d u s i n g L A S A F s o f t w a r e ( L e i c a M i c r o s y s t e m s , G e r m a n y ) ; 
3 D r e c o n s t r u c t i o n s w e r e m a d e u s i n g I m a r i s 5 . 0 . 1 ( B i t p l a n e , A G ) s o f t w a r e . 

Wide-field and fluorescence microscopy: I m m u n o s t a i n e d m e i o t i c c h r o m o s o m e s w e r e 
a n a l y z e d u s i n g a P r o v i s A X 7 0 O l y m p u s m i c r o s c o p e e q u i p p e d w i t h s t a n d a r d f l u o r e s c e n c e f i l t e r 
s e t s . M i c r o p h o t o g r a p h s o f c h r o m o s o m e s w e r e c a p t u r e d b y a C C D c a m e r a ( D P 3 0 W O l y m p u s ) 
u s i n g O l y m p u s A c q u i s i t i o n S o f t w a r e . M i c r o p h o t o g r a p h s w e r e f i n a l l y a d j u s t e d a n d a r r a n g e d i n 
A d o b e P h o t o s h o p , C S 6 s o f t w a r e . 

Resu l ts 

Bivalent formation does not occur during meiosis of the asexual P o e c i l i a f o r m o s a  

T o i n v e s t i g a t e t h e a b i l i t y o f P. formosa f e m a l e s t o f o r m b i v a l e n t s , w e p e r f o r m e d i m m u n o s t a i n i n g 
o f c h r o m o s o m a l s p r e a d s d u r i n g p a c h y t e n e w i t h a n t i b o d i e s a g a i n s t c e n t r a l ( S Y C P 1 ) a n d l a t e r a l 
( S Y C P 3 ) c o m p o n e n t s o f t h e s y n a p t o n e m a l c o m p l e x ( S C ) . I t h a s b e e n s h o w n t h a t S Y C P 3 i s 
l o c a l i z e d o n b o t h b i v a l e n t s a n d u n i v a l e n t s w h i l e S Y C P 1 a c c u m u l a t e s o n l y o n b i v a l e n t s ( I w a i e t a l . , 
2 0 0 6 ; B i s i g e t a l . , 2 0 1 2 ; B l o k h i n a e t a l . , 2 0 1 9 ) . I n t h e s e x u a l P. mexicana f e m a l e s , r e p r e s e n t i n g 
t h e m a t e r n a l a n c e s t o r o f P. formosa, w e d e t e c t e d n o r m a l p a i r i n g a n d f o r m a t i o n o f 2 3 b i v a l e n t s 
w i t h n o e v i d e n c e o f u n i v a l e n t s o r a b e r r a n t p a i r i n g (Figure 1A). T o c h e c k f o r t h e p r e s e n c e o f 
r e c o m b i n a t i o n l o c i a n t i b o d i e s a g a i n s t M L H 1 p r o t e i n s w e r e u s e d . M L H 1 p r o t e i n i s a n i n d i c a t o r 
o f r e c o m b i n a t i o n a n d a c c u m u l a t e s o n l y o n s y n a p s e d c h r o m o s o m e s ( K o l a s , e t a l . , 2 0 0 5 ; M o e n s 
2 0 0 6 ) . O n e t o t w o r e c o m b i n a t i o n s p o t s p e r b i v a l e n t w e r e o b s e r v e d (Figure IB ) . C o n v e r s e l y , 
i n P. formosa w e d e t e c t e d a c c u m u l a t i o n o n l y o f S Y C P 3 b u t n o t S Y C P 1 p r o t e i n , s u g g e s t i n g t h a t 
s y n a p s i s i s i n c o m p l e t e a n d , c o n s e q u e n t l y , b i v a l e n t s a r e n o t f o r m e d d u r i n g t h e p a c h y t e n e s t a g e . 
W e o b s e r v e d 4 6 u n i v a l e n t s i n a c c o r d a n c e w i t h t h e d i p l o i d n u m b e r o f c h r o m o s o m e s i n t h i s 
s p e c i e s (Fig. ID ) . C o n s i s t e n t w i t h t h i s , o n p a c h y t e n e s p r e a d s f r o m P. formosa o o c y t e s s t a i n e d 
w i t h a n t i b o d i e s a g a i n s t M L H 1 p r o t e i n , n o r e c o m b i n a t i o n l o c i w e r e d e t e c t e d (Figure I E ) , w h i c h 
f u r t h e r c o n f i r m s t h e p r e s e n c e o f u n i v a l e n t s o n l y a n d a b s e n c e o f c r o s s o v e r s . 

T o v a l i d a t e t h a t r e g u l a r c h r o m o s o m e p a i r i n g i s i n c o m p l e t e a n d c h r o m o s o m e s r e m a i n u n i v a l e n t 
d u r i n g P. formosa m e i o t i c p r o p h a s e I , w e t h e n s t u d i e d t h e o o c y t e s d u r i n g t h e d i p l o t e n e s t a g e . 
A n a l y s i s o f n u c l e i o f i n t a c t o o c y t e s r e v e a l e d t h e p r e s e n c e o f b i v a l e n t s i n o o c y t e s o f P. mexicana, 
w h i l e o n l y u n i v a l e n t s w e r e d e t e c t e d i n o o c y t e s o f P. formosa (Figure 1C, F). 
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Meiosis suppression in the unisexual Amazon molly, Poecilia formosa 

Figure 7 . Meiotic chromosomes of P. mexicono (A, B, C) and P. formoso (D, E, D) during pachytene (A, B, D, E) 
and diplotene (C, F). Staining for lateral (5YCP3) and central (SYCP1) components of synaptonemal complexes 
clearly show the presence of 23 bivalents (indicated by arrows) in P. mexicana (A) and 46 univalents (indicated 
by arrowheads) in P. formosa (D). MLH1 immunostaining (thick arrows) demonstrates the occurrence of 
recombination in P. mexicana (B), while no recombination loci were detected in P. formosa (E). 3D reconstruction 
of P. mexicana (C)and P. formosa (F) diplotene oocyte nuclei after confocal microscopy showing the presence of 
bivalents (indicated by arrows) and univalents (indicated by arrowheads), correspondingly. 

Meiotic genes differentially expressed between sexual and asexual ovaries  

T o u n d e r s t a n d t h e m o l e c u l a r m e c h a n i s m o f w h y m e i o s i s i s i n i t i a t e d b u t d o e s n o t p r o c e e d 
t o m e i o t i c r e c o m b i n a t i o n a n d f o r m a t i o n o f b i v a l e n t s , w e f i r s t p e r f o r m e d c o m p a r a t i v e 
t r a n s c r i p t o m e a n a l y s e s o f o v a r i e s o f P. formosa a n d i t s s e x u a l p a r e n t a l s p e c i e s P. mexicana. 
T h i s r e v e a l e d 1 0 4 5 d i f f e r e n t i a l l y e x p r e s s e d p r o t e i n c o d i n g a n d 2 2 8 I n c R N A e n c o d i n g g e n e s , 
o f w h i c h 9 5 4 w e r e u p a n d 3 1 9 d o w n r e g u l a t e d i n P. formosa v s . P. mexicana ( F i g u r e 2 A ) . T h e 
u p r e g u l a t e d p r o t e i n c o d i n g g e n e s w e r e e n r i c h e d f o r G O t e r m s r e l a t e d t o n e u r a l r e c e p t o r s , 
c h a n n e l s a n d t r a n s p o r t e r s a n d c a l c i u m s i g n a l i n g ( F i g u r e S 2 ) , w h i l e t h e d o w n r e g u l a t e d g e n e s 
w e r e e n r i c h e d f o r c e l l a d h e s i o n a n d s i g n a l i n g ( F i g u r e S 2 ) . F o r m o r e i n - d e p t h a n a l y s e s , w e 
g e n e r a t e d a m a n u a l l y c u r a t e d l i s t o f 2 4 4 g e n e s k n o w n t o b e i n v o l v e d i n t h e s t a g e s o f f e m a l e 
m e i o s i s a n d o o g e n e s i s ( T a b l e S I ) . W e f o u n d f i v e d o w n r e g u l a t e d g e n e s , f o u r o f w h i c h a r e 
k n o w n t o b e e x c l u s i v e l y e x p r e s s e d a n d t h u s s p e c i f i c t o m e i o t i c p r o p h a s e I : spoil, tex!2, 
sds a n d syce3. I n a d d i t i o n t o t h e s e p r o p h a s e s I s p e c i f i c g e n e s , agt, a g e n e i n v o l v e d i n t h e 
r e - e n t r y o f m e t a p h a s e I a r r e s t e d o o c y t e s i n m a m m a l s , w a s a l s o d o w n r e g u l a t e d . O f t h e s e v e n 
u p r e g u l a t e d g e n e s , a l l a r e e s s e n t i a l f o r t h e f i r s t m e i o t i c d i v i s i o n : Iin28a, smc6, cbxl, Ihcgr, 
tp73, fmn2 a n d aurkb ( T a b l e 1 ) . 
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T a b l e 1. Meiosis genes differentially expressed between Rfomosa (Pf), Fl hybrids, and P. mexicana 
(Pmex). Changes in expression level are denoted as up, down or equal in relation to P. formosa or Fl hybrids. 

Gene 
symbol 

Pf 
vs Pmex 

Pf vs F1 
hybrids 

F1 hybrids 
vs Pmex Gene name 

t e x 1 2 d o w n d o w n e q u a l t e s t i s e x p r e s s e d 1 2 

n p p c e q u a l u p d o w n n a t r i u r e t i c p e p t i d e C 

s y c e 3 d o w n d o w n e q u a l s y n a p t o n e m a l c o m p l e x c e n t r a l e l e m e n t p r o t e i n 3 

a g t d o w n e q u a l d o w n a n g i o t e n s i n o g e n 

I h c g r u p u p e q u a l l u t e i n i z i n g h o r m o n e / c h o r i o g o n a d o t r o p i n r e c e p t o r 

t e s c u p e q u a l u p t e s c a l c i n a 

t p 7 3 u p e q u a l u p t u m o r p r o t e i n p 7 3 

I i n 2 8 a u p e q u a l u p l i n - 2 8 h o m o l o g A a 

p s m c 3 i p u p e q u a l u p P S M C 3 i n t e r a c t i n g p r o t e i n 

m e i l e q u a l d o w n u p m e i o t i c d o u b l e - s t r a n d e d b r e a k f o r m a t i o n p r o t e i n 1 

p a c s i n l u p e q u a l u p p r o t e i n k i n a s e C a n d c a s e i n k i n a s e s u b s t r a t e i n n e u r o n s 
1 

s m c 6 u p e q u a l u p s t r u c t u r a l m a i n t e n a n c e o f c h r o m o s o m e s 6 

s d s d o w n d o w n e q u a l s e r i n e d e h y d r a t a s e 

s p o i l d o w n d o w n e q u a l S p o i l i n i t i a t o r o f m e i o t i c d o u b l e s t r a n d e d b r e a k s 
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E x c e p t f o r t h e s e g e n e s , a l l t h e o t h e r g e n e s i n v o l v e d i n m e i o s i s a n d o o g e n e s i s w e r e 
e x p r e s s e d a t e q u a l l e v e l i n t h e o v a r i e s o f t h e a s e x u a l P. formosa a n d i t s s e x u a l c o n g e n e r . 

T o s e p a r a t e g e n e e x p r e s s i o n c h a n g e s c o n n e c t e d t o o b l i g a t e a p o m i x i s f r o m D E G s a s s o c i a t e d 
w i t h t h e h y b r i d s i t u a t i o n o r a u t o m i x i s , w e n e x t a n a l y z e d m e i o t i c g e n e e x p r e s s i o n i n F l 
h y b r i d s p r o d u c e d f r o m c r o s s i n g P. mexicana f e m a l e s w i t h P. latipinna m a l e s . E x a m i n i n g 
t h e o v a r y t r a n s c r i p t o m e s o f F l h y b r i d s v s P. mexicana u n c o v e r e d 9 2 3 u p r e g u l a t e d a n d 
5 2 0 d o w n r e g u l a t e d g e n e s ( F i g u r e 2 B ) . O f t h e s e , 1 2 h a v e a s p e c i f i c f u n c t i o n i n m e i o s i s . 
T h e u p r e g u l a t e d g e n e s i n c l u d e tp73, smc26, Iin28a, cbxl, psmc3ip, aurkb, w h i c h w e r e a l s o 
u p r e g u l a t e d i n t h e P. formosa o v a r y , p l u s tesc, pacscinl a n d m e / 7 . T h e d o w n r e g u l a t e d g e n e s 
w e r e spdya, agt a n d nppc t h a t a r e a l s o d o w n i n P. formosa o v a r i e s i n r e l a t i o n t o t h e s e x u a l 
p a r e n t a l s p e c i e s . C o m p a r i n g t h e F l h y b r i d t o P. formosa r e v e a l e d 1 , 5 6 0 u p r e g u l a t e d a n d 3 0 9 
d o w n r e g u l a t e d g e n e s ( F i g u r e 2 C ) . A p p l y i n g t h e f i l t e r f o r f e m a l e m e i o s i s g e n e s , w e d e t e c t e d i n 
t h e h y b r i d s a b o v e l o g 2 F C | 2 | s i x g e n e s t h a t w e r e d o w n r e g u l a t e d (aldhla2, caml<2b, pmp22, 
nppc, Ihcgr, spdyda) a n d o n e (syce3) u p . O f n o t e , tex!2, spyda-like, sds, a n d spoil a r e a l s o 
u p r e g u l a t e d i n t h e h y b r i d s > l o g 2 F C 1 . 8 ( T a b l e 1 ) . I n s u m m a r y , t h e r e a r e f o u r g e n e s t h a t 
a r e e x c l u s i v e l y d o w n r e g u l a t e d i n t h e a p o m i c t i c o v a r y o f P. formosa i n c o m p a r i s o n w i t h t h e 
a u t o m i c t i c F l a n d s e x u a l P. mexicana: spoil, scye3, tex 12 a n d sds. 

• EGA P. ferrtioa* w R « A r l e * * » 

o 1 » 

fluipragitattd 
• OPTO jogultfed 

Í I i » 

•W3 

DEG-l ft tOíMCtí* vi Ff hybiittt 

tut 

F i g u r e 2 . Differentially expressed genes between P. formosa, P. mexicana and F 7 hybrids. Heatmaps 
and bar plots represent the DEGs between P. formosa and P. mexicana (A), Fl hybrids (female P. mexicana 
and male P. latipinna) vs P. mexicana (B) and P. formosa vs Fl hybrids (C). The blue color represents lowly 
expressed genes, and the red color represents highly expressed genes 
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Parental allele biased expression in P. f o r m o s a ovaries  

T h e A m a z o n m o l l y i s a h y b r i d b e t w e e n t w o d i s t a n t l y r e l a t e d s p e c i e s . H e n c e a l l e l e b i a s e d 
e x p r e s s i o n o r e v e n a l l e l e - s p e c i f i c t r a n s c r i p t i o n c o u l d a f f e c t t h e g e n e e x p r e s s i o n p r o f i l e d u r i n g 
m e i o s i s . T o a p p r o a c h t h i s q u e s t i o n , w e a s s e s s e d t h e u n e q u a l e x p r e s s i o n o f t h e t w o p a r e n t a l 
a l l e l e s o f o v a r y g e n e s . F o r a t o t a l o f 7 1 9 g e n e s d i f f e r e n t i a l l y e x p r e s s e d b e t w e e n P. formosa and P. 
mexicana t h e p a r e n t a l o r t h o l o g s c o u l d b e i d e n t i f i e d . A l l e l i c e x p r e s s i o n b i a s w a s d e f i n e d i f m o r e 
t h a n 6 0 % e x p r e s s i o n c a m e f r o m o n e p a r e n t a l a l l e l e . A s a r e s u l t , 5 5 % d i s p l a y e d a p a r e n t a l b i a s 
f o r t h e P. latipinna a l l e l e , 2 2 % t o w a r d s t h e P. mexicana a l l e l e a n d 2 3 % w e r e e q u a l l y e x p r e s s e d 
f r o m b o t h p a r e n t a l a l l e l e s ( F i g u r e 3 A ) . T h i s s t r o n g b i a s t o w a r d s P. latipinna i s a s p e c i f i c f e a t u r e 
o f t h e d i f f e r e n t i a l l y e x p r e s s e d o v a r y g e n e s b e c a u s e t h e g e n o m e w i d e t r a n s c r i p t o m e o f t h e P. 
formosa o v a r y d o e s n o t s h o w a b i a s t o o n e o f t h e p a r e n t a l s p e c i e s ( F i g u r e 3 ) . 

W h i l e t h e m a j o r i t y o f m e i o s i s g e n e s d i s p l a y e d e q u a l d i s t r i b u t i o n o f b o t h a l l e l e s , 3 6 g e n e s 
a r e b i a s e d t o w a r d s t h e P. latipinna p a r e n t a l g e n o m e a n d 4 2 t o w a r d s t h e P. mexicana p a r e n t 
( F i g u r e 3 B , T a b l e S 2 ) . I n t e r e s t i n g l y , a t t h e t o p o f P. mexicana b i a s e d a l l e l e s ( > 9 0 % ) , t h e r e i s 
dmrtl, a n i m p o r t a n t r e g u l a t o r o f m a l e s e x d e t e r m i n a t i o n , b u t a l s o o o g e n e s i s ( Z a r k o w e r a n d 
M u r p h y , 2 0 2 1 ) . T h e sds g e n e i s n o t o n l y d i f f e r e n t i a l l y e x p r e s s e d b u t a l s o m e x / c o n o - a l l e l e 
b i a s e d . F o r P. latipinna-biased g e n e s , w e f o u n d f o u r t h a t a r e a l s o d i f f e r e n t i a l l y e x p r e s s e d : 
tp73, Iin28, smc6, syce3 ( T a b l e S 2 ) . 

