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Abstract. Fish protamines are highly specialized mol- 
ecules which are responsible for chromatin condensation 
during the last stages of spermatogenesis (spermiogen- 
esis). However, not all fish contain protamines in their 
sperm nuclei; rather, there seems to be a random distri- 
bution of protamines within this group. The origin of this 
sporadic presence of protamines in the sperm and its sig- 
nificance have not yet been precisely determined. In 
this paper we have conducted an exhaustive survey of 
the literature available on the different types of nuclear 
protein composition of the sperm of teleost fish in or- 
der to try to correlate these data with what is presently 
known about the taxonomy of this group. The results of 
this analysis have allowed us to make the following ob- 
servations. The divergence between protamines and his- 
tones has occurred several times during the evolution of 
the bony fish. However, the relative frequency of this di- 
vergence is almost negligible during the differentiation 
of genera and species (intrafamily variation) and is very 
small during the differentiation of families (interfamily 
variation). Nevertheless, the divergence is very notice- 
able among the different orders. It is therefore possible 
to conclude from all this that the sporadic distribution 
of protamines in bony fish is not a random event as ini- 
tially believed. Furthermore, such a heterogeneous dis- 
tribution of protamines cannot be easily accounted for 
by a mechanism of horizontal retroviral transmission 
through repeated and independent acquisition of a prot- 
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amine gene as has been recently proposed (Jankowski, 
Stater, Dixon (1986) J Mol Evol 23:1-10). Rather, it 
could possibly be explained by a repeated and inde- 
pendent loss of the expression of the protamine gene (or 
loss of the gene itself) which mainly occurred during the 
diversification of the orders of this group. 

Key words: Protamines - -  Bony fish - -  Retroviral 
horizontal transmission 

Introduction 

About Protamines 

The protamines of the Teleost fish, in particular those 
found in Salmonids, have often been taken as a repre- 
sentative of this "family" of sperm-specific nuclear pro- 
teins. For this reason they have been thoroughly char- 
acterized both at the protein and gene level (see Oliva 
and Dixon 1991 for a recent review on protamines). 

Protamines are small proteins (25-80 amino acids) 
which are highly arginine rich (>--50% arginine) (type P). 
The basic function of these proteins is to displace and 
replace the somatic-type histones of the stem cells in the 
last stages of the cell differentiation process of sper- 
matogenesis (spermiogenesis). The molecular mecha- 
nisms by which the histone displacement occurs are as 
yet poorly understood. In several instances it involves 
the coordinate interplay of many metabolic modifica- 
tions of the proteins involved such as acetylation of the 



283 

histones to be displaced and phosphorylation-dephos- 
phorylation of the protamine molecules during and af- 
ter deposition onto the DNA. However, this spermato- 
genic pattern, although widespread in vertebrates, is 
not universal. In fact, different organisms within the 
same taxonomic group may exhibit completely differ- 
ent strategies. An extremely opposed situation is that in 
which the mature spermatozoa end product does not 
contain protamines but only somaticlike histones (type 
H) which often contain sperm-specific histone variants 
(types H + H1, H + A; see legend to Fig. 3 for a more 
precise definition of these two particular types). In oth- 
er instances the somatic histones present at the onset of 
spermatogenesis are replaced, to a different extent, by 
proteins with an intermediate composition between prot- 
amines and histones (protaminelike proteins) (type PL). 
It is not yet clear, however, whether or not this re- 
placement involves the same mechanisms of acetylation 
of the histones and phosphorylation-dephosphorylation 
turnover of the PL proteins as in the case of the prot- 
amine type. 

The evolutionary link between these three types of 
spermatogenesis is still unclear. However, the trend 
seems to be that within a given taxonomical group, the 
protamine type is usually found in those organisms that 
are considered phylogenetically more evolved within 
this taxon. This fact taken together with the aforemen- 
tioned enzymatic complexity associated with the prot- 
amine displacement of histones in the organisms of 
type P has led to the conclusion that this type represents 
the most evolved of the spermatogenic processes. 

From this perspective, the presence of histones in 
some species and of protamines in other species in the 
mature spermatozoa of closely related groups within the 
same taxon, such as in teleost fishes (to be discussed lat- 
er), represents a puzzle from the evolutionary point of 
view. 