W h e n t h e m e i o t i c g e n e s s h o w i n g a l l e l i c e x p r e s s i o n b i a s w e r e i n c l u d e d i n a p r o t e i n i n t e r a c t i o n 
n e t w o r k , m a n y p r o t e i n s t h a t h a v e a n o p p o s i t e e x p r e s s i o n b i a s t o w a r d s t h e p a r e n t a l g e n o m e s 
w e r e f o u n d a s d i r e c t i n t e r a c t o r s , e . g . , t h e s y n a p t o n e m a l c o m p l e x p r o t e i n s S y c e 3 a n d S y c p 2 
w i t h S y c e l o r t h e s i g n a l i n g p r o t e i n A k t l w i t h t h e D N A r e p a i r p r o t e i n B r c a l ( F i g u r e 3 C ) . C e n t r a l 
t o t h e n e t w o r k , w h i c h i s c h a r a c t e r i z e d b y a l l e l e b i a s e d e x p r e s s i o n , a r e p r o t e i n s t h a t f u n c t i o n 
i n D N A r e p a i r a n d r e c o m b i n a t i o n . 

F i g u r e 3 . Allele specific gene expression. (A)Stacked bar graphs indicate the percentage ofDEGs that are 
equally expressed or show parental allelic expression bias. (B) Meiotic genes in allele-specific expression 
categories as a percentage of the total number. (C)Protein interaction network of meiotic genes. The 
nodes represent the specific protein colored according to the parental expression bias (P. latipinna in grey, 
P. mexicana in purple). The edges and colors represent the type of evidence used to predict protein-protein 
interactions. Lines in black: co-expression evidence and pink: experimental evidence. Nodes with blue or 
red borders indicate downregulated and upregulated genes, respectively. 
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Discuss ion 

T h e c y t o g e n e t i c a n a l y s e s b y s t a i n i n g o f t h e l a t e r a l e l e m e n t p r o t e i n S y c p 3 r e v e a l e d t h a t i n P. 
formosa, o o c y t e c h r o m o s o m e s a r e f o r m i n g a x i a l e l e m e n t s o f t h e s y n a p t o n e m a l c o m p l e x ( S C ) 
b u t d o n o t a l i g n a n d r e a c h s y n a p s i s d u r i n g a p a c h y t e n e - l i k e s t a g e . O u r r e s u l t s c o r r o b o r a t e 
p r e v i o u s o b s e r v a t i o n s o f S C f o r m a t i o n d u r i n g t h e e a r l y p r o p h a s e o f u n i s e x u a l Poecilia 
formosa p e r f o r m e d b y e l e c t r o n m i c r o s c o p y ( M o n a c o e t a l . , 1 9 8 4 ) . T h e a b s e n c e o f M l h l 
i m m u n o s t a i n i n g c o n f i r m s a b s e n c e o f m e i o t i c r e c o m b i n a t i o n . C o n s e q u e n t l y , i n t h e d i p l o t e n e 
s t a g e , o n l y u n i v a l e n t s w i t h n o c h i a s m a t a w e r e d e t e c t e d . W e w e r e u n a b l e t o f o l l o w u p o n t h e 
c h r o m o s o m e b e h a v i o r a t t h e a n a p h a s e s t a g e , s o w e y e t c a n n o t c o n f i r m f r o m c y t o g e n e t i c s 
t h a t c h r o m a t i d s r a t h e r t h a n h o m o l o g s a r e s e p a r a t e d . H o w e v e r , t h e g e n o m i c d a t a s h o w t h a t 
t h e m a t u r e e g g s f u l l y r e t a i n b o t h p a r e n t a l g e n o m e s ( W a r r e n e t a l . , 2 0 1 8 ) . T h e a s s e m b l y o f t h e 
P. formosa g e n o m e r e v e a l e d n o s i g n s o f r e c o m b i n a t i o n , a n d b o t h p a r e n t a l h a p l o t y p e s c o u l d 
b e s e p a r a t e l y a s s e m b l e d a t t h e w h o l e g e n o m e l e v e l ( h t t p s : / / w w w . n c b i . n l m . n i h . g o v / a s s e m b l y 
/ ? t e r m = P o e c i l i a + f o r m o s a ) . I n c o n c l u s i o n , o u r d a t a a r e i n a g r e e m e n t w i t h a m e c h a n i s m w h e r e 
m e i o s i s i s s k i p p e d , a n d a d i p l o i d e g g i s f o r m e d b y a p o m i x i s . 

G a m e t e f o r m a t i o n w i t h s k i p p e d m e i o s i s ( a p o m i c t i c p a r t h e n o g e n e s i s ) h a s b e e n s u g g e s t e d 
f o r e g g f o r m a t i o n i n t r i p l o i d h y b r i d s f r o m Carassius langsdorfii a n d C . gibelio s p e c i e s 
c o m p l e x e s ( K o b a y a s i , 1 9 7 6 ; Y a m a s h i t a e t a l . , 1 9 9 3 ; Y A N G e t a l . , 1 9 9 9 ) . H o w e v e r , h e r e t h e 
f i r s t m e i o t i c d i v i s i o n i s p r e v e n t e d d u e t o t h e e m e r g e n c e o f a t r i p o l a r s p i n d l e r e s u l t i n g i n 
t h e f a i l u r e o f t h e f i r s t p o l a r b o d y e x t r u s i o n . N e v e r t h e l e s s , i n c o n t r a s t t o P. formosa, i n 
C . gibelio, c h r o m o s o m a l p a i r i n g a n d r e c o m b i n a t i o n h a v e b e e n o b s e r v e d a t l e a s t b e t w e e n 
s o m e h o m o l o g o u s c h r o m o s o m e s ( Z h a n g e t a l . , 1 9 9 2 ) . I n P. formosa, o o c y t e s w i t h u n i v a l e n t s 
a r e a b l e t o p r o c e e d b e y o n d p a c h y t e n e , s u g g e s t i n g t h e a b s e n c e o f a p a c h y t e n e c h e c k p o i n t . 

A m e i o t i c f o r m a t i o n o f o o c y t e s i s w e l l r e f l e c t e d i n t h e t r a n s c r i p t o m e d a t a . G e n e s i n v o l v e d i n 
t h e p r o c e s s e s o f h o m o l o g u e p a i r i n g , s y n a p s i s , a n d r e c o m b i n a t i o n a r e d i f f e r e n t i a l l y e x p r e s s e d 
b e t w e e n t h e a s e x u a l P. formosa a n d t h e s e x u a l p a r e n t a l P. mexicana. O f s p e c i a l r e l e v a n c e 
a r e f o u r g e n e s t h a t a r e d o w n r e g u l a t e d i n t h e a p o m i c t i c o v a r y c o m p a r e d t o t h e a u t o m i c t i c 
a n d s e x u a l o v a r i e s : spoil, syce3, sds a n d tex!2. T h e spoil g e n e , w h i c h m a r k s t h e i n i t i a t i o n 
o f r e c o m b i n a t i o n a t t h e o n s e t o f m e i o s i s ( d e M a s s y , 2 0 1 3 ) , i s s i g n i f i c a n t l y d o w n r e g u l a t e d 
c o m p a r e d t o t h e s e x u a l p a r e n t a n d a l s o t o t h e F l h y b r i d s , w h i c h a r e k n o w n t o c o m p l e t e 
m e i o s i s I . T h i s f i n d i n g i s c o n s i s t e n t w i t h p r e v i o u s g o n a d a l t r a n s c r i p t o m e a n a l y s i s o f P. formosa 
( S c h e d i n a e t a l . , 2 0 1 8 ) , i n w h i c h t h e n u m b e r o f spoil t r a n s c r i p t s i s l o w e r i n c o m p a r i s o n t o 
i t s s e x u a l a n c e s t o r P. mexicana. T h e Spoil e x o n u c l e a s e p r o t e i n i s r e q u i r e d f o r i n d u c t i o n o f 
r e c o m b i n a t i o n a n d p a i r i n g o f m e i o t i c c h r o m o s o m e s ( d e M a s s y , 2 0 1 3 ) . I n spoil k n o c k - o u t 
m i c e , s p e r m a t o c y t e s a r r e s t p r i o r t o p a c h y t e n e w i t h l i t t l e o r n o s y n a p s i s w h i l e o o c y t e s r e a c h 
t h e d i p l o t e n e s t a g e ( B a u d a t e t a l . , 2 0 0 0 ; R o m a n i e n k o a n d C a m e r i n i - O t e r o , 2 0 0 0 ) . 

A l s o , t h e sds g e n e , w h i c h i s a m e i o s i s - s p e c i f i c c y c l i n r e g u l a t i n g n o r m a l h o m o l o g s y n a p s i s 
a n d b i v a l e n t f o r m a t i o n ( A z u m i e t a l . , 2 0 0 2 ) i s d o w n r e g u l a t e d i n P. formosa c o m p a r e d t o 
P. mexicana a n d F l h y b r i d s . 

F r o m t h e n e x t s t a g e , c h r o m o s o m e s y n a p s i s i n m e i o s i s p r o p h a s e 1 , w e f o u n d t h a t syce3 
a n d tex!2, w h i c h a r e m a j o r c o m p o n e n t s o f t h e t r a n s v e r s e f i l a m e n t s o f S C a n d e s s e n t i a l t o 
c o m p l e t e a n d s t a b i l i z e f u l l s y n a p s i s b e t w e e n h o m o l o g o u s c h r o m o s o m e s ( H a m e r e t a l . , 2 0 0 8 ; 
S c h r a m m e t a l . , 2 0 1 1 ) , a r e d o w n r e g u l a t e d i n P. formosa. T h e s e f i n d i n g s s u p p o r t t h e n o t i o n 
t h a t a l t h o u g h t h e i n i t i a t i o n o f a x i a l e l e m e n t a s s e m b l y o f a l l c h r o m o s o m e s o f P. formosa 
a p p e a r s t o b e n o r m a l , t h e l a c k o f s y n a p s i s a p p e a r s t o b e a c o n s e q u e n c e o f t h e f a i l u r e t o 
i n i t i a t e m e i o t i c r e c o m b i n a t i o n , m o s t l i k e l y b e c a u s e o f t h e l a c k o f S p o i l t h a t i s e s s e n t i a l f o r 
m e i o t i c d o u b l e - s t r a n d b r e a k s ( D B S ) ( B a u d a t e t a l . , 2 0 0 0 ; R o m a n i e n k o a n d C a m e r i n i - O t e r o , 
2 0 0 0 ) . I t h a s b e e n s h o w n t h a t t h e e x p r e s s i o n l e v e l o f S p o l 1 d e t e r m i n e s t h e n u m b e r o f D B S 
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a n d t h a t a s u f f i c i e n t n u m b e r o f D B S a r e n e e d e d t o s u p p o r t n o r m a l s y n a p s i s o f c h r o m o s o m e s 
( Q u e t a l . , 2 0 2 1 ) . 

S e v e r a l g e n e s (tp73, fmn2, smc6, aurkb, spyda, pacsin 7 ) a r e i n v o l v e d i n c e l l c y c l e p r o g r e s s i o n 
( V i v e i r o s e t a l . , 2 0 0 4 ; D u m o n t e t a l . , 2 0 0 7 ; S h u d a e t a l . , 2 0 0 9 ; F a r m e r e t a l . , 2 0 1 1 ; G e b e l e t 
a l . , 2 0 1 7 ; G o n z a l e z a n d N e b r e d a , 2 0 2 0 ) a r e u p r e g u l a t e d i n P. formosa a n d t h e h y b r i d s . A m o n g 
t h e m tp73, aurkb a n d fmn2 c o n t r o l t h e p r o g r e s s i o n o f m e i o s i s I t h r o u g h t h e r e g u l a t i o n o f 
t h e c o r r e c t s p i n d l e a s s e m b l y t o p r o p e r l y a t t a c h s i s t e r c h r o m a t i d s t o m i c r o t u b u l e s ( T o m a s i n i 
e t a l . , 2 0 0 9 ) a n d t h e a s s e m b l y o f m i c r o t u b u l e - i n d e p e n d e n t c h r o m a t i n p o s i t i o n i n g d u r i n g 
m e t a p h a s e I ( D u m o n t e t a l . , 2 0 0 7 ) . 

I n t e r e s t i n g l y , spyda e n c o d i n g t h e e s s e n t i a l m e i o t i c c e l l c y c l e r e g u l a t o r a n d t h e c o m p o n e n t 
o f t h e m a t u r a t i o n p r o m o t i n g c o m p l e x S p e e d y / R i n g o ( F e r b y e t a l . , 1 9 9 9 ) h a s a l r e a d y p r e v i o u s l y 
b e e n n o t e d b y i t s c o p y n u m b e r i n c r e a s e i n P. formosa c o m p a r e d t o i t s s e x u a l p r o g e n i t o r s 
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s u p p l e m e n t a r y m a t e r i a l s a n d h a v e b e e n s u b m i t t e d t o t h e N C B I B i o P r o j e c t d a t a b a s e u n d e r 
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A B S T R A C T 

We report for the first time, a comparison of two approaches for artificially induced triploidy in zebrafish 
[Danio rerio) using cold shock and heat shock treatments. Of the two methods, heat shock treatment 
proved more effective with a triploid production rate of 100% in particular females. Subsequently, triploid 
zebrafish larvae were used as recipients for intraperitoneal transplantation of ovarian and testicular cells 
originating from vas:EGFP strain in order to verify their suitability for surrogate reproduction. Production 
of donor-derived sperm was achieved in 23% of testicular cell recipients and 16% of ovarian cell re­
cipients, indicating the suitability of triploids as surrogate hosts for germ cell transplantation. Success of 
the transplantation was confirmed by positive GFP signal detected in gonads of dissected fish and 
stripped sperm. Germline transmission was confirmed by fertilization tests followed by PCR analysis of 
embryos with GFP specific primers. Reproductive success of germline chimera triploids evaluated as 
fertilization rate and progeny development was comparable to control groups. 

© 2019 Elsevier Inc. All rights reserved. 

1 . I n t r o d u c t i o n 

Surrogate reproduction in fish via intraperitoneal germ cell 
transplantation (GCT) is a promising technology for aquaculture 
production and endangered species conservation due to the use of 
germline recipient species with more favourable breeding charac­
teristics [l].This involves the injection of germ cells from donor fish 
into a recipient larvae. The transplanted cells maintain the ability to 
migrate to the gonadal ridge and colonize the developing gonad 
and can later proliferate and produce donor-derived gametes [2]. To 
guarantee the viability of this technology, one of the main pre­
requisites for successful propagation of donor-derived gametes 
only from a surrogate is sterility of the host prior to GCT, ensuring 
no contamination of endogenous source gametes during fertiliza­
tion. However, the factors affecting the large variability of success in 
GCT and donor-derived gamete production are not well under­
stood. Though it can be speculated, that the gonad is space limited 
and the host and donor germline cells may compete to fill this 
niche. Additionally, transplanted germ cells may have altered 

* C o r r e s p o n d i n g a u t h o r . Zátiší 7 2 8 / 1 1 , 3 8 9 2 5 , Vodňany, C z e c h R e p u b l i c . 
E-mail addresses: f r a n e k @ f r o v . j c u . c z ( R . Franěk), t i c h o p a d @ f r o v . j c u . c z 

( T . Tichopád), f u c i k o v a @ f r o v . j c u . c z ( M . Fučíková), s t e i n b a c h @ f r o v . j c u . c z 
( C . S t e i n b a c h ) , p s e n i c k a @ f r o v . j c u . c z ( M . Pšenička). 

h t t p s : / / d o i . O r g / 1 0 . 1 0 1 6 / j . t h e r i o g e n o l o g y . 2 0 1 9 . 0 8 . 0 1 6 
0 0 9 3 - 6 9 1 X / O 2 0 1 9 E l s e v i e r I n c . A l l r i g h t s r e s e r v e d . 

settlement location when they migrate towards germ cell-free 
niche, which is first occupied by endogenous germ cells. This 
competition is a potential factor that may consequentially affect the 
production capacity of donor-derived gametes [3]. To date, germ 
cell technologies have been applied in a wide range of fish species 
such as salmonids [4,5], cyprinids [6—8], Nile tilapia [9—11], 
medaka [12], sturgeons [13—16], and several marine fish species 
[2,17]. Zebrafish can serve as a valuable model for sterility research 
with the application of several distinct methods for sterility in­
duction [3]. Early elimination of primordial germ cells (PGCs) can 
be achieved using gene knock out approaches such as Zinc Finger 
Nucleases against d e a d end ( d n d ) gene [18], or gene knockdown 
with dnd antisense morpholino oligonucleotide [19,20]. Both 
methods require microinjection into embryos in the time-limited 
1—4 cell stage, thus an alternative approach using bath immersion 
in vivo morpholino against dnd can be more convenient in the case 
of large scale application [21]. Sterility was achieved via PGC 
depletion in transgenic zebrafish with artificially induced nitro­
reductase expression in PGCs exclusively using immersion into 
metronidazole enzyme which was converted into toxic metabolites 
and only PGCs were targeted by toxicity [22]. Similarly, sterility was 
achieved via PGCs migration disruption in transgenic zebrafish 
strain with SDF1 expression controlled by a heat shock protein. 
Regular event of PGCs migration is beside other mechanism guided 
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by SDF1 gradient towards the genital ridge, however, heat treat­
ment caused throughout expression of SDF1 resulting in migration 
failure and production of sterile fish [23]. A cytostatic drug such as 
busulfan was used successfully in combination with thermal 
treatment, however, this method was developed only for adult 
fishes, because intraperitoneal administration is necessary [24]. All 
aforementioned methods for sterilization can be regarded as rela­
tively time, knowledge, and resource intensive. Alternatively, ster­
ile hybrids can be produced more simply with mate pairing or 
fertilization approaches. In zebrafish this is achieved by in vitro 
fertilization of zebrafish eggs with sperm from ( D a n i o a l b o l i n e a t u s ) 
resulting in infertile hybrids [25]. Artificially induced triploidy also 
results in hosts suitable for application in surrogate reproduction 
technology [2,10,16]. The production of triploids and sterile hybrids 
are currently the only methods of creating sterile surrogates for 
GCT in fish species without identified genes to apply transgenic or 
gene silencing approaches [26]. These technologies are also more 
suitable when large quantities of sterile recipients are needed, or 
when the composition of the egg chorion does not permit easy 
microinjection of compounds for gene knockdown or knockout 
such as in many marine fish species [27,28]. Three sets of chro­
mosomes in artificially induced triploids cannot proceed through 
meiosis and gamete maturation regularly, resulting in gameto-
genesis arrest or aneuploid gamete production further incompat­
ible with the proper embryonic development [25]. Triploids can be 
induced by pressure or temperature treatment or electric shock 
resulting in inhibition of second polar body extrusion. However, all 
aforementioned physical treatments, require equipment such as 
pressure chamber and thermostat respectively [26—31 ]. Therefore, 
an alternative technique using cold shock could be convenient from 
point of the material equipment and, might has a less deleterious 
effect on the survival but with the same efficiency of triploid in­
duction rate as the heat shock treatment. 

Method for triploid zebrafish production using heat shock 
treatment was published already [32]. However, we did not suc­
ceed satisfactorily using the abovementioned heat shock protocol 
in our laboratory. Therefore, we revised the procedure for heat 
shock treatment and compared it with cold shock to identify an 
optimal condition for triploid zebrafish production with respect to 
achieve the highest survival and produce triploid fish. Suitability of 
triploid fish as surrogate recipients was tested by intraperitoneal 
transplantation by testicular and ovarian cells from vas:EGFP strain 
and subsequent production of donor-derived gametes with fertility 
tests confirmed by fluorescent microscopy and DNA analysis. 

2. M a t e r i a l a n d m e t h o d s 

The study was conducted at the Faculty of Fisheries and Pro­
tection of Waters (FFPW), University of South Bohemia in České 
Budějovice, Vodňany, Czech Republic. The facility has the compe­
tence to perform experiments on animals (Act no. 246/1992 Coll., 
ref. number 16OZ19179/2016-17214). The methodological protocol 
of the current study was approved by the expert committee of the 
Institutional Animal Care and Use Committee of the FFPW ac­
cording to the law on the protection of animals against cruelty 
(reference number: MSMT-6406/119/2). The study did not involve 
endangered or protected species. Martin Pšenička owns the cer­
tificate (CZ 00673) giving capacity to conduct and manage experi­
ments involving animals according to section 15d paragraph 3 of 
Act no. 246/1992 Coll. 

2.3. Fish a n d g a m e t e c o l l e c t i o n 

Reproductively mature AB-line zebrafish were purchased from 
the European Zebrafish Resource Center (Germany), and vas:EGFP-

l o g y 140 (2019)33-43 

line were purchased from University of Liege, Belgium. Zebrafish 
broodstock were maintained in a zebrafish housing system (ZebTEC 
Active Blue) at 28 °C, 14L:10D photoperiod, and fed twice daily with 
Tetramin flakes and once daily with A n e m i a nauplii. Breeding pairs 
were placed into the spawning chambers the afternoon before the 
spawning (one male and one female) and separated with a barrier. 
On the light onset of the next day, the barrier was removed and fish 
were observed for oviposition. Breeding pairs were immediately 
transferred into the laboratory. Gametes for in vitro fertilization 
were obtained after anaesthesia in 0.05% tricaine solution (Ethyl 3-
aminobenzoate methanesulfonate). Sperm from at least 5 males 
were pooled together in 50 ul of Kurokura 180 solution [33], eggs 
were collected from each female separately and fertilized promptly. 
Fertilized eggs were divided into control and treatment groups and 
were cultured at 28.5 °C 

2 2 . Triploid i n d u c t i o n a n d r e a r i n g 

Cold shock (CS) treatment for the given time was conducted 
with fertilized eggs in a plastic strainer placed in a Styrofoam box 
with 2 L of ice chilled water. Heat shock (HS) treatment was con­
ducted in a plastic strainer placed in a 5 L recirculated water bath 
with thermostat under varying conditions. Parameters used in all 
CS and HS trials are summarized in Table 1. 

The remainder of the intact fertilized eggs from each female was 
kept as non-treated control. Females (n = 7) producing eggs with 
fertilization rate in control below 65% were regarded as having bad 
quality and were excluded from results and replaced by new fe­
males. Swim-up larvae were fed by Paramecium for one week, later 
with A r t e m i a nauplii a d l i b i t u m and held until the first month in an 
incubator in plastic boxes. Fish were then transferred into a 
zebrafish housing system and were kept until reaching maturity. 
Five females with separately fertilized eggs were used as replicates. 
Eggs from each female were divided into the same approximate 
portions of 3 (4) groups according to tested variables in performed 
treatment and one untreated control at 28.5 °C Survival was 
recorded as the percentage of swim-up embryos at 6 days post 
fertilization. 

2 . 3 . F l o w c y t o m e t r y 

Surviving swim-up stage larvae were analysed for triploidy 
confirmation in order to obtain results representing only viable 
triploids. Whole larvae (euthanized by tricaine overdosing) or later 
on fin clips were processed using a kit for nuclei staining CyStain 
UV Precise T (Sysmex Partec GmbH, Germany) according to the 
manufacturer's protocol. The relative DNA content was determined 
using a CyFlow Ploidy Analyzer (Sysmex Partec GmbH, Germany) 
against samples from diploid control groups. Ten larvae were 
analysed from each female in each treatment and group. 

Table 1 

V a r i a b l e s t e s t e d d u r i n g o p t i m i z a t i o n o f t r i p l o i d z e b r a f i s h p r o d u c t i o n . 

T r e a t m e n t T e m p e r a t u r e D u r a t i o n t i m e I n i t i a t i o n t i m e 

C o l d s h o c k 
CS t e m p e r a t u r e 3 . 6 . 9 ° C 5 m i n 1 m p f 
CS d u r a t i o n 6°C 5 . 1 0 . 1 5 m i n 1 m p f 
CS i n i t i a t i o n t i m e 6 °C 5 m i n 0 . 5 . 1 m p f 
H e a t s h o c k 

H S t e m p e r a t u r e 4 1 . 4 1 . 4 . 4 2 °C 2 m i n 2 m p f 
H S d u r a t i o n 41.4°C 1 . 2 . 3 . 4 m i n 2 m p f 
H S i n i t i a t i o n 41.4°C 2 m i n 1 . 2 m p f 

m p f — m i n u t e p o s t f e r t i l i z a t i o n . 
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2 . 4 . Transplantation 

Male and female germ cell donors from vas:EGFP line were 
euthanized by tricaine overdose, decapitated, and the body was 
washed with 70% ethanol. Testes from two donors were excised 
aseptically. Each testis was cut into 4—6 fragments and washed 
several times in phosphate buffered saline (PBS) in order to remove 
leaking sperm. Medium for testicular tissue digestion contained 
0.1% trypsin, 0.05% DNase dissolved in PBS. Fragments were 
collected by a pipette and transferred into 2 mL tube with 1 mL of 
digestion medium and were further minced with scissors and 
placed on a laboratory shaker for 50 min at 22 °C. Digestion was 
terminated by addition of 1 mL L-15 and 10% FBS (v:v). The sus­
pension was filtrated through a 30 u r n nylon filter (CellTrics® Sys-
mex, Germany) and centrifuged at 0.3 g for 10 min. The supernatant 
was removed and the pellet was resuspended in 40 \i\ L-15 with 10% 
FBS. Female germ cells were collected from juvenile donors (2 
months, n = 5 per one transplantation trial) and digested as 
described for testicular cells. After centrifugation, ovarian cells 
suspension was washed and filtrated through 30 nm filter two 
times to remove excess of debris. 

Triploid recipients produced by optimized HS procedure were 
anaesthetized at 7 dpt in 0.05% tricaine and placed on Petri dish 
coated with 1% agar. Testicular and ovarian cell suspension was 
loaded into the glass capillary attached to MN-153 micromanipu­
lator (Narishige) and Femtojet® 4x injector (Eppendorf). Triploid 
recipients were injected by approximately 3000—5000 testicular 
cells (TC group) or 500 ovarian cells (OC group) per individual. Fish 
were handled and transplanted at room temperature (22 °C). Each 
transplantation trial for TC and OC groups consisted of 30 trans­
planted fish when triploid recipients originated from the same 
batch in both groups. The remaining triploids and diploids were 
kept as a control and no operation was conducted on them. 
Transplanted fish were left to recover in dechlorinated tap water in 
an incubator at 24 °C and were not fed for 18 h. Survival and colo­
nization rate of transplanted cells was monitored until adulthood. 
Fish were observed and photographed under a fluorescent stereo-
microscope (Leica M205 FA) with fluorescent filters DAPI/FITC/ 
TRITC (order no 10450614) or GFP (order no 10450469) equipped 
with a camera (Leica DMC 6200). 

2.5. P r o d u c t i o n of d o n o r - d e r i v e d gametes 

All adult surviving fish were screened for positive GFP signal in 
testis. GFP positive germline chimeras were set into spawning 
chamber afternoon (two or three males and separated one female). 
Males were anaesthetized the following morning and sperm was 
collected and observed under an inverted fluorescent microscope 
(Olympus IX 83) with a camera (Hamatsu C10600) to detect posi­
tive GFP signal in sperm. All fish producing GFP positive sperm from 
each transplantation trial were pooled together into one TC and one 
OC group and left to recover for 4 weeks. 

Randomly selected fish from pooled TC and OC groups (10 fish 
per group) were propagated by semi-natural mating and in vitro 
fertilization. Semi-natural mating was conducted in spawning 
chambers when one germline chimera triploid male and two AB 
females in reproductive condition were set together in the after­
noon and separated with a barrier. Next day at the onset of light, a 
barrier was removed and fish were allowed to spawn for 3 h. 
Spawned eggs were collected and the survival rate was monitored. 
Swim-up larvae from each group were pooled and 10 individuals 
were selected randomly and used for PCR analysis to verify the 
efficiency of germline transmission. Used germline chimeras in 
semi-natural mating were separated and were not used for 
following in v i t r o fertilization. Procedure for in vitro fertilization 

was the same as described for AB line (2.1). Sperm collected from 
each chimeric male was stored separately in Kurokura 180 solution. 
Eggs were stripped from AB females (n = 4), gently mixed, divided 
into equivalent portions, and fertilized with sperm from chimeric 
triploid males individually. Control group for semi-natural and 
in vitro fertilization consisted of AB females and vas:EGFP males. 
Survival of produced embryos was monitored. Offsprings from 
each group were pooled together and 10 randomly selected larvae 
were used for PCR analysis. DNA was extracted from larvae by 
PureLink™ Genomic DNA Mini Kit (Invitrogen™). GFP forward 
primer 5'-ACGTAAACGGCCACAAGTTC-3', reverse primer 5'-
AAGTCGTGCTGCTTCATGTG-3'. Primers were tested for specificity. 
The reaction mixture for PCR contained 1 \i\ template cDNA, 0.5 \i\ 
forward and 0.5 \i\ reverse primer, 5 \i\ PPP Master Mix (Top-Bio) 
and 3 \i\ PCR H20 (Top-Bio). Reaction conditions were 30 cycles of 
94 °C for 30 s, 58 °C for 30 s and 72 °C for 30 s. Products were 
analysed on gel electrophoresis on 2% agarose gel on a UV 
illuminator. 

2.6. Histology analysis 

Euthanized zebrafish triploids and diploid controls were fixed 
overnight in Bouin's fixative. Samples were immersed in 70% 
ethanol, dehydrated and cleared in ethanol—xylene series, 
embedded into paraffin blocks, and cut into 4 u r n thick sections 
using a rotary microtome (Leica RM2235). Paraffin slides were 
stained with hematoxylin and eosin by using a staining machine 
(Tissue-Tek DRS 2000) according to standard procedures. Histo­
logical sections were photographed and evaluated using a micro­
scope (Nikon Eclipse Ci) with mounted camera (Canon EOS 1000D). 

2.7. Statistical analysis 

Survival of embryos was analysed by logistic regression with 
mixed effects where the treatment was set as fixed effect while 
females were set as a random effect with different intercepts (as 
mentioned above, eggs in each group were obtained from five fe­
males). Post hoc Tukey's test was performed to find out significant 
differences among groups of different treatment. The effect of 
treatment on a number of triploids was analysed by Friedman test 
where individual females were set as blocks. Differences among 
groups were analysed by Post-hoc Conover test with Benjamini-
Hochberg correction [34]. All analyses were performed in R soft­
ware (3.5.2). 

3. Resu l t s 

3 . 1 . P r o d u c t i o n of triploid r e c i p i e n t s f o r s u r r o g a t e r e p r o d u c t i o n 

The testing of CS revealed that exposure in 6°C water bath 
resulted in significantly higher triploid production and survival in 
comparison to CS at 3 °C (Fig. 1 A). Few triploids were also produced 
at 3 °C CS, but lower temperature was more detrimental to early 
embryonic development when even swim-up embryos exhibited 
malformations (Supplementary Fig. 1). Cold shock conducted at 
9 °C was less effective for triploid induction. Testing of prolonged CS 
duration yielded comparable fraction of detected triploids in all 
tested durations, however, survival rate was more favourable in the 
5 and 10 min duration CS treatment (Fig. IB). Optimized CS tem­
perature (6 °C) and duration (5 min) were used further to test 
different initiation times after fertilization. Triploid induction rate 
was improved significantly when CS was initiated at 30 s post 
fertilization (Fig. 1C). 

The effect of HS on triploid induction rate was tested at different 
temperatures and shock durations during the first trial. HS 
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Fig.l. Survival and success rate of triploid induction using cold shock (A-C) and heat shock treatment ( D - F ) . A) C o l d s h o c k ( C S ) c o n d u c t e d a t 3 , 6 a n d 9 °C, i n i t i a t e d 1 m i n p o s t 
f e r t i l i z a t i o n w i t h d u r a t i o n 5 m i n . B ) C S c o n d u c t e d f o r 5 , 1 0 a n d 15 m i n a t 6 °C i n i t i a t e d 1 m i n p o s t f e r t i l i z a t i o n . C ) CS i n i t i a t e d a t 0 . 5 a n d 1 m i n p o s t f e r t i l i z a t i o n , f o r 5 m i n a t 6 °C. D ) 
H e a t s h o c k ( H S ) c o n d u c t e d a t 4 1 , 4 1 . 4 °C f o r 2 m i n i n i t i a t e d 2 m i n p o s t f e r t i l i z a t i o n . E ) H S c o n d u c t e d f o r 1 , 2 a n d 3 m i n a t 4 1 . 4 °C i n i t i a t e d 2 m i n p o s t f e r t i l i z a t i o n . F) H S i n i t i a t e d 1 a n d 
2 m i n p o s t f e r t i l i z a t i o n f o r 2 m i n a t 4 1 . 4 °C. T h e f i g u r e s h o w s m e a n a n d c o n f i d e n c e i n t e r v a l s ( f o r s u r v i v a l ) o r S D l i n e s ( f o r n u m b e r o f t r i p l o i d s ) . D i f f e r e n t l e t t e r s i n d i c a t e s t a t i s t i c a l 
s i g n i f i c a n c e ( T u k e y ' s H S D , p < 0 . 0 5 ) . C o n t r o l g r o u p s w e r e n o t t r e a t e d a n d c o n s t a n t l y h e l d a t 2 8 . 5 °C. D ) R e s u l t s f r o m t r e a t m e n t a t 4 2 °C w e r e e x c l u d e d b e c a u s e o f t o t a l m o r t a l i t y o f 
t r e a t e d e m b r y o s . E ) R e s u l t s f r o m h e a t s h o c k d u r a t i o n f o r 4 m i n w e r e e x c l u d e d b e c a u s e o f t o t a l m o r t a l i t y o f t r e a t e d e m b r y o s . 

treatment at 42 °C was lethal for all embryos (data not shown) and 
viable triploids were produced only at 41 and 41.4°C (Fig. ID). 
Viability and triploid yield was slightly in favour of HS at 41.4 °C, 
and was used in the second HS trial assessing optimal HS duration. 
The percentage of triploids detected was significantly higher at HS 
lasting 1 and 2 min, and further HS prolongation resulted in 
significantly decreased survival rate only (Fig. IE) . The last HS trial 
tested different initiation times at 41.4 °C lasting 2 min. Treatment 
initiated 2 mpf (minutes post fertilization) yielded significantly 
higher survival as well as triploid induction rate in comparison to 1 
mpf (Fig. IF). Additionally, embryos treated at 1 mpf had less 
expanded chorion (Supplementary Fig. 2) and most of them did not 
hatch even when embryos appeared to develop normally. There­
fore, HS-treatment at 41.4 °C, initiated 2 mpf, and lasting 2 min was 
identified as the optimal protocol for triploid induction 
(Supplementary Fig. 3) and was used to produce recipients for GCT 
in following experiment. 

32. G e r m l i n e c h i m e r a g e n e r a t i o n and r e p r o d u c t i o n 

Despite the relatively invasive transplantation and the presence 
of exogenous cells, the survival rate was similar among trans­
planted triploids, non-transplanted triploids and control diploids 
(Table 2). Transplanted testicular and ovarian cells from vas:EGFP 
donors (Fig. 2) into triploid recipients exhibited strong GFP signal 
after transplantation (Fig. 3A). At 1 week post transplantation 
(wpt), the genital ridge of transplanted fish showed various pat­
terns of germ cell colonization. These patterns were characterized 
as: 1) large number of transplanted cells surrounded whole gas 
bladder (Figs. 3B), 2) 5—20 cells located in the genital ridge close to 
the posterior part of the gas bladder, and 3) few individual cells 
located alongside the genital ridge. All patterns of colonization 
were represented in equivelant ratios. Transplanted ovarian cells 
were mostly found as a few or individual cells alongside the genital 
ridge, probably due to the lower number of transplanted cells. More 
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Table 2 
O v e r a l l r e s u l t s f r o m t e s t i c u l a r a n d o v a r i a n g e r m c e l l t r a n s p l a n t a t i o n i n t o t r i p l o i d z e b r a f i s h r e c i p i e n t s . 

T r i a l I . I I . I I I . 