About the Origin of Prommines 

In deuterostomes, protamines first appear in teleost fish 
and are absent from other chordate groups (Saperas et 
al. 1993a). Fish protamines are usually small and con- 
tain very few amino acids, ranging from 27 in sturgeon 
protamines (Yulikova et al. 1976, 1979) to 34 in tuna 
fish (Bretzel 1972, 1973) (Fig. 1). The highly abundant 
arginine residues are usually present in clusters which 
are flanked by discrete groups of one to four amino acids 
containing residues amenable to posttranslational phos- 
phorylation such as serine and threonine. (See Oliva and 
Dixon 1991 for a recent review.) Because of the small 
number of amino acids and the high arginine content of 
these proteins, it is very difficult to establish their true 
homology to other proteins by using a comparative 
analysis with the known protein sequences available in 
the different data banks. (See Doolittle 1986; Doolittle 
et al. 1986; and references therein.) Despite this diffi- 

culty, during the last 25 years several interesting hy- 
potheses have been proposed regarding the origin of 
these molecules. For instance, early on, Black and Dixon 
(1967) proposed the existence of an ancestral pentapep- 
tide Ala-Arg-Arg-Arg-Arg which could have led to the 
fish protamines (clupeines) through four successive par- 
tial gene duplications and a few amino acid mutations. 
More recently Krawetz et al. (1987) have expanded this 
hypothesis and suggested that this initial protein domain 
is not only responsible for the origin of fish protamines 
but also for the origin of the central protein core of the 
protamines from mammals and other vertebrates. An ad- 
ditional aspect of this hypothesis is that the basic repet- 
itive unit could intrinsically operate as a nuclear tar- 
geting sequence. These kinds of sequences are essential 
for the transport of proteins from the cytoplasm to the 
nucleus and have a consensus sequence consisting of a 
cluster of two basic residues, a spacer region, and a ba- 
sic cluster consisting at least three basic amino acids 
(Dingwall and Laskey 1991; Hanover 1992). Some of 
these latter basic clusters are similar to the clusters pro- 
posed by Krawetz et al. (1987). 

An alternative hypothesis was proposed by yon Holt 
et al. (1984) based on their studies of the basic nuclear 
proteins of the sperm form echinoderms. The sperm of 
echinoderms does not contain protamines but instead 
contains histones (type H). In several instances (i.e., 
sea urchins) the sperm contains highly specialized 
(sperm-specific) histone H1 and H2B variants (types H 
+ H1 and H + A). The N-terminal regions of these his- 
tone variants are very different from their somatic coun- 
terparts (von Holt et al. 1984). These differences are 
mainly due to the presence of repetitive penta or tetra- 
peptides with the consensus sequence Pro-basic-basic- 
basic-Ser (where the basic residue could either be lysine 
or arginine) in the sperm variants. Von Holt et al. (1984) 
propose that protamines could be considered to be ar- 
rays of tetra- or pentapeptides, similar to those found in 
the spermatic forms of histone H1 and H2B, but lack- 
ing the hydrophobic core of these histones. In this con- 
text, protamines could have arisen through the follow- 
ing evolutionary pathway: histones (somaticlike) --+ 
specialized sperm histones (echinoderms) --+ protamines 
(Fish). At present, the consensus sequence of von Holt 's 
tetrapentapeptides of the sperm of echinoderms has 
been redefined as a tetrapeptide with the consensus se- 
quence Ser-Pro-basic-basic (known as the SPKK motif) 
(Poccia 1991; Poccia and Green 1992). Nevertheless, 
this reassignment of the repetitive motif does not alter 
the content of the aforementioned hypothesis. 

About the Random Distribution of Protamines in the 
Sperm of Teleosts 

The problem of the sporadic distribution of the fish 
protamines can be briefly defined as follows. The sperm 
nuclei of most of the species of teleost fish analyzed thus 
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I 
Acipenser guldenstadti 
[Caspian sturgeon] 
Acipenser steZZotus 

I 
Clupea pallasii 
[Pacific herring] 

3a Selma i r ideus 
[Rainbow trout] 

Bb Oncorhynchus keto 
[Chum sermon] 

BC Esox lucius 
[Pike] 

#0 rhunnus thynnus 
[Tuna] 

4b Sarda orientolis 
[Striped bonito] 

4c Mugil joponicus 
[Formosan grey mullet] 

4d Perco flavescens 
[Yettow perch] 

4e Dicentrorchus labrax 

sturine B 

stelline A 

clupeine YI 
clupeine YII 
clupeine Z 

iridine la 
iridine ib 
iridine 20 
iridine 2b 
iridine 2c 
iridine 30 
iridine Ia 
iridine II 
iridine Ib 
iridine CI 
iridine CIII 
iridine TP14 
iridine pTp4 

solmine A1 
Peak 1 
Peak Z 
Peak 4 

( i)  ARRRRR SS RPQRRRRR RR HGRRRR GRR 

(2) . ARRRRRH ASTKLKRRRRR RR HGKKSHK 

(3) ARRRR SSSRPIRRRR PRRRTTRRRR AGRRRR 
(3) PRRRTRR AS RPVRRRR PRR VSRRRR A RRRR 
(3) ARRRRSRRAS RPVRRRR PRR VSRRRR A RRRR 