G r o u p T C oc 3 n C 2 n C T C oc 3 n C 2 n C T C oc 3 n C 2 n C 

T r a n s p l a n t e d 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 
2 4 h p t S u r v i v a l 2 9 2 8 2 9 3 0 2 8 2 9 3 0 3 0 2 9 2 9 3 0 3 0 
1 w p t S u r v i v a l t o t a l 2 7 2 6 2 8 2 9 2 8 2 6 2 8 2 8 2 7 2 6 2 6 2 7 

G F P + 2 2 1 8 - - 15 1 6 - - 2 4 15 - -
2 w p t S u r v i v a l T o t a l / G F P 2 4 / 2 0 2 2 / 1 7 2 6 / - 2 8 / - 2 4 / 1 3 2 3 / 1 4 2 4 / - 2 6 / - 2 3 / 2 1 2 1 / 1 1 2 5 / - 2 6 / -

G F P + 1 6 1 2 - - 1 1 1 0 - - 2 0 9 - -
4 w p t S u r v i v a l T o t a l / G F P 2 3 / 1 6 2 0 / 1 1 2 4 / - 2 7 / - 2 4 / 1 1 2 0 / 9 2 2 / - 2 6 / - 1 8 / 1 7 1 9 / 8 2 2 / - 2 6 / -

G F P + 1 4 1 0 - - 1 1 7 - - 1 3 8 - -
1 0 w p t S u r v i v a l T o t a l / G F P 2 3 / 1 4 * 1 9 / 1 0 * 2 4 / - * 2 6 / - * 2 4 / 1 1 1 8 / 7 2 2 / - 2 6 / - 1 8 / 1 3 1 9 / 8 2 2 / - 2 3 / -

G F P + 1 2 8 - - 9 7 - - 1 1 8 - -
A d u l t S u r v i v a l T o t a l / G F P 2 2 / 1 3 1 8 / 9 2 4 / - 2 6 / - 2 2 / 9 1 8 / 7 2 2 / - 2 6 / - 1 8 / 1 1 1 9 / 8 2 2 / - 2 3 / -

G F P + 1 3 9 - - 9 7 - - 1 1 8 - -
G F P + s p e r m 1 1 7 - - 7 5 - - 9 7 - -

Fig. 2. Donors used for germ cell transplantation into triploid surrogate recipients. V e n t r a l v i e w o n d i s s e c t e d v a s : E G F P d o n o r s . A ) m a l e , t e s t i s a r e a p p a r e n t b y t h e i r w h i t e c o l o u r 
( b r i g h t field). A ' ) fluorescent p h o t o o f t e s t i s w i t h s t r o n g e x p r e s s i o n o f G F P s i g n a l . B ) f e m a l e , o v a r i e s , b r i g h t field a n d B ' ) fluorescent c a p t i o n o f o v a r i e s w i t h s t r o n g G F P e x p r e s s i o n . 
G o n a d s a r e d e p i c t e d b y r e d b r o k e n l i n e s . B o t h fluorescent i m a g e s w e r e t a k e n u s i n g D A P I / F I T C / T R I T C filter. S c a l e b a r s = 3 m m . ( F o r i n t e r p r e t a t i o n o f t h e r e f e r e n c e s t o c o l o u r i n t h i s 
figure l e g e n d , t h e r e a d e r i s r e f e r r e d t o t h e W e b v e r s i o n o f t h i s a r t i c l e . ) 

than half of the positive germline chimeras receiving testicular cells 
exhibited bilateral colonization in the genital ridges. Noticeable 
proliferation of transplanted cells started at 7—12 dpt in the ma­
jority of positive germline chimeras. Observation of transplanted 
fish at 2—3 wpt showed GFP positive cells proliferating and forming 
clusters alongside the gas bladder (Fig. 3C and D) or anterior pro­
gression in cells originally colonizing posterior part of the gas 
bladder. Later observation of gonadal development was difficult 
due to deposits of fat cells surrounding gonads, however, further 
proliferation was apparent according to expansion of tissues with 
GFP expression (Fig. 3E). Fish were screened at 10 wpt for the 
presence of GFP signal in gonads (Fig. 4A, B, C) and finclips of 
positive germline chimeras were taken for flow cytometry exami­
nation and triploidy of all positive chimeras was confirmed. All 
chimeras developed into phenotypic males regardless of the origin 
of transplanted cells (testicular or ovarian) (Fig. 5). Colonization 
rate assessed by 10 wpt was greater in TC groups in comparison to 
OC groups (Table 2). 

Table 2 displays the results of germ cell transplantation into 
triploid recipients. TC — triploid recipients transplanted with 
testicular cells, OC — triploid recipients transplanted with ovarian 
cells, 3n C — remainder of the triploid recipients from the batch 
used for transplantation, 2n C — part of embryos not treated with 
heat shock to induce triploidy. Success of the transplantation was 
evaluated as a total number of surviving fish until adulthood with 
detected positive GFP signal (GFP+) in their gonads evaluated 
in vivo and successful collection of GFP positive sperm from adult 
germline chimeras (GFP + sperm). From 1 wpt until adult whole 
group was always screened for positive GFP signal and subdivided 
into positive and negative group (survival total/GFP) in order to be 
able to distinguish potential loss of signal from mortality. Survival 
Total/GFP represents number of fish surviving from previous 
screening counted before next screening. * Two GFP positive in­
dividuals from TC and OC and from 3n and 2n control groups were 
sacrificed for gonad observation. 

Hpt — hours post-transplantation, wpt — weeks post-
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Fig. 3 . Patterns of colonization after vas:EGFP germ cells transplantation into triploid recipients. A ) R e c i p i e n t 2 4 h p o s t - t r a n s p l a n t a t i o n , m o s t o f t h e t r a n s p l a n t e d c e l l s a r e 
r e t a i n i n g s t r o n g G F P s i g n a l ( A ' ) . B ) R e c i p i e n t 1 - w e e k p o s t - t r a n s p l a n t a t i o n ( w p t ) , G F P s i g n a l f r o m t r a n s p l a n t e d c e l l s i s s p r e a d a r o u n d t h e g a s b l a d d e r w h e n i n d i v i d u a l c e l l s 
e x p r e s s i n g G F P c a n b e d i s t i n g u i s h e d ( B ' ) . C ) R e c i p i e n t 2 w p t , G F P p o s i t i v e c e l l s a r e c r e a t i n g a l i g n m e n t a l o n g s i d e t h e g e n i t a l ridge ( C ) . D ) R e c i p i e n t 3 w p t , G F P p o s i t i v e c e l l s a r e 
f o r m i n g c l u s t e r s ( D ' ) . E ) R e c i p i e n t 4 w p t , c e l l s i n c l u s t e r s a r e f u r t h e r p r o l i f e r a t i n g , h o w e v e r c l e a r v i e w o n t h e c e l l s i s o b s c u r e d d u e t o f o r m e d f a t c e l l s ( r e d a r r o w ) ( E ' ) . P i c t u r e s i n t h e 
l e f t c o l u m n ( A — E ) r e p r e s e n t v i e w o n w h o l e f i s h w i t h w h i t e r e c t a n g l e s d e p i c t i n g m a g n i f i e d v i e w o n v a s : E G F P t r a n s p l a n t e d c e l l s p r e s e n t e d i n t h e r i g h t c o l u m n ( A ' - E ' ) w i t h G F P 
p o s i t i v e c e l l s i n d i c a t e d b y w h i t e a r r o w h e a d s . A l l i m a g e s w e r e t a k e n w i t h D A P I / F I T C / T R I T C f i l t e r w i t h e x c e p t i o n o f C t a k e n w i t h G F P f i l t e r . S c a l e b a r s A , E ' = 1 m m . A ' = 2 0 0 t i m , B ' , C , 
D ' = 5 0 0 t i m , B , C, D , E = 2 m m . ( F o r i n t e r p r e t a t i o n o f t h e r e f e r e n c e s t o c o l o u r i n t h i s f i g u r e l e g e n d , t h e r e a d e r i s r e f e r r e d t o t h e W e b v e r s i o n o f t h i s a r t i c l e . ) 

transplantation. 
The majority of GFP positive triploid germline chimeras pro­

duced sperm, with GFP signal detected in all collected samples 
(Table 2, Fig. 6) and were able to fertilize AB strain eggs during 
semi-natural as well as in vitro fertilization. Overall, reproductive 
performance of triploid germline chimeras was similar to diploid 
control males from vas:EGFP strain. However, both tests showed 
that all control males from vas:EGFP had better performance 
evaluated as fertilization rate, survival at 24 hpf, and swim-up rate, 
while germline chimeras transplanted by ovarian cell had the 
lowest survival rate (Tables 2 and 3). Later PCR analysis confirmed 

100% germline transmission, when GFP specific amplicon was 
detected (Tables 3 and 4, Supplementary Fig. 4). 

Table 3 displays overall results of fertilization test when sperm 
collected from randomly chosen triploid germline chimera males 
transplanted with testicular or ovarian cells was used to fertilize 
pooled eggs obtained by stripping from four females from AB strain. 
Fertilization rate, survival 24 hpf and swim-up rate are expressed in 
total numbers/percentage of swim-up larvae at 6 days post fertil­
ization calculated from number of eggs used for fertilization. The 
PCR - GFP column shows results of detection of GFP specific 
amplicon in 10 randomly selected swim-up larvae from pool in 
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Fig. 4. Gonadal development in juvenile and adult triploid germline chimera. A - C ) o b s e r v a t i o n o f g o n a d a l d e v e l o p m e n t a t 1 0 w e e k s p o s t - t r a n s p l a n t a t i o n , p o s i t i v e c o l o n i z a t i o n 
c o u l d b e d e t e c t e d i n vivo a c c o r d i n g t o G F P s i g n a l e x p r e s s i o n t h r o u g h t h e b o d y w a l l i n d i c a t e d b y w h i t e a r r o w h e a d s ( A ' ) . B ) B r i g h t field v i e w o n t h e d i s s e c t e d i n d i v i d u a l f r o m figure A . 
B ' ) F l u o r e s c e n t i m a g e , t e s t i s i n d i c a t e d b y w h i t e a r r o w i s n o n - c o l o n i z e d , w h i l e w h i t e a r r o w h e a d s a r e i n d i c a t i n g c o l o n i z e d t e s t i s a c c o r d i n g t o G F P s i g n a l e x p r e s s i o n . W h i t e r e c t a n g l e s 
o n B a n d B ' a r e d e p i c t i n g m a g n i f i e d v i e w o n C a n d C D - E ) A d u l t g e r m l i n e c h i m e r a . D ) V e n t r a l v i e w o n d i s s e c t e d b o d y c a v i t y , n o n - c o l o n i z e d t e s t i s i s i n d i c a t e d b y w h i t e a r r o w a n d 
c o l o n i z e d t e s t i s i s a p p a r e n t b y w h i t e c o l o u r a n d i n d i c a t e d b y r e d b r o k e n l i n e . D ' ) F l u o r e s c e n t v i e w w i t h s t r o n g G F P e x p r e s s i o n i n t h e c o l o n i z e d t e s t i s i n d i c a t e d b y r e d b r o k e n l i n e . E 
a n d E ' ) M a g n i f i e d v i e w o n t h e a n t e r i o r p a r t o f t h e c o l o n i z e d t e s t i s f r o m p i c t u r e D a n d D ' r e s p e c t i v e l y . E ) C o l o n i z e d p a r t i s a p p a r e n t b y w h i t e c o l o u r ( r e d b r o k e n l i n e ) a n d n o n -
c o l o n i z e d p a r t i s t r a n s p a r e n t ( a r r o w ) . E ' ) P a t t e r n o f G F P s i g n a l i s c o r r e s p o n d i n g w i t h c o l o n i z e d p a r t o f t h e t e s t i s ( r e d b r o k e n l i n e ) . F ) N o n - t r a n s p l a n t e d t r i p l o i d c o n t r o l w i t h 
t r a n s p a r e n t t e s t i s ( a r r o w s ) a n d n o d e t e c t e d G F P s i g n a l ( F ' ) . I m a g e s A - F w e r e t a k e n u s i n g b r i g h t f i e l d . A ' w i t h G F P filter, B ' - F ' w i t h D A P I / F I T C / T R I T C filter. S c a l e b a r s A — B \ D — U, F -
F ' = 2 m m , C — C ' , E - E ' = 5 0 0 t i m . ( F o r i n t e r p r e t a t i o n o f t h e r e f e r e n c e s t o c o l o u r i n t h i s figure l e g e n d , t h e r e a d e r i s r e f e r r e d t o t h e W e b v e r s i o n o f t h i s a r t i c l e . ) 

each group. Summarized results from survival rates are expressed 
in % as mean ± SD. TC — recipients transplanted with testicular cells 
from vas:EGFP strain, OC — recipients transplanted with ovarian 
cells from vas:EGFP strain. Control — offspring from cross between 
vas:EGFP males and AB females. 

Table 4 displays overall results of the fertilization test when 
germline chimeric males previously confirmed for GFP sperm 

production were randomly selected (10 males from each group) 
and set individually with two AB females and allowed to spawn. 
Note that only successful spawnings were included in this table. 
Five males from TC and OC, and three males from C group did not 
induce oviposition. Fertilization rate, survival 24 hpf and swim-up 
rate is expressed in total numbers/percentage of swim-up larvae 
at 6 days post fertilization calculated from number of eggs used for 

- 7 5 -



R. Franek et al. / Theriogenology 140 (2019) 33-43 

Fig. 6 . Analysis of germline transmission in triploid surrogates. A ) F l u o r e s c e n t p h o t o m i c r o g r a p h o f s p e r m c o l l e c t e d f r o m t r i p l o i d z e b r a f i s h g e r m l i n e c h i m e r a t r a n s p l a n t e d b y 
t e s t i c u l a r c e l l s . W h i t e a r r o w h e a d s i n d i c a t e t h e h e a d o f d o n o r - d e r i v e d s p e r m a t o z o a w i t h p o s i t i v e G F P s i g n a l . B ) S p e r m c o l l e c t e d f r o m c o n t r o l d i p l o i d A B l i n e m a l e w i t h n o d e t e c t e d 
G F P e x p r e s s i o n ( b l a c k a r r o w h e a d s ) . S c a l e b a r s = 4 0 u r n 

Table 3 
In vitro f e r t i l i z a t i o n t e s t o f t r i p l o i d g e r m l i n e c h i m e r a s p r o d u c i n g d o n o r - d e r i v e d s p e r m . 

M a l e E g g s F e r t i l i z a t i o n r a t e S u r v i v a l 2 4 h p f S w i m - u p r a t e 

m l 3 9 3 2 / 8 2 . 1 % 2 5 / 6 4 . 1 % 2 1 / 5 3 . 8 % 
m 2 S 6 6 0 / 9 0 . 9 % 5 5 / 8 3 . 3 % 4 9 / 7 4 . 2 % 
m 3 8 5 6 5 / 7 6 . 5 % 5 8 / 6 8 . 2 % 5 1 / 6 0 % 
m 4 5 2 4 6 / 8 8 . 5 % 4 0 / 7 6 . 9 % 3 4 / 6 5 . 4 % 
m 5 S 4 5 4 / 8 4 . 5 % 4 7 / 7 3 . 4 % 3 7 / 5 7 . 8 % 
E 3 0 6 8 4 . 5 ± 5 % 7 3 . 2 ±6.7% 6 2 . 3 ±7.1% 

m l 5 6 4 6 / 8 2 . 1 % 4 6 / 8 2 . 1 % 4 2 / 7 5 % 
m 2 4 1 3 5 / 8 5 . 4 % 3 1 / 7 5 . 6 % 1 8 / 4 3 . 9 % 
m 3 8 7 8 4 / 9 6 . 6 % 7 2 / 8 2 . 8 % 5 9 / 6 7 . 8 % 
m 4 6 7 4 9 / 7 3 . 1 % 4 1 / 6 1 . 2 % 3 2 / 4 7 . 8 % 
m 5 4 3 3 1 / 7 2 . 1 % 2 5 / 5 8 . 1 % 1 5 / 3 4 . 9 % 
E 2 9 4 8 1 . 9 ±8.9% 7 2 ±10.4% 5 3 . 9 ±15.1% 

1 m l 6 8 5 6 / 8 2 . 4 % 5 1 / 7 5 % 5 0 / 7 3 . 5 % 
m 2 3 6 3 2 / 8 8 . 9 % 2 9 / 8 0 . 6 % 2 5 / 6 9 . 4 % 
m 3 8 4 7 7 / 9 1 . 7 % 7 2 / 8 5 . 7 % 6 3 / 7 5 % 
m 4 3 2 2 9 / 9 0 . 6 % 2 2 / 6 8 . 8 % 1 7 / 5 3 . 1 % 
m 5 4 0 3 9 / 9 7 . 5 % 3 1 / 7 7 . 5 % 2 7 / 6 7 . 5 % 
E 2 6 0 9 0 . 2 ±4.9% 7 7 . 5 ± 5 . 7 % 6 7 . 7 ± 7 . 8 % 

1 0 / 1 0 

1 0 / 1 0 

1 0 / 1 0 

Table 4 
F e r t i l i z a t i o n t e s t o f t r i p l o i d g e r m l i n e c h i m e r a s a f t e r s e m i - a r t i f i c i a l m a t i n g w i t h A B f e m a l e s . 

G r o u p M a l e E g g s F e r t i l i z a t i o n r a t e S u r v i v a l 2 4 h p f S w i m - u p r a t e P C R - G F P 

T C m l 1 4 9 8 2 / 5 5 % 7 3 / 4 9 % 6 9 / 4 6 . 3 % 1 0 / 1 0 
m 2 7 6 5 5 / 7 2 . 4 % 4 8 / 6 3 . 2 % 3 2 / 4 2 . 1 % 
m 3 1 3 4 8 2 / 6 1 . 2 % 7 0 / 5 2 . 2 % 6 2 / 4 6 . 3 % 
m 4 5 2 3 8 7 3 . 1 % 3 5 / 6 7 . 3 % 2 8 / 5 3 . 8 % 
m 5 8 2 5 1 / 6 2 . 2 % 4 4 / 5 3 . 7 % 3 4 / 4 1 . 5 % 
E 4 9 3 6 4 . 8 ± 6 . 9 % 5 7 . 1 ±7% 4 6 ±4.4% 

O C m l 7 9 5 5 / 6 9 . 6 % 3 8 / 4 8 . 1 % 3 2 / 4 0 . 5 % 1 0 / 1 0 
m 2 3 7 2 3 / 6 2 . 2 % 2 1 / 5 6 . 8 % 1 8 / 4 8 . 6 % 
m 3 6 3 3 9 / 6 1 . 9 % 3 4 / 5 4 % 2 0 / 3 1 . 7 % 
m 4 1 0 8 7 2 / 6 6 . 7 % 6 8 / 6 3 . 8 % 5 3 / 4 9 . 1 % 
m 5 9 7 4 2 / 4 3 . 3 % 3 0 / 3 0 . 9 % 2 4 / 2 4 . 7 % 
E 3 8 4 6 0 . 7 ± 9 . 2 % 5 0 . 5 ±10.9% 3 8 . 9 ±9.5% 

C o n t r o l m l 1 1 4 9 5 / 8 3 . 3 % 8 7 / 7 6 . 3 % 7 0 / 6 1 . 4 % 1 0 / 1 0 
m 2 8 9 6 1 / 6 8 . 5 % 4 9 / 5 1 . 1 % 4 4 / 4 9 . 4 % 
m 3 7 4 5 2 / 7 0 . 3 % 4 9 / 6 2 . 2 % 4 3 / 5 8 . 1 % 
m 4 8 2 4 3 / 5 2 . 4 % 3 8 / 4 6 . 3 % 3 2 / 3 9 % 
m 5 3 4 2 8 / 8 2 . 4 % 2 5 / 7 3 . 5 % 2 2 / 6 4 . 7 % 
m 6 9 8 6 5 / 6 6 . 3 % 5 8 / 5 9 . 2 % 4 5 / 4 5 . 9 % 
m 7 5 6 3 8 / 6 7 . 9 % 3 2 / 5 7 . 1 % 2 4 / 4 2 . 9 % 
E 5 4 7 7 0 . 2 ± 9 . 7 % 6 1 . 4 ±9.7% 5 1 . 6 ±9.1% 

fertilization. GFP PCR column shows results of detection of GFP 
specific amplicon in 10 randomly selected swim-up larvae from 
pool in each group. Summarized results from survival rates are 
expressed in % as mean±SD. TC — recipients transplanted with 

testicular cells from vas:EGFP strain, OC — recipients transplanted 
with ovarian cells from vas:EGFP strain. Control — offspring from 
cross between vas:EGFP males and AB females. 
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4. D i s c u s s i o n 

Cold and heat shock treatments were tested in zebrafish in order 
to optimize the method for triploid production. The produced 
triploids were then used as sterile recipients for surrogate repro­
duction. Heat shock treatment with temperature 41.4 °C starting at 
2 mpf, lasting 2 min was identified as the most suitable for reliable 
triploid zebrafish production. All artificially induced triploids 
developed into sterile phenotypic males. We further tested their 
suitability as surrogate parents for the transplantation of testicular 
and ovarian cells. Colonization rates were in favour of testicular 
cells, however, only male triploid germline chimeras, which were 
fertile and capable to mate with females from AB strain, were 
produced. 

4.1. Triploid i n d u c t i o n 

The first triploid induction in zebrafish was reported by 
Kavumpurath and Pandian [32], when fertilized eggs were treated 
at 2.5 mpf at 41 °C, for 4 min. However, this conditions resulted in 
complete mortality in our attemps. Other studies used the afore­
mentioned protocol with slight modification such as at 2.5 mpf at 
41 °C, for 2 min [35]; or 2 mpf at 41 °C, for 2 min [36]. Our results 
suggest that only heat shock treatment is suitable for effective 
triploid production. Only a partial fraction of triploid swim-up 
larvae was obtained after optimized cold shock treatment, and 
survival was significantly higher after HS compared to CS. All adult 
triploids developed into phenotypic males with testis almost free of 
spermatozoa, while the testicular lumen of control diploid males 
were observed to be filled with spermatozoa. Apparently, a large 
proportion of germ cells in triploid testis were observed to be 
arrested in pachytene of the first meiosis and is the result of odd 
chromosome number exhibiting in disorganized synapsis [37]. 
These results confirm previous findings that reported all triploid 
zebrafish males with the notable exception where a few female 
individuals were produced. In our study, no triploid females were 
detected. Only male occurrence in artificially induced triploids is 
rare in fish, and is documented in zebrafish [36] and Rosy bitterling 
[38] only. 

4.2. S u r r o g a t e r e p r o d u c t i o n 

Artificially induced triploids have been used successfully as re­
cipients for surrogate gamete production in several fish species 
such as masu salmon [4], grass puffer [17], medaka [12], rainbow 
trout [39,40] and nibe croaker [2]. This study provided the first 
report of zebrafish triploid swim-up larvae suitability as recipients 
for intraspecific GCT and donor-derived gametes production. As 
previously described, triploid zebrafish developed into males only 
[36], even after rescuing their fertility by transplantation of 
testicular or ovarian cells presented in this study. 

Germ stem cells have been proved to be bipotential gamete 
precursors as they can develop in recipients gonads into female or 
male germ cells according to the recipient's sex [5]. Spermatogonia 
transplantation in species with male heterogamety resulted in 
partial production of YY rainbow trout supermales after mating 
male and female germline chimeras. This approaches could serve as 
an alternative for mono sex culture production which is normally 
achieved by production and subsequent mating of androgenetic or 
gynogenetic stocks [41 ]. 

Sex control in zebrafish is more complicated as seen in some 
families that can produce extremely sex-biased offspring in which 
the percentage of males can vary from 4.8% to 97.3% [42], or from 0% 
to 75% when fish were challenged to unfavourable or effluent 
conditions [43]. This phenomenon is attributed to polygenic sex 
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determination with the further influence of the surrounding envi­
ronment [44,45]. Moreover, two zebrafish lines have been shown to 
lack sex-linked loci [46]. Thus, a different subpopulation of zebra­
fish can produce progeny of variable sex ratios. 

Theoretically, part of the progeny produced using sperm from 
triploid germline chimeras transplanted by ovarian cells should 
after fertilization of normal eggs yield a fraction of W W super fe­
male progeny, which could be an interesting model for other fish 
species possessing female heterogamety sex determination. Then, 
induction of triploidy with of eggs obtained from W W females 
fertilized with sperm from triploid germline chimera possessing W 
or Z chromosome should yield a fraction of W W W super female 
triploids, which could provide more insights into sex determination 
in zebrafish and only triploid male occurrence. 

Application of zebrafish recipients in surrogate reproduction 
resulted in only male germ line chimera production independent of 
the method of sterilization and germline transfer used such as 
transplanting blastomeres, single PGCs or adult germ stem cell 
[18,47,48]. Production of fertile zebrafish female chimeras seems to 
be not possible currently. The reason for the absence of germline 
chimera females is attributed to sterilization of recipients by PGCs 
depletion. In zebrafish, certain numbers of PGCs are required to 
maintain ovarian fate [20]. When taking into account that very few 
transplanted cells are capable of colonization of the recipient's 
gonad, such low number of cells bellow a threshold (3—29 PGCs) 
cannot maintain ovarian fate. Moreover, it has been shown that 
female germ cell presence is essential even in adulthood to main­
tain ovarian fate and prevent sex reversal into functional males 
[49]. 

In conclusion, to carry out whether and how to produce 
zebrafish germline chimeras producing eggs, following possibilities 
have not been tested yet. 1) Hormonal treatment optimization for 
zebrafish germline chimeras as was first attempted by Saito et al. 
[51] on zebrafish x pearl danio hybrid when 3/4 fish developed as 
females but were not able to produce eggs. 2) Increasing the 
number of germ cells colonizing the recipient gonad might have 
influence on sex differentiation in germ line chimera as was proven 
for a number of PGCs, since so far it was shown that only a few 
individual cells are colonizing gonads after transplantation. 3) Co-
transplantation of female germ stem cells with early oocytes 
could also act supportively for female sex differentiation in germ­
line chimera, however, this method has not been tested yet. 4) 
Essentiality of d m r t l and a m h gene for proper male development 
have been reported recently in zebrafish [50,51 ], thus DNA and RNA 
interfering approaches such knockdown or knock out could influ­
ence sex ratio in germline chimeras in favour of females. 

In the presented study, few spermatozoa were observed in the 
histological section of triploids. It has been reported that some of 
triploid zebrafish could fertilize zebrafish eggs, however, their 
reproductive success is extremely low (about 1% fertilization rate) 
while resulting embryos are aneuploids [36]. As expected, odd 
chromosome number is likely to cause synapsis disorganization 
[37] resulting in aneuploid sperm production with morphological 
abnormalities reported in bitterling [52]. Thus, spermatogenesis in 
triploid zebrafish is likely to be heavily impaired, however, some 
motile spermatozoa could be produced and fertilize eggs when 
they are not facilitated to competence with normal haploid sper­
matozoa. We suppose that the number of donor-derived sperma­
tozoa from triploid surrogates is likely to override the negligible 
number of host-derived spermatozoa during fertilization compe­
tence because all PCR analysed embryos from fertilization tests 
were from donor-derived sperm exclusively in our study. Similar 
results were reported on triploid rainbow trout [39] and triploid 
Nibe croaker surrogates [2]. In several other species, triploids were 
shown to produce considerable amount of spermatozoa as reported 
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in Atlantic salmon, however, sperm characteristics were poor in 
comparison to sperm from diploid males [53]. A similar situation 
was reported in common carp triploid males producing sperma­
tozoa incompatible with regular embryonic development [54]. 
Triploids of cod [55] and tench [56] also produced sperm with ve­
locity comparable to sperm form diploids. Thus, triploid surrogates 
might not be convenient in all fish species for donor-derived 
progeny production when the relative number of host-derived 
gametes could be considerably large or their physiological charac­
teristics are comparable to normal haploid spermatozoa. However, 
competence between endogenous and exogenous germ cells needs 
to be investigated in abovementioned species capable of producing 
larger amounts of sperm. 

5. C o n c l u s i o n 

Surrogate reproduction via germ cell transplantation into 
zebrafish triploid developed in this study can potentially serve as an 
alternative method of zebrafish gene resource banking since it can 
be combined with a convenient method of spermatogonia cryo-
preservation by needle immersed vitrification [57]. Currently, 
thousands of mutants, transgenic lines, and CRISPR/Cas9, ZFN or 
TALEN genetically engineered strains have been generated in 
zebrafish which makes gene banking of the utmost importance 
[58—60]. Similarly, triploid males can be used as recipients to 
improve sperm production when originally few individuals are 
available for breeding or a given line suffers from poor reproductive 
performance as was shown in medaka when the reproductive 
performance of an inbred strain was improved by transplantation 
into triploid surrogates [12]. From our experience, number of early-
stage germ cells obtained from testes originating from single adult 
zebrafish male is sufficient for intraperitoneal transplantation into 
at least 40—50 individuals. Thus, considering that at least 23% of 
transplanted triploid zebrafish produced donor sperm (TC group), 
at least 10 fertile triploid males can be recovered using testes from a 
single donor. It is noteworthy to point out that triploid zebrafish 
germline chimeras in our study were capable of mating with fe­
males from AB line in common spawning chambers, and their 
reproductive characteristics were comparable to mating with 
normal diploid males. The described HS protocol for triploid pro­
duction is a simple method for sterile zebrafish production which 
does not require microinjection in embryos for delivery of com­
pounds for gene knockdown or knock out to ensure sterilization. 
However, only sperm production from using PGCs depleted or 
hybrid recipient leaves an issue which needs to be addressed in 
order to produce donor-derived eggs from zebrafish recipient. 
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General discussion 

General discussion 

F o r t h e l a s t c e n t u r y , m a n y p h e n o m e n a i n r e p r o d u c t i o n m o d e s h a v e b e e n o b s e r v e d . O n e 
o f t h e c r u c i a l r o l e s i n e v o k i n g c h a n g e s i n r e p r o d u c t i v e p a t h w a y s b e l o n g s t o h y b r i d i z a t i o n 
a n d p o l y p l o i d i z a t i o n . G e n o m e m e r g i n g c a n c a u s e p o s i t i v e a n d n e g a t i v e r a d i c a l c h a n g e s 
s u c h a s i n d u c t i o n o f n e w t r a i t s , g e n o m i c s h o c k , o r c h r o m o s o m a l i m b a l a n c e s . T h e r e f o r e , i t 
i s n o t s u r p r i s i n g t h a t m a n y h y b r i d s c a n n o t p e r f o r m m e i o s i s i n a t r a d i t i o n a l m a n n e r d u e t o 
t h e m a n y g e n e t i c a n d c h r o m o s o m a l i m b a l a n c e s a n d a w a k e t o p r e s e r v e s e c o n d a r y p a t h w a y s 
l i k e a s e x u a l i t y t o p a s s t h e i r g e n e t i c m a t e r i a l t o t h e n e x t g e n e r a t i o n s . H o w e v e r , t h e e x a c t 
m e c h a n i s m s b e h i n d t h e s w i t c h t o a s e x u a l i t y a r e u n k n o w n ; m o r e o v e r , d u e t o t h e v a r i o u s t y p e s 
o f a s e x u a l i t y , t h e s e m e c h a n i s m s d i f f e r b e t w e e n e v e n c l o s e l y r e l a t e d s p e c i e s . S i m i l a r l y , t h e 
a d d i t i o n o f a c h r o m o s o m a l s e t c a n c a u s e d i r e c t g e n i e a n d c h r o m o s o m a l a b e r r a t i o n s a n d 
a f f e c t t h e r e p r o d u c t i o n s y s t e m s . I n t h e c a s e o f a l l o p o l y p l o i d s , t h e s e c h a n g e s a r e e v e n m o r e 
m u l t i p l i e d . F o r t h e s e r e a s o n s , e v e r y h y b r i d , p o l y p l o i d , o r a l l o p o l y p l o i d r e p r e s e n t s a u n i q u e 
m o d e l w o r t h i n v e s t i g a t i n g . 

1.1. C o b i t i s as an asexua l model of premeiot ic endorepl icat ion 

T h e h y b r i d a s e x u a l c o m p l e x o f C . taenia a n d C . elongatoides, w h i c h d i v e r g e d ~ 9 m i l l i o n 
y e a r s a g o , r e p r e s e n t s a u n i q u e o p p o r t u n i t y t o d i r e c t l y c o m p a r e s e x u a l a n d a s e x u a l s p e c i e s . 
G a m e t o g e n e s i s i n Cobitis h y b r i d f e m a l e s i s e x e c u t e d t h r o u g h t h e P M E R p a t h w a y ( D e d u k h 
e t a l . , 2 0 2 0 ) . O n t h e o t h e r s i d e , m a l e s d o n o t p o s s e s s a n y m e c h a n i s m w h i c h w o u l d p r e v e n t 
a b e r r a n t p a i r i n g o f d i v e r g e d h o m o l o g o u s c h r o m o s o m e s a n d t h e f o l l o w i n g m e i o t i c a r r e s t . 
I n t e r e s t i n g l y , o n l y ~ 8 % o f o o g o n i a a r e a b l e t o u n d e r g o P M E R , w h e r e a s t h e r e s t o f o o g o n i a 
a w a i t s t h e s a m e f a t e a s h y b r i d s ' s p e r m a t o g o n i a ( D e d u k h e t a l . , 2 0 2 1 ) . 

T h e e x a c t m e c h a n i s m o f P M E R i s u n k n o w n ; n e v e r t h e l e s s , a l l o g e n i c t r a n s p l a n t a t i o n o f m a l e 
g e r m c e l l s r e v e a l e d t w o i m p o r t a n t f a c t s ( C h a p t e r 2 ) . F i r s t l y , w h e n s t e m g e r m c e l l s o f m a l e 
d o n o r s a r e t r a n s d i f f e r e n t i a t e d i n t o f e m a l e g e r m c e l l s , t h e y a c q u i r e t h e a b i l i t y t o p e r f o r m 
P M E R . S e c o n d l y , t h e d e c i s i o n a b o u t u n d e r g o i n g P M E R l i e s w i t h i n t h e g e r m c e l l s a s a l l o t r i p l o i d 
f e m a l e s w i t h d i p l o i d g o n a d p r o d u c e d h a p l o i d e g g s , w h i l e d i p l o i d o f C . elongatoides w i t h 
a l l o t r i p l o i d g o n a d p r o d u c e d u n r e d u c e d t r i p l o i d e g g v i a P M E R . T h e s e f i n d i n g s s u g g e s t t h a t 
P M E R i s d e p e n d e n t o n t h e f e m a l e b o d y e n v i r o n m e n t , b u t t h e e x e c u t i o n i t s e l f l i e s w i t h i n t h e 
g e r m c e l l s . I n o u r w o r k , i t i s n o t a p p a r e n t h o w e x a c t l y t h e f e m a l e p a t h w a y a w a k e s P M E R f r o m 
m a l e g o n i a l c e l l s . T r a n s p l a n t a t i o n o f t r i p l o i d g o n i a l c e l l s i n t o d i p l o i d m a l e s r e s u l t s i n m e i o t i c 
a r r e s t a n d s t e r i l i t y . I n t h e r e l a t e d g e n u s o f Misgurnus, t h e e x p e r i m e n t s s h o w e d t h a t c l o n a l 
f e m a l e s a r t i f i c i a l l y s e x r e v e r s e d t o m a l e s r e s u l t e d i n s p e r m a t o g e n e s i s w i t h d i p l o i d s p e r m a t o z o a 
( Y o s h i k a w a e t a l . , 2 0 0 9 , 2 0 0 7 ) . A l t h o u g h i t a p p e a r s i n c o n t r a s t t o o u r r e s u l t s , i t i s n e c e s s a r y 
t o p o i n t o u t a f e w f a c t o r s . D e s p i t e t h e f a c t t h a t Cobitis a n d Misgurnus g e n u s a r e r e l a t e d , 
t h e y c a n h a v e d i f f e r e n t s e x d e t e r m i n a t i o n s y s t e m s b e c a u s e i t h a s n o t b e e n d e t e r m i n e d i n 
C. taenia a n d C . elongatoides y e t ; t h u s , f e m a l e s s e x r e v e r s e d t o m a l e s c a n s o m e h o w p r e s e r v e 
t h e a b i l i t y t o p r o d u c e c l o n a l s p e r m c e l l s , w h i l e Cobitis s e x d e t e r m i n a t i o n s y s t e m c a n n o t a l l o w 
i t . S e c o n d l y , b o t h s p e c i e s c a n h a v e d i f f e r e n t P M E R m e c h a n i s m s , w h i c h w o u l d a l s o b e t o l e r a n t 
o f t h e s e x d e t e r m i n a t i o n e f f e c t . F i n a l l y , t h e d i f f e r e n c e b e t w e e n t r a n s p l a n t a t i o n o f g o n i a l c e l l s 
a n d s e x r e v e r s e c a n a f f e c t e p i g e n e t i c s i n a n a n t a g o n i s t w a y . F o r e x a m p l e , t r a n s p l a n t e d c e l l s 
c o u l d u n d e r g o c o m p l e t e e p i g e n e t i c r e s t a r t ( L a b b e e t a l . , 2 0 1 7 ) , b u t s e x r e v e r s e d i n d i v i d u a l s 
c o u l d n o t h a v e . 
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1.2. Common carp and gibel carp F l hybrids 