(4) PRRRR ASRR VRRRRRPR VS RRRRRGGRRRR 
(4) PRRRR ASRR IRRRRRPR VS RRRRRGGRRRR 
(5) PRRRR SSSRPVRRRRRAR VSRRRRRRGGRRRR 
(s) PRRRR SSSRPVRRRRRPR VSRRRRRRGGRRRR 
(5) PRRRR SSRRPVRRRRRPR VSRRRRRRGGRRRR 
(5) PRRRRR SSSRPIRRRRRPR VS RRRRRGGRRRR 
(5) PRRRR SSSRPVRRRRRPRR VSRRRRRRGGRRRR 
(4) PRRRR SSSRPVRRRR ARR VSRRRRRRGGRRRR 
(5) PRRRRR SSSRPIRRRR PRR VSRRRRR GGRRRR 
(5) PRRRRR ASRR VRRRRRPR VSRRRRR GGRRRR 
(5) PRRRR ASR PVRRRR PRR VSRRRRR GGRRRR 
(5) PRRRR SSRPPVRRRRRPR VSRRRRRRGGRRRR 
(5) PRRRR ASRR IRRRRRPR VSRRRR GGRRRRR 

(4) PRRRR SSSRPVRRRRRPR VSRRRRRRGGRRRR 
(6) PRRRRR SSSRPIRRRRRPR ASRRRRR GGRRRR 
(6) PRRRR SSRRPVRRRRRPR VSRRRRRRGGRRRR 
(6) PRRRR ASRR IRRRRRPR VSRRRRR GGRRRR 

(7) PRRRRA SSGRPVRRRRRPKMS RRRRRGGRRRR 
(s) 

thynnine YI (8) PRRRR 
thynnine YZ (9) PRRRR 
thynnine Zl (10) PRRRRR 
thynnine ZZ (11) PRRRRR 

sardaine Zl (12) PRRRRR 
sardaine Z2 (12) PRRRRR 

mugiline M6 (13) PRRRR 
mugiline M7 (13) PRRRR 

(14) PRRRR 

EAS RPVRRRRRYRRSTAARRRRRVVRRRR 
QAS RPVRRRRRYRRSTAARRRRRVVRRRR 
SS RPVRRRRRYRRSTVARRRRRVVRRRR 
SS RPVRRRRRYRRSTAARRRRRVVRRRR 

SS RPVRRRRRYRRSTAARRRRRVVRRRR 
AS RPVRRRRRYRRSTAARRRRRVVRRRR 

ETS RPIRRRRRARRAPMRRRRR VVRRRR 
QTS RPIRRRRRARRAPMRRRRR VVRRRR 

HA ARPVRRRRRTRRSSRVHRRRRAVRRRR 

(15) PRRRR QAS RPVRRRRRTRRSTAERRRRRVVRRRR 

Fig. 1. Comparison of the sequences 
of the protamines from teleost fish. 
The sequences have been aligned to 
obtain maximum similarity and have 
been arranged according to the 
taxonomic classification of this group 
as shown in Table 2. 1: order 
Acipenseriformes (family 
Acipenseridae); 2: order Clupeiformes 
(family Clupeidae); 3: order 
Salmoniformes (3a, 3b: family 
Salmonidae; 3c: family Esocidae); 4: 
order Perciformes (4a, 4b: family 
Scombridae; 4c: family Mugilidae; 4d: 
family Percidae; 4e: family 
Percichthyidae). References are as 
follows: (12) Yulikova et al. (1976); 
(2) Yukilova et al. (1979); (3) Ando et 
el. (1973); (4) Ando and Watanabe 
(1969); (5) Oliva and Dixon (1991); 
(6) Hoffman et al. (1990); (7) Speckert 
et al. (1983); (8) Bretzel (1972b); (9) 
Bretzel (1972a); (10) Bretzel (1973a); 
(l 1) BretzeI (1973b); (12) Okamoto et 
al. (1992); (13) Okamoto et al. (1987); 
(14) Chao and Davies (1992); and (15) 
Saperas et al. (1993c). 

far contain either protamines (type P) and/or prota- 
minelike proteins (type PL) or histones (type H). At first 
sight the distribution