A l t h o u g h c o m m o n c a r p (Cyprinus carpio) a t t r a c t i v e n e s s l i e s i n a q u a c u l t u r e r e s e a r c h a n d g i b e l 
c a r p (Carassius gibelio) r e p r e s e n t s o n e o f t h e m o s t s u c c e s s f u l i n v a s i v e s p e c i e s ( V e r r e y c k e n 
e t a l . , 2 0 0 7 ; Lusková e t a l . , 2 0 1 0 ; P e r d i k a r i s e t a l . , 2 0 1 2 ; R i b e i r o e t a l . , 2 0 1 5 ) . T h e r e w a s a n 
o p p o r t u n i t y t o e x a m i n e t h e r e p r o d u c t i v e p o t e n t i a l o f t h e i r F l h y b r i d s ( C h a p t e r 5 ) . Cyprinus 
a n d Carassius t a x a d i v e r g e d ~ 2 5 . 8 m i l l i o n y e a r s a g o ( R a b o s k y e t a l . , 2 0 1 3 ) . I n v e s t i g a t i o n s 
o f F l h y b r i d s r e v e a l e d t h a t m a l e s a r e e i t h e r w h o l l y s t e r i l e o r t h e y p r o d u c e a n e u p l o i d ( f e w e r 
c h r o m o s o m e s t h a n i n t h e h a p l o i d c e l l ) a n d p o l y p l o i d s p e r m a t o z o a w i t h o t h e r a b e r r a n c i e s 
s u c h a s l a r g e a n d / o r m u l t i p l e n u c l e i a n d m u l t i p l e f l a g e l l a . A l t h o u g h v e l o c i t y a n d m o t i l i t y l a s t e d 
l o n g e r i n h y b r i d s , i t d o e s n o t p r o b a b l y r e p r e s e n t a n y a d v a n t a g e s i n t h e f e r t i l i z a t i o n p r o c e s s 
a s b o t h v e l o c i t y a n d m o t i l i t y w e r e s i g n i f i c a n t l y l o w e r , a n d t h e b e g g i n g o f t h e m e a s u r e m e n t 
c o m p a r e d t o p a r e n t a l s p e c i e s . T h e r e f o r e , i t c a n b e a s s u m e d t h a t s p e r m o f p a r e n t a l s p e c i e s 
w o u l d b e m o r e s u c c e s s f u l i n t h e c o m p e t i t i v e e n v i r o n m e n t . S i m i l a r a b n o r m a l i t i e s o f h y b r i d 
s p e r m a t o z o a w e r e a l s o o b s e r v e d i n m a l e l o a c h h y b r i d s o f C . elongatoides a n d C . taenia 
( D e d u k h e t a l . , 2 0 2 0 ) a n d o t h e r s , s u c h a s m a l e h y b r i d s o f g o l d f i s h (Carassius auratus) a n d 
c o m m o n c a r p ( K u c i n s k i e t a l . , 2 0 1 5 ) , a n d m a l e h y b r i d s o f Misgurnus anguillicaudatus a n d 
M. mizolepis ( Z h a o e t a l . , 2 0 1 6 ) . I n t e r e s t i n g l y , a l l m e n t i o n e d h y b r i d s p e c i e s p o s s e s s t h e P M E R 
p a t h w a y i n t h e c a s e o f f e m a l e s ( I t o n o e t a l . , 2 0 0 6 ; W a n g e t a l . , 2 0 1 6 ; D e d u k h e t a l . , 2 0 2 0 ) . 
T h e i n v e s t i g a t i o n o f o o g o n i a i n C h a p t e r 5 w a s n o t p e r f o r m e d u n f o r t u n a t e l y , s o t h e r e i s n o 
r e c o r d o f p l o i d y l e v e l i n t h e e x p e r i m e n t . N e v e r t h e l e s s , c o n s i d e r i n g d a t a o b t a i n e d f r o m t h e 
s p a w n i n g , i t d o e s n o t s e e m t h a t h y b r i d f e m a l e s p o s s e s s n a t u r a l g y n o g e n e s i s d u e t o t h e h i g h 
m o r t a l i t y r a t e i n b a c k c r o s s e s . O n t h e o t h e r s i d e , i n d u c e d g y n o g e n e s i s ( u s a g e o f g e n e t i c a l l y 
i n a c t i v a t e d s p e r m f r o m p a r e n t a l s p e c i e s ) o f i n v e s t i g a t e d h y b r i d s i s p o s s i b l e ( C h e r f a s e t a l . , 
1 9 9 4 ) , s o F l f e m a l e s a l s o p r o d u c e u n r e d u c e d g a m e t e s . I t s e e m s t h a t m e c h a n i s m s r e s p o n s i b l e 
f o r d i p l o i d a n d p o l y p l o i d e g g s a r e h i g h l y c o n s e r v e d i n s p e c i a t i o n e v e n t s , g i v e n t h e f a c t t h a t 
g o l d f i s h p r o b a b l y o r i g i n a t e d f r o m g i b e l c a r p ( C h e n e t a l . , 2 0 2 0 ) , b u t c e r t a i n c o n d i t i o n s m u s t 
b e a p p l i e d t o a w a k e t h e m i n w i l d p o p u l a t i o n s . 

1.3. P o e c i l i a f o r m o s a as unprecedented model in fish asexua l i t y 

A m a z o n m o l l y i s a n o t h e r e x a m p l e o f t h e g y n o g e n e t i c a s e x u a l m o d e l o r g a n i s m , b u t i n 
c o n t r a s t t o Cobitis h y b r i d s , i t h a s b e e n d e c l a r e d a n a u t o n o m o u s s p e c i e s . G e n e a l o g i c a l l y , 
Poecilia formosa h a s a r i s e n v i a a h y b r i d i z a t i o n e v e n t f r o m P. mexicana a n d P. latipinna a s 
m a t e r n a l a n d p a t e r n a l a n c e s t o r s , r e s p e c t i v e l y ( S t o c k e t a l . , 2 0 1 0 ) . H o w e v e r , c r e a t i n g a r t i f i c i a l 
F l h y b r i d i z a t i o n of P. mexicana a n d P. latipinna w i l l n o t p r o d u c e P. formosa a s o f f s p r i n g c a n n o t 
p r o d u c e g y n o g e n e t i c a l l y ( L a m p e r t e t a l . , 2 0 0 7 ) . 

C y t o g e n e t i c i n v e s t i g a t i o n o f m e i o s i s s u p p o r t e d w i t h t r a n s c r i p t o m e p r o f i l i n g ( C h a p t e r 3 ) 
r e v e a l e d a s u r p r i s i n g o u t c o m e . R a t h e r t h a n p e r f o r m P M E R , P. formosa i n i t i a t e s m e i o s i s b u t 
d o e s n o t p e r f o r m h o m o l o g o u s p a i r i n g c o n t i n u i n g o n l y w i t h u n i v a l e n t c h r o m o s o m e s . O u r 
s t u d y i s l i m i t e d t o o n l y t h e p a c h y t e n e s t a g e ; t h e r e f o r e , t h e b e h a v i o r o f c h r o m o s o m e s i n 
t h e n e x t m e i o t i c s t a g e s i s n o t k n o w n . G i v e n t h e f a c t t h a t P. formosa i s r e p r o d u c i n g c l o n a l l y , 
r e t a i n i n g b o t h p a r e n t a l g e n o m e s ( W a r r e n e t a l . , 2 0 1 8 ) , i t c a n b e p r e s u m e d t h a t m e i o s i s i s 
i n i t i a t e d i n o r d e r t o a c t i v a t e e g g f i n a l f o r m a t i o n a n d m a t u r a t i o n , b u t p a i r i n g , r e c o m b i n a t i o n , 
a n d d i v i s i o n a r e s k i p p e d i n o r d e r t o p r o d u c e c l o n a l e g g s . T h e t r a n s c r i p t o m i c i n v e s t i g a t i o n 
s u p p o r t s c y t o g e n e t i c a n a l y s i s a s o n l y t h e f i r s t m e i o t i c g e n e s w e r e e x p r e s s e d i n P. formosa. 
G e n e s c o n n e c t e d w i t h r e c o m b i n a t i o n a n d f u r t h e r m e i o s i s p r o c e s s w e r e d o w n r e g u l a t e d . I n 
o t h e r f i s h , a p o m i x i s w a s s u g g e s t e d i n a l l o t r i p l o i d s o f Carassius gibelio a n d C . langsdorfi ( Y a n g 
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General discussion 

e t a l . , 1 9 9 9 ) , b u t d u e t o t h e o c c u r r e n c e o f t r i p l o i d y , m e i o s i s i s t e r m i n a t e d b y t h e i n a b i l i t y o f 
t h e f i r s t p o l a r b o d y t o e x t r u d e t h e e g g ; m o r e o v e r , p a i r i n g a n d r e c o m b i n a t i o n a r e n o t e n t i r e l y 
t e r m i n a t e d ( Z h a n g e t a l . , 1 9 9 2 ) l i k e i n P. formosa c a s e . T h e r e f o r e , P. formosa r e p r e s e n t s a 
u n i q u e m o d e l o r g a n i s m r e p r o d u c i n g v i a a c o m b i n a t i o n o f a p o m i x i s f o l l o w e d b y g y n o g e n e s i s . 
T h i s u n i q u e n e s s l i e s i n t h e f a c t t h a t o t h e r g y n o g e n e t i c i n v e s t i g a t i o n s a r e n o t a b l e t o d e t e c t 
d i f f e r e n c e s i n m e i o t i c g e n e s a s t h e i r m e i o s i s i s s u c c e s s f u l l y s t a r t e d a n d f i n i s h e d , a s p r e s e n t e d 
i n B a r t o s e t a l . , ( 2 0 1 9 ) , e v e n t h e f i n a l o o c y t e i s i n a d i p l o i d o r t r i p l o i d s t a t e . 

1.4. Zebraf ish as a l l opo l yp lo idy model 

Z e b r a f i s h i s t h e m o s t f a m o u s m o d e l f i s h o r g a n i s m d u e t o i t s e a s y m a n i p u l a t i o n , e x t e r n a l 
f e r t i l i z a t i o n , h i g h f e c u n d i t y , r a p i d d e v e l o p m e n t , a n d v i s u a l l y a t t r a c t i v e e m b r y o g e n e s i s . 
T h e r e f o r e , i t h a s b e e n s u b j e c t e d t o m a n y g e r m c e l l m a n i p u l a t i o n s , i n c l u d i n g s u r r o g a t e 
r e p r o d u c t i o n . T h e r e c e n t p r o t o c o l ( C h a p t e r 4 ) r e v e a l e d t h e e f f e c t i v e n e s s o f h e a t s h o c k f o r 
s u c c e s s f u l a u t o p o l y p l o i d i z a t i o n . A l t h o u g h a u t o g e n i c t r a n s p l a n t a t i o n i n t o s t e r i l e t r i p l o i d 
z e b r a f i s h w a s p r o v e n s u c c e s s f u l b y t h e g i v e n p r o t o c o l , a n o t h e r i n t e r e s t i n g o u t c o m e r e g a r d i n g 
p o l y p l o i d y i n z e b r a f i s h w a s c o n f i r m e d ; a l l t r i p l o i d z e b r a f i s h w e r e c o n f i r m e d a s m a l e s 
( K a v u m p u r a t h a n d P a n d i a n , 1 9 9 0 ; D e l o m a s a n d D a b r o w s k i , 2 0 1 8 ) . T h e a u t o p o l y p l o i d i z a t i o n 
c a u s i n g s h i f t s i n s e x r a t i o w a s a l s o o b s e r v e d i n Rhodues ocellatus ( U e n o a n d A r i m o t o , 1 9 8 2 ) , 
b u t t h e m e c h a n i s m i s u n k n o w n . 

T h e f i r s t p r o p o s e d a r g u m e n t f o r t h e t r i p l o i d z e b r a m a l e n e s s p h e n o m e n o n w a s t h e s i m p l e 
i n a b i l i t y o f f e m a l e s t o t o l e r a t e p l o i d y ( K a v u m p u r a t h a n d P a n d i a n , 1 9 9 0 ) . H o w e v e r , z e b r a f i s h 
s t a r t w i t h o v a r i a n t i s s u e a n d a f e w o o c y t e s b e f o r e a p o p t o s i s a c t i v a t i o n b y 3 0 d a y s p o s t -
h a t c h i n g a n d s w i t c h t o t h e m a l e p a t h w a y ( P r a d h a n a n d O l s s o n , 2 0 1 4 ) , s o t r i p l o i d y d o e s n o t 
a f f e c t e g g p r o d u c t i o n . I n z e b r a f i s h , t h e p r e s e n c e o f p r i m o r d i a l g e r m c e l l s a f f e c t s t h e f i n a l s e x 
d e c i s i o n . A s u f f i c i e n t n u m b e r o f P G C s i s n e e d e d f o r t h e p r o m o t i o n o f o v a r i a n f a t e ; o t h e r w i s e , 
s e x u a l f a t e f o l l o w s t h e m a l e ' s p a t h w a y ( D a i e t a l . , 2 0 1 5 ) . S i n c e t r i p l o i d z e b r a f i s h a r e n o t 
m o r p h o l o g i c a l l y d i f f e r e n t f r o m d i p l o i d s , a n d i t i s k n o w n t h a t p o l y p l o i d y c o m p e n s a t e s f o r 
i n c r e a s e d c e l l s i z e w i t h t h e l o w e r n u m b e r o f c e l l s , h y p o t h e t i c a l l y , t r i p l o i d s c a n n o t a c q u i r e a 
s u f f i c i e n t n u m b e r o f p r i m o r d i a l g e r m c e l l s t o a c t i v a t e t h e f e m a l e g a m e t o g e n e s i s p a t h w a y 
I n t e r e s t i n g l y , t h e a p p l i c a t i o n o f t h e h o r m o n a l t r e a t m e n t o n t r i p l o i d m a l e s d o e s n o t a w a k e n t h e 
f e m a l e p a t h w a y i n c o n t r a s t t o d i p l o i d f e m a l e s ( D e l o m a s a n d D a b r o w s k i , 2 0 1 8 ) . E v e n t h o u g h 
i n s e v e r a l e x p e r i m e n t s , z e b r a f i s h t r i p l o i d s w e r e o n l y m a l e s , r e c e n t l y , o n e s t u d y p r e s e n t e d a n 
e x c e p t i o n t o t h i s r u l e w i t h t h e f o r m a t i o n o f f e m a l e t r i p l o i d s ( P e n g e t a l . , 2 0 2 0 ) . A p o s s i b l e 
e x p l a n a t i o n c a n l i e i n t h e g e n e t i c v a r i a b i l i t y o f l a b o r a t o r y s t r a i n s , a s z e b r a f i s h p o p u l a r i t y c o s t 
a h i g h p r i c e i n t h e f o r m o f g e n e t i c d i v e r s i t y o f l a b o r a t o r y s t r a i n s c o m p a r e d t o w i l d t y p e s t r a i n s 
( W h i t e l e y e t a l . , 2 0 1 1 ; S u u r v a l i e t a l . , 2 0 2 0 ) . M o r e o v e r , t i l l n o w , z e b r a f i s h s e x d e t e r m i n a t i o n 
i s n o t k n o w n , b u t i t i s c o n s i d e r e d a c o m p l e x m o d e l d e t e r m i n e d b y m u l t i p l e g e n e s , t h e 
e n v i r o n m e n t , a n d t h e l a c k o f s e x c h r o m o s o m e s ( L i e w a n d O r b a n , 2 0 1 4 ) . I t i s p o s s i b l e b y 
s i m p l e c o i n c i d e n c e t h a t , i n s o m e c a s e s , j u v e n i l e t r i p l o i d s w i l l p o s s e s s e n o u g h p r i m o r d i a l g e r m 
c e l l s t o p r o m o t e f e m a l e n e s s ; t h e r e f o r e , t h e c e l l s i z e / n u m b e r o f c e l l s h y p o t h e s i s c o u l d a l s o 
a p p l y t o t h e P e n g e t a l . ( 2 0 2 0 ) s t u d y . T h i s i s a l s o s u p p o r t e d b y t h e f a c t t h a t P e n g e t a l . ( 2 0 2 0 ) 
u s e d h u n d r e d s o f e g g s f o r t r i p l o i d i n d u c t i o n i n c o n t r a s t t o o t h e r s t u d i e s . 
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Conclus ion 

M o r e t h a n a c e n t u r y o f e m p i r i c a l r e s e a r c h h a s d e m o n s t r a t e d t h a t h y b r i d i z a t i o n a n d 
p o l y p l o i d i z a t i o n h a v e v a r i o u s p h e n o t y p i c e f f e c t s o n o r g a n i s m s , w i t h p o t e n t i a l l y p r o f o u n d 
i m p a c t s o n t h e i r r e p r o d u c t i o n , r a n g i n g f r o m i n v i a b i l i t y o r c o m p l e t e s t e r i l i t y t o d i f f e r e n t a s e x u a l 
p a t h w a y s . P r o b a b l y t h e m a i n f a c t o r a f f e c t i n g t h e l i k e l i h o o d o f a h y b r i d ' s s w i t c h i n g t o a s e x u a l i t y 
i s t h e g e n e t i c d i s t a n c e b e t w e e n i t s p a r e n t a l s p e c i e s ( E r n s t , 1 9 1 8 ) . H o w e v e r , w h y t h i s s h o u l d 
b e , r e m a i n s u n c l e a r . S e v e r a l t h e o r i e s e l a b o r a t e d o n t h i s c o n c e p t p r o p o s i n g t h a t t h e c o r r e l a t i o n 
b e t w e e n g e n e t i c d i v e r g e n c e a n d t h e l i k e l i h o o d o f a s e x u a l i t y m a y r e s u l t f r o m : 1 ) d e c r e a s i n g 
s e q u e n c e h o m o l o g y a m o n g d i v e r g e n t h y b r i d i z i n g s p e c i e s ; t h u s , t h e p r o d u c t i o n o f n o n - h a p l o i d 
g a m e t e s ( D e S t o r m e a n d M a s o n , 2 0 1 4 ) ; 2 ) d i f f e r e n t l y t i m e d g e n e e x p r e s s i o n i n r e p r o d u c t i v e 
p a t h w a y s o f t w o p a r e n t a l s p e c i e s , w h i c h w i l l b e i n c o m p a t i b l e i n F l h y b r i d s ( C a r m a n , 1 9 9 7 ) ; 3 ) 
a c c u m u l a t i o n s o f a b e r r a n c i e s i n e p i s t a t i c a l l y i n t e r a c t i n g g e n e s t h e r e b y a l t e r i n g c l a s s i c s e x u a l 
p a t h w a y ( M o r i t z e t a l . , 1 9 8 9 ) . T h e s e p r o p o s i t i o n s a r e n o t m u t u a l l y e x c l u s i v e a n d m i g h t a c t 
c o m b i n e d o r e v e n a l t o g e t h e r a s t h e r e a r e s e v e r a l a s e x u a l m o d e s s u c h a s p a r t h e n o g e n e s i s , 
g y n o g e n e s i s , a n d h y b r i d o g e n e s i s . T h i s w o r k p r o v i d e d i n s i g h t s i n t o s e v e r a l q u e s t i o n s a b o u t t h e 
i n t e r c o n n e c t i o n b e t w e e n h y b r i d i z a t i o n , p o l y p l o i d y , a n d a s e x u a l r e p r o d u c t i o n . 

F i r s t , b y p e r f o r m i n g c r o s s - t r a n s p l a n t a t i o n o f g e r m c e l l s b e t w e e n s e x u a l a n d a s e x u a l 
l o a c h e s , i t w a s d e m o n s t r a t e d t h a t c l o n a l r e p r o d u c t i o n i s i n d e e d t i g h t l y l i n k e d w i t h h y b r i d 
s e x , b u t i n a q u i t e d i f f e r e n t w a y t h a n e x p e c t e d b e c a u s e , r a t h e r t h a n r e f l e c t i n g s t r i c t g e n e t i c 
s e x d e t e r m i n a t i o n , i t i s c o n f i n e d t o t h e f e m a l e g o n i a l p a t h w a y . O n t h e o t h e r h a n d , p e r f o r m e d 
e x p e r i m e n t s o n m a l e h y b r i d s o f a n o t h e r m o d e l o r g a n i s m , t h e h y b r i d s b e t w e e n c o m m o n 
c a r p a n d g i b e l c a r p , d e m o n s t r a t e d t h a t o t h e r t r a i t s r e l a t e d t o h y b r i d i z a t i o n m i g h t h a v e q u i t e 
c o m m o n p h e n o t y p i c p a t t e r n s . N a m e l y , t h e r e p r o d u c t i v e p o t e n t i a l o f s u c h h y b r i d s w a s l o w 
w i t h o u t a n y s e c o n d a r y p a t h w a y s i n m o t i o n o f t h e i r s p e r m a n d t h e r e b y m a t c h e d t h e d a t a 
o b s e r v e d i n m a n y o t h e r f i s h h y b r i d s w h e r e f e m a l e a s e x u a l i t y a l s o o c c u r s . 

S e c o n d , b y c o m p a r i n g o v a r i a n e x p r e s s i o n d a t a b e t w e e n Cobitis a n d Poecilia a s e x u a l s , i t 
h a s b e e n s h o w n t h a t e a c h a s e x u a l m o d e c a n h a v e i t s o w n m o l e c u l a r p a t h w a y . B o t h l o a c h 
Cobitis elongatoides-taenia-taenia a n d A m a z o n m o l l y Poecilia formosa h y b r i d s r e p r o d u c e 
g y n o g e n e t i c a l l y , b u t t h e i r s t r a t e g y f o r u n r e d u c e d e g g p r o d u c t i o n i s d i f f e r e n t . L o a c h e s p e r f o r m 
p r e m e i o t i c e n d o r e d u p l i c a t i o n i n o r d e r t o p a i r s i s t e r c h r o m a t i d s d u r i n g m e i o s i s t o a v o i d p a i r i n g 
o f h o m o l o g o u s c h r o m o s o m e s , w h i c h i n m a l e s w i t h o u t P M E R r e s u l t s i n s t e r i l i t y . O n t h e o t h e r 
h a n d , A m a z o n ' s m o l l y s t r a t e g y l i e s i n m e i o s i s s u p p r e s s i o n , t h u s a v o i d i n g c h r o m o s o m a l p a i r i n g 
e n t i r e l y . T h e t e r m i n a t i o n o f m e i o s i s i s t h e c r u c i a l p r o c e s s o f u n d e r s t a n d i n g t h e f o r m a t i o n o f s e x . 

F i n a l l y , i t w a s a t t e m p t e d t o s t r e a m l i n e t h e p r o t o c o l s f o r t h e e s t a b l i s h m e n t o f a u t o p o l y p l o i d 
( t r i p l o i d ) f i s h s t r a i n s , w h i c h m a y b e v e r y u s e f u l f o r c l o s e l y f o c u s e d s t u d i e s a i m i n g a t 
d i s e n t a n g l i n g t h e e f f e c t s o f h y b r i d i z a t i o n f r o m t h o s e o f p o l y p l o i d i z a t i o n per se. N o t o n l y 
h a v e t h e t a s k w a s s u c c e s s f u l , b u t i t a l s o c o n f i r m e d a v e r y i n t e r e s t i n g p a t t e r n o f i m p a c t 
o f a u t o t r i p l o i d y o n t h e s e x o f p r o g e n y , w h i c h o p e n e d u n e x p e c t e d q u e s t i o n s a b o u t t h e 
i m p o r t a n c e o f a u t o p o l y p l o i d i z a t i o n i n f i s h a n d i t s e f f e c t o n s e x d i f f e r e n t i a t i o n . 

T h e o u t l o o k f o r t h e f u t u r e d e r i v e d f r o m t h e r e s u l t s p r e s e n t e d i n t h i s w o r k w i l l b e f u r t h e r 
e x a m i n a t i o n o f g a m e t o g e n i c p a t h w a y s o n t h e c y t o g e n e t i c a n d m o l e c u l a r l e v e l s . M a i n l y , s i n g l e 
c e l l R N A s e q u e n c i n g c a n o p e n a n e w d o o r t o a n u n d e r s t a n d i n g o f b a s i c m o l e c u l a r p r o c e s s e s . 
I n Cobitis, i t c o u l d d e s c r i b e g e n e s r e s p o n s i b l e f o r t h e s w i t c h t o t h e P M E R p a t h w a y . I n Poecilia, 
i t c o u l d e x p l a i n t h e e v o l u t i o n a r y q u e s t i o n a b o u t t h e f o r m a t i o n o f s e x u a l i t y . I n Danio, t h e 
c o m b i n a t i o n o f h o r m o n e t r e a t m e n t a n d R N A s e q u e n c i n g c o u l d e n l i g h t e n k n o w l e d g e a b o u t 
g e n e r e g u l a t o r y p a t h w a y s r e s p o n s i b l e f o r s e x d i f f e r e n t i a t i o n a n d s e x c h a n g e . I n F l h y b r i d s o f 
c o m m o n c a r p a n d g i b e l c a r p , i t c o u l d n o t o n l y f i n d o u t g e n e s a c c o u n t a b l e f o r s t e r i l i t y b u t a l s o 
s h o w t h e p a r e n t - s p e c i f i c e x p r e s s i o n d u r i n g g a m e t o g e n e s i s . 
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Engl ish s u m m a r y 

S e x u a l r e p r o d u c t i o n i s o n e o f t h e m o s t c o m m o n t r a i t s o f e u k a r y o t e s a n d o n e o f t h e m o s t 
d e b a t e d t o p i c s i n b i o l o g y . I t i n v o l v e s c o m p l i c a t e d g e n e r e g u l a t o r y n e t w o r k s c o o r d i n a t i n g 
m e i o t i c d i v i s i o n , r e c o m b i n a t i o n , a n d t h e p r o d u c t i o n o f h a p l o i d g a m e t e s . A l t h o u g h t h e s e 
p a t h w a y s a r e h i g h l y c o n s e r v e d , t h e y h a v e b e e n r e p e a t e d l y m o d i f i e d i n m a n y w a y s t h r o u g h o u t 
t h e e v o l u t i o n o f l i f e f o r m s . I n t e r s p e c i f i c h y b r i d i z a t i o n a n d p o l y p l o i d i z a t i o n a r e w e l l k n o w n 
t o a l t e r t h e r e p r o d u c t i v e p o t e n t i a l o f a n i n d i v i d u a l , a n d b o t h p h e n o m e n a a r e c o m m o n l y 
l i n k e d w i t h t h e s o - c a l l e d a s e x u a l i t y , i . e . , t h e p r o d u c t i o n o f ( p a r t l y ) c l o n a l g a m e t e s . A s e x u a l i t y 
h a s a t t r a c t e d c o n s i d e r a b l e a t t e n t i o n a s a n e x c e l l e n t m o d e l t o s t u d y t h e e v o l u t i o n a r y d i s / 
a d v a n t a g e s o f s e x . B e c a u s e o f n u m e r o u s a s s o c i a t i o n s w i t h p o l y p l o i d y , a s e x u a l s h a v e a l s o 
b e e n c o n s i d e r e d a s p o t e n t i a l m i s s i n g l i n k s i n t h e f o r m a t i o n o f p o l y p l o i d s p e c i e s . N e v e r t h e l e s s , 
a s e x u a l e u k a r y o t i c l i n e a g e s a r e n o t a n e a s i l y d e f i n a b l e g r o u p . T h e y a r e d i s t r i b u t e d t h r o u g h o u t 
t h e t r e e o f l i f e a n d e m p l o y a b r o a d s p e c t r u m o f i n d e p e n d e n t l y a r i s e n m e c h a n i s m s f o r g a m e t e 
p r o d u c t i o n . T h e s e m e c h a n i s m s c a n n o t i c e a b l y d i f f e r e v e n b e t w e e n c l o s e l y r e l a t e d t a x a , 
r a n g i n g f r o m e n t i r e l y a m e i o t i c p r o c e s s e s t o t h o s e i n v o l v i n g d i s t o r t e d m e i o t i c d i v i s i o n s , w h i c h 
h a v e d i f f e r e n t e v o l u t i o n a r y c o n s e q u e n c e s f o r e a c h a s e x u a l l i n e a g e . I t i s t h e r e f o r e v i t a l t o 
u n d e r s t a n d w h e t h e r t h e r e a r e a n y g e n e r a l r u l e s f o l l o w e d i n t h e p r o c e s s e s l e a d i n g t o t h e 
a b a n d o n m e n t o f s e x u a l r e p r o d u c t i o n o r i n d u c t i o n o f s t e r i l i t y . 

T h i s t h e s i s i n v e s t i g a t e s t h e e f f e c t o f h y b r i d i z a t i o n a n d p o l y p l o i d y o n r e p r o d u c t i v e 
m o d i f i c a t i o n s i n s e v e r a l f i s h t a x a . T h e f i r s t i n v e s t i g a t i o n w a s f o c u s e d o n t h e r e g u l a t i o n o f 
u n r e d u c e d g a m e t e p r o d u c t i o n i n a s e x u a l a l l o t r i p l o i d f e m a l e s o f Cobitis elongatoides-taenia-
taenia. N a t u r a l l y , i t i s a c c o m p l i s h e d v i a p r e m e i o t i c e n d o r e d u p l i c a t i o n ( P M E R ) a n d f o l l o w e d 
b y t h e p a i r i n g o f s i s t e r c h r o m a t i d s . I t h a s b e e n d i s c o v e r e d t h a t t h e r e g u l a t i o n o f P M E R i s a 
f e m a l e ' s e x c l u s i v e t r a i t , b u t t h e P M E R e x e c u t i o n d e p e n d s o n g e r m c e l l h y b r i d o r i g i n . T h e r e f o r e , 
t h e a s e x u a l i t y p h e n o t y p e i n Cobitis i s l i n k e d t o p h e n o t y p i c s e x d i f f e r e n t i a t i o n . S e c o n d l y , t h e 
s p e r m a t o z o a c h a r a c t e r i s t i c s o f F l h y b r i d s o f c o m m o n c a r p a n d g i b e l c a r p w e r e e x a m i n e d 
t o e v a l u a t e m o r p h o l o g i c a l m a l f u n c t i o n s . M a l e s s h o w e d c l a s s i c a l h y b r i d d y s g e n e s i s a s t h e i r 
r e p r o d u c t i v e p o t e n t i a l w a s n e g a t i v e l y a f f e c t e d b y t h e h y b r i d i z a t i o n e v e n t , p r o b a b l y d u e t o 
t h e h i g h d i v e r g e n c e b e t w e e n s p e c i e s . A l t h o u g h m o s t o f t h e s p e r m a t o z o a w e r e a n e u p l o i d 
o r p o l y p l o i d , a s m a l l f r a c t i o n o f s p e r m a t o z o a w a s c a p a b l e o f f e r t i l i z a t i o n a n d g a v e r i s e t o F 2 
h y b r i d o f f s p r i n g . T h i r d l y , g e r m c e l l s o f a n c e s t r a l h y b r i d Poecilia formosa w e r e e x a m i n e d t o 
c o n f i r m t h e P M E R p a t h w a y ; h o w e v e r , i t w a s d i s c o v e r e d t h a t t h i s s p e c i e s o n l y i n i t i a t e s f i r s t 
m e i o t i c g e n e s , b u t m e i o s i s i t s e l f i s s k i p p e d . T h e r e f o r e , P. formosa r e p r e s e n t s a r a r e e x c e p t i o n 
t o a p o m i x i s i n f i s h t a x a . F i n a l l y , a s u c c e s s f u l a n d e f f e c t i v e p r o t o c o l f o r t r i p l o i d z e b r a f i s h 
p r o d u c t i o n w a s e s t a b l i s h e d . A l t h o u g h t h e p r i m a r y g o a l o f t h i s p r o t o c o l w a s t h e e s t a b l i s h m e n t 
o f s t e r i l e r e c i p i e n t s f o r t r a n s p l a n t a t i o n p u r p o s e s , i t r e p r e s e n t s a n e x c e l l e n t o p p o r t u n i t y f o r 
r e s e a r c h o f a u t o p o l y p l o i d i z a t i o n e f f e c t o n s e x d i f f e r e n t i a t i o n a s a l l p r o d u c e d t r i p l o i d z e b r a f i s h 
w e r e c o n f i r m e d a s m a l e s . 
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Czech summary 

Czech s u m m a r y 

Pohlavní rozmnožování j e jedním z nejběžnějších rysů e u k a r y o t a také jedním z 
nejdiskutovanějších témat v b i o l o g i i . Z a h r n u j e komplikované genové regulační sítě koordinující 
meiotické dělení, r e k o m b i n a c i a p r o d u k c i haploidních g a m e t . Ačkoli j s o u t y t o dráhy v y s o c e 
konzervované, b y l y v průběhu e v o l u c e opakovaně m n o h a způsoby modifikovány. J e dobře 
známo, že mezidruhová h y b r i d i z a c e a p o l y p l o i d i z a c e mění reprodukční potenciál o r g a n i z m u a 
o b a j e v y j s o u běžně s p o j e n y s a s e x u a l i t o u , t j . p r o d u k c e klonálních g a m e t . A s e x u a l i t a přitáhla 
značnou p o z o r n o s t j a k o vynikající m o d e l p r o s t u d i u m evolučních výhod a nevýhod sexuálního 
rozmnožování a kvůli četným asociacím s polyploidií j s o u asexuální o r g a n i z m y také považovány 
z a potenciální chybějící články při tvorbě polyploidních druhů. Nicméně asexuální eukaryotické 
l i n i e n e j s o u s n a d n o d e f i n o v a t e l n o u s k u p i n o u . J s o u distribuovány p o celém s t r o m u života a 
využívají široké s p e k t r u m nezávisle vzniklých mechanizmů p r o p r o d u k c i klonálních g a m e t . T y t o 
m e c h a n i z m y s e m o h o u znatelně lišit i m e z i blízce příbuznými t a x o n y , o d z c e l a ameiotických 
procesů p o p r o c e s y zahrnující signifikantní m o d i f i k a c e v meiotickém dělení, které mají různé 
evoluční důsledky p r o každou asexuální l i n i i . J e p r o t o důležité porozumět t o m u , z d a existují 
nějaká obecná p r a v i d l a v p r o c e s e c h vedoucích k opuštění sexuálního rozmnožování, a l e i 
i n d u k c i s t e r i l i t y 

T a t o práce zkoumá v l i v h y b r i d i z a c e a P o l y p l o i d i e n a m o d i f i k a c e gametických buněk u 
několika taxonů r y b . První výzkum b y l zaměřen n a r e g u l a c i p r o d u k c e neredukovaných g a m e t 
u asexuálních allotriploidních s a m i c Cobitis elongantoides-taenia-taenia. Přirozeně j e t o h o 
dosaženo prostřednictvím premeiotické e n d o r e d u p l i k a c e ( P M E R ) a následným párováním 
sesterských c h r o m a t i d . B y l o zjištěno, že r e g u l a c e P M E R j e výlučným z n a k e m s a m i c , nicméně 
provedení P M E R závisí n a hybridním původu zárodečných buněk. Z t o h o t o důvodu j e f e n o t y p 
a s e x u a l i t y u sekavců s p o j e n s f e n o t y p o v o u diferenciací pohlaví. Z a druhé b y l y zkoumány 
c h a r a k t e r i s t i k y spermií F l hybridů k a p r a obecného a k a r a s a stříbřitého z a účelem vyhodnocení 
morfologických p o r u c h spermií. S a m c i v y k a z o v a l i k l a s i c k o u hybridní d y s g e n e z i , protože j e j i c h 
reprodukční potenciál b y l negativně ovlivněn hybridizací pravděpodobně kvůli velké d i v e r g e n c i 
m e z i d r u h y . Ačkoli většina spermií b y l a aneuploidní n e b o polyploidní, malá část spermií b y l a 
s c h o p n a oplození a d a l a v z n i k n o u t F 2 g e n e r a c i . Z a třetí b y l y zkoumány zárodečné buňky 
ancestrálního h y b r i d a Poecilia formosa z a účelem popsání P M E R dráhy, nicméně b y l o zjištěno, 
že t e n t o d r u h p o u z e e x p r i m u j e počáteční meiotické g e n y , a l e samotná meióza neprobíhá. 
P r o t o P. formosa představuje vzácnou výjimku a p o m i x i e u r y b . N a k o n e c b y l publikován p r o t o k o l 
zaměřený n a p r o d u k c i triploidních zebřiček Danio rerio. Přestože hlavním cílem této práce b y l o 
vytvoření sterilních recipientů p r o účely t r a n s p l a n t a c e zárodečných buněk, triploidní zebřičky 
rovněž představují vynikající příležitost p r o s t u d i u m v l i v u a u t o p o l y p l o i d i z a c e n a sexuální 
d i f e r e n c i a c i , neboť všechny triploidní zebřičky b y l y p o t v r z e n y j a k o s a m c i . 
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I a m t h a n k f u l t o t h e L a b o r a t o r y o f F i s h G e n e t i c s a n d a l l i t s m e m b e r ' s s t a f f f o r a l l t h e 
t h o u g h t f u l g u i d a n c e . I w o u l d a l s o e x p r e s s m y t h a n k s t o D r . Lukáš Vetešník a n d P r o f e s s o r 
A n d r e a Šimková f o r a l l t h e a d v i c e . 

F i n a l l y , m y d e e p e s t g r a t i t u d e b e l o n g s t o m y b e l o v e d f i a n c e A n n a f o r h e r h o n e s t d e v o t i o n , 
u n l i m i t e d s u p p o r t , n e v e r - e n d i n g p a t i e n c e , f r e s h i n s i g h t s , a n d t h e m a n a g e m e n t o f o u r t w o 
g r e a t f e l i n e c o m p a n i o n s , V l a s t a a n d L u c k a . 

I a p p r e c i a t e t h e f i n a n c i a l s u p p o r t f r o m t h e f o l l o w i n g p r o j e c t s c o n t r i b u t i n g t o t h e f u n d i n g o f 
d i f f e r e n t p a r t s o f t h e r e s e a r c h s u m m a r i z e d i n t h i s t h e s i s : 

• M i n i s t r y o f E d u c a t i o n , Y o u t h a n d S p o r t s o f t h e C z e c h R e p u b l i c : p r o j e c t s C E N A K V A ( N o . 
C Z . 1 . 0 5 / 2 . 1 . 0 0 / 0 1 . 0 0 2 4 ) a n d C E N A K V A I I ( N o . L O 1 2 0 5 u n d e r t h e N P U I p r o g r a m ) , 
p r o j e c t B i o d i v e r s i t y ( C Z . 0 2 . 1 . 0 1 / 0 . 0 / 0 . 0 / 1 6 _ 0 2 5 / 0 0 0 7 3 7 0 ) . 

• C z e c h S c i e n c e F o u n d a t i o n , p r o j e c t s N o 1 7 - 0 9 8 0 7 S , 1 9 - 2 1 5 5 2 S , 1 9 - 1 0 0 8 8 S & 2 1 -
2 5 1 8 5 S . 
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List of publications 

List of publ icat ions 

Peer-reviewed journals with IF 

Hubálek, M . , Kašpar, V . , Tichopád, T., R o d i n a , M . , Flajšhans, M . , 2 0 2 2 . H o w d o s u b o p t i m a l 
t e m p e r a t u r e s a f f e c t p o l y p l o i d s t e r l e t Acipenser ruthenus d u r i n g e a r l y d e v e l o p m e n t ? 
J o u r n a l o f F i s h B i o l o g y 1 0 1 : 7 7 - 9 1 . ( I F 2 0 2 1 = 2 . 5 0 4 ) 

Tichopád, T., Franěk, R., Doležálková Kaštánková, M . , D e d u k h , D . , M a r t a , A . , Halačka, K., 
S t e i n b a c h , C , J a n k o , K. , Pšenička, M . , 2 0 2 2 . C l o n a l g a m e t o g e n e s i s i s t r i g g e r e d b y i n t r i n s i c 
s t i m u l i i n t h e h y b r i d ' s g e r m c e l l s b u t i s d e p e n d e n t o n s e x d i f f e r e n t i a t i o n . B i o l o g y o f 
R e p r o d u c t i o n : i o a c 0 7 4 . ( I F 2 0 2 1 = 4 . 1 4 1 ) 

S h a h , M . A . , S a i t o , T , Šindelka, R., l e g o r o v a , V . , R o d i n a , M . , B a l o c h , A . R . , Franěk, R., Tichopád, 
T., Pšenička, M . , 2 0 2 1 . N o v e l t e c h n i q u e f o r d e f i n i t e b l a s t o m e r e i n h i b i t i o n a n d d i s t r i b u t i o n 
o f m a t e r n a l R N A i n s t e r l e t (Acipenser ruthenus) e m b r y o . F i s h e r i e s S c i e n c e 8 7 : 7 1 - 8 3 . ( I F 
2 0 2 1 = 2 . 1 4 8 ) 

X i e , X . , Tichopád, T., Langerová, L. , A b a f f y , P., Šindelka, R., Franěk, R., Fučíková, M . , S t e i n b a c h , 
C , S h a h , M . A . , Šauman, I . , C h e n , F , Pšenička, M . , 2 0 2 1 . I s o l a t i o n a n d c h a r a c t e r i z a t i o n o f 
h i g h l y p u r e t y p e A s p e r m a t o g o n i a f r o m s t e r l e t (Acipenser ruthenus) u s i n g f l o w - c y t o m e t r i c 
c e l l s o r t i n g . F r o n t i e r s i n C e l l a n d D e v e l o p m e n t a l B i o l o g y 9 : 7 7 2 6 2 5 . ( I F 2 0 2 0 = 6 . 0 8 1 ) 

Tichopád, T., Vetešník, L., Šimková, A . , R o d i n a , M . , Franěk, R., Pšenička, M . , 2 0 2 0 . S p e r m a t o z o a 
m o r p h o l o g y a n d r e p r o d u c t i v e p o t e n t i a l i n F l h y b r i d s o f c o m m o n c a r p (Cyprinus carpio) 
a n d g i b e l c a r p (Carassius gibelio). A q u a c u l t u r e 5 2 1 : 7 3 5 0 9 2 . ( I F 2 0 2 0 = 4 . 2 4 2 ) 

B a l o c h , A . R . , Fučíková, M . , R o d i n a , M . , M e t s c h e r , B., Tichopád, T., S h a h , A . M . , Franěk, R., 
Pšenička, M . , 2 0 1 9 . D e l i v e r y o f i r o n o x i d e n a n o p a r t i c l e s i n t o p r i m o r d i a l g e r m c e l l s i n 
s t u r g e o n . B i o m o l e c u l e s 9 : 3 3 3 . ( I F 2 0 1 9 = 4 . 0 8 2 ) . 

Franěk, R., Tichopád, T., Fučíková, M . , S t e i n b a c h , C , Pšenička, M . , 2 0 1 9 . P r o d u c t i o n a n d u s e o f 
t r i p l o i d z e b r a f i s h f o r s u r r o g a t e r e p r o d u c t i o n . T h e r i o g e n o l o g y 1 4 0 : 3 3 - 4 3 . ( I F 2 0 1 9 = 2 . 0 9 4 ) 

B a l o c h , A . R . , Franěk, R., Tichopád, T., Fučíková, M . , R o d i n a , M . , Pšenička, M . , 2 0 1 9 . D n d l 
k n o c k o u t i n s t u r g e o n s b y C R I S P R / C a s 9 g e n e r a t e s g e r m c e l l f r e e h o s t f o r s u r r o g a t e 
p r o d u c t i o n . A n i m a l s A n i m a l s 9 : 1 7 4 . ( I F 2 0 1 9 = 2 . 3 2 3 ) 

Franěk, R., Tichopád, T., S t e i n b a c h , C , X i e , X . , Lujič, J . , Marinovič, Z . , Horváth, A , Kašpar, V . , 
Pšenička, M . , 2 0 1 9 . P r e s e r v a t i o n o f f e m a l e g e n e t i c r e s o u r c e s o f c o m m o n c a r p t h r o u g h 
o o g o n i a l s t e m c e l l m a n i p u l a t i o n . C r y o b i o l o g y 8 7 : 7 8 - 8 5 . ( I F 2 0 1 9 = 2 . 0 9 4 ) 
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Training and superv is ion plan dur ing s tudy 

M . S c . T o m a s T i c h o p a d 

2 0 1 7 - 2 0 2 2 : L a b o r a t o r y o f G e r m C e l l s o f F F P W 

A s s o c . P r o f . M a r t i n P s e n i c k a 

2 n d O c t o b e r 2 0 1 7 u n t i l 1 5 t h S e p t e m b e r 2 0 2 2 

Ph.D. courses Year 

P o n d a q u a c u l t u r e 2 0 1 8 

H y d r o b i o l o g y 2 0 1 8 

I c h t h y o l o g y a n d f i s h t a x o n o m y 2 0 1 8 

B i o s t a t i s t i c s 2 0 1 8 

B a s i c o f s c i e n t i f i c c o m m u n i c a t i o n 2 0 1 9 

E n g l i s h l a n g u a g e 2 0 2 0 

Scientific seminars Year 

S e m i n a r d a y s o f R I F C H a n d F F P W 2 0 1 8 
2 0 1 9 
2 0 2 0 
2 0 2 1 

International conferences Year 

Name 
Research 
department 

Supervisor 

Period 

Tichopád, T . , Vetešník, L , Šimková, A . , R o d i n a , M . , Franěk, R., P s e n i c k a , M . , 2 0 2 1 . 2 0 2 1 
S p e r m a t o z o a m o r p h o l o g y a n d r e p r o d u c t i v e p o t e n t i c a l i n f l h y b r i d s o f c o m m o n c a r p a n d 
g i b e l c a r p A q u a c u l t u r e E u r o p e 2 0 2 1 ( p o s t e r p r e s e n t a t i o n ) . 

Tichopád, T , R o s l e i n J . , Bartoš, O . , Franěk, R., Zikmundová, A . , Pšenička, M . , J a n k o , K. 2 0 1 9 . 2 0 1 9 
C h a r a c t e r i z a t i o n o f m a l e s t e r i l i t y i n h y b r i d s o f C o b i t i s g e n u s . I n t e r n a t i o n a l W o r k s h o p o n t h e 
B i o l o g y o f F i s h G a m e t e s , 2 - 6 S e p t e m b e r 2 0 1 9 , R e n n e s , F r a n c e , p p 4 4 ( p o s t e r ) . 

Franěk, R., S a i t o , T , Tichopád, T . , Pšenička, M . , 2 0 1 9 . I n t r a p e r i t o n e a l ^ g r a f t e d b l a s t o m e r e s 2 0 1 9 
c a n d i f f e r e n t i a t e i n t o f u n c t i o n a l g a m e t e s i n z e b r a f i s h . 7 t h I n t e r n a t i o n a l W o r k s h o p o n t h e 
B i o l o g y o f F i s h G a m e t e s , 2 - 6 S e p t e m b e r 2 0 1 9 , R e n n e s , F r a n c e , p . 8 5 . ( p o s t e r ) 

Franěk, R., Tichopád, T . , Fučíková, M . , S t e i n b a c h , C , Pšenička, M . , 2 0 1 9 . P r o d u c t i o n a n d u s e 2 0 1 9 
o f t r i p l o i d z e b r a f i s h f o r s u r r o g a t e r e p r o d u c t i o n . 7 t h I n t e r n a t i o n a l W o r k s h o p o n t h e B i o l o g y 
o f F i s h G a m e t e s , 2 - 6 S e p t e m b e r 2 0 1 9 , R e n n e s , F r a n c e , p . 1 0 9 . ( p o s t e r ) 

Franěk, R., S a i t o , T , Tichopád, T . , Fučíková, M . , Marinovič, Z . , Lujič, J . , Horváth, A . , Kašpar, 2 0 1 9 
V . , Pšenička, M . , 2 0 1 9 . G e r m c e l l m a n i p u l a t i o n a s a t o o l f o r c o m m o n c a r p i s o g e n i c l i n e s 
p r o d u c t i o n a n d m a n a g e m e n t . 7 t h I n t e r n a t i o n a l W o r k s h o p o n t h e B i o l o g y o f F i s h G a m e t e s , 
2 - 6 S e p t e m b e r 2 0 1 9 , R e n n e s , F r a n c e , p . 1 1 0 . ( p o s t e r ) 

B a l o c h , A . R . , Fučíková, M . , R o d i n a , M . , M e t s c h e r , B., Tichopád, T . , S h a h , M . A . , Franěk, 2 0 1 9 
R., Pšenička, M . , 2 0 1 9 . L a b e l l i n g o f p r i m o r d i a l g e r m c e l l s i n s t u r g e o n u s i n g i r o n d o x i d e 
n a n o p a r t i c l e s . 7 t h I n t e r n a t i o n a l W o r k s h o p o n t h e B i o l o g y o f F i s h G a m e t e s , 2 - 6 S e p t e m b e r 
2 0 1 9 , R e n n e s , F r a n c e , p . 1 1 7 . ( p o s t e r ) 

Franěk, R., Tichopád, T . , Pšenička, M . , 2 0 1 9 . I n t r a p e r i t o n e a l l y g r a f t e d b l a s t o m e r e s c a n 2 0 1 9 
d i f f e r e n t i a t e i n t o f u n c t i o n a l g a m e t e s i n z e b r a f i s h . Zoologické d n y , B r n o , Česká r e p u b l i k a 
7 - 8 . února 2 0 1 9 . 
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Training and supervision plan during study 

Franěk, R., Tichopád, I , R., B a l o c h , A . R . , Marinovič, Z . , Lujič, J . , Urbányi, B., Horváth, Á., 2 0 1 8 
Kašpar, V.,Pšenička, M . , 2 0 1 8 . G e n e r a t i o n a n d m a n a g e m e n t o f i s o g e n i c l i n e s o f c o m m o n 
c a r p u s i n g m a n i p u l a t i o n w i t h g e r m s t e m c e l l s . S u s t a i n i n g i c o n i c d i a d r o m o u s f i s h e s : T h e 
p o t e n t i a l a n d p i t f a l l s o f c u l t i v a t i o n A r e n d a l , N o r w a y . 1 7 - 1 9 J u n e , 2 0 1 8 . 

Franěk, R., Tichopád, 1 , R., B a l o c h , A . R . , Marinovič, Z . , Lujič, J . , Urbányi, B., Horváth, Á., 2 0 1 8 
Kašpar, V.,Pšenička, M . , 2 0 1 8 . C r y o p r e s e r v a t i o n a n d t r a n s p l a n t a t i o n o f c o m m o n c a r p g e r m 
s t e m c e l l s i n t o g o l d f i s h . 1 1 t h I n t e r n a t i o n a l S y m p o s i u m o n R e p r o d u c t i v e P h y s i o l o g y o f F i s h , 
J u n e 3 - 8 . 2 0 1 8 , p . 1 3 1 . 

Pedagogical activities Year 

• L e a d i n g o f S u m m e r s c h o o l p r o j e c t e n t i t l e d " R w o r k s h o p f o c u s e d o n R N A s e q d a t a 2 0 2 1 
a n a l y s i s i n f i s h e r i e s s c i e n c e " . 

• S t a t i s t i c a l c o n s u l t a n t o f D i s s e r t a t i o n t h e s i s o f D i p l . - l n g . M a r t i n Hubälek e n t i t l e d 2 0 2 0 - 2 0 2 2 
" P o l y p l o i d i z a t i o n c a p a c i t y o f s t u r g e o n s a n d i t s i n f l u e n c e o n f i t n e s s " . 
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C u r r i c u l u m v i t a e 

PERSONAL INFORMATION 
Name: T o m a s 
Surname: T i c h o p a d 
Title: M a g i s t e r ( M a s t e r ' s d e g r e e ) 
Born: 1 3 t h F e b r u a r y 1 9 9 2 , O s t r a v a , C z e c h R e p u b l i c 
Nationality: C z e c h 
Languages: E n g l i s h ( B 2 l e v e l - F C E c e r t i f i c a t e ) , C z e c h ( n a t i v e s p e a k e r ) 
Contact: t i c h o p a d @ f r o v . j c u . c z ; t o m e k s i l e n t f a l l @ g m a i l . c o m ; t h o m a s 5 8 @ s e z n a m . c z 

RESEARCH INTEREST 
• P o l y p l o i d i z a t i o n a n d h y b r i d i z a t i o n 
• E v o l u t i o n o f r e p r o d u c t i o n 
• M o l e c u l a r b i o l o g y o f s e x 

EDUCATION 
2 0 1 7 - p r e s e n t P h . D . s t u d e n t i n F i s h e r y , F a c u l t y o f F i s h e r i e s a n d P r o t e c t i o n o f W a t e r s , 

U n i v e r s i t y o f S o u t h B o h e m i a , České Budějovice, C z e c h R e p u b l i c 
2 0 1 5 - 2 0 1 7 M a s t e r s t u d e n t i n E x p e r i m e n t a l B i o l o g y , F a c u l t y o f S c i e n c e , U n i v e r s i t y o f 

O s t r a v a , O s t r a v a , C z e c h R e p u b l i c 
2 0 1 2 - 2 0 1 5 B a c h e l o r s t u d e n t i n E x p e r i m e n t a l B i o l o g y , F a c u l t y o f S c i e n c e , U n i v e r s i t y o f 

O s t r a v a , O s t r a v a , C z e c h R e p u b l i c 

PROFESS IONAL EXPER IENCE 
2 0 2 2 - present W o r k e r i n b i o i n f o r m a t i c s , L a b o r a t o r y o f G e n o m i c s a n d B i o i n f o r m a t i c s , 

I n s t i t u t e o f M o l e c u l a r G e n e t i c s , C z e c h A c a d e m y o f S c i e n c e s , P r a g u e , C z e c h 
R e p u b l i c 

2 0 2 0 - present W o r k e r i n b i o l o g i c a l s c i e n c e s , L a b o r a t o r y o f F i s h G e n e t i c s , I n s t i t u t e o f 
a n i m a l p h y s i o l o g y a n d g e n e t i c s , C z e c h A c a d e m y o f S c i e n c e s , Liběchov, 
C z e c h R e p u b l i c 

2 0 1 8 - present W o r k e r i n b i o l o g i c a l s c i e n c e s , L a b o r a t o r y o f g e r m c e l l s , F a c u l t y o f F i s h e r i e s 
a n d P r o t e c t i o n o f W a t e r s , U n i v e r s i t y o f S o u t h B o h e m i a , České Budějovice, 
C z e c h R e p u b l i c 

COMPLETED COURSES 
B a s i c o f S c i e n t i f i c C o m m u n i c a t i o n , I c h t h y o l o g y a n d F i s h T a x o n o m y , P o n d A q u a c u l t u r e , E n g l i s h 
L a n g u a g e , S t a t i s t i c a l c o u r s e , H y d r o b i o l o g y 
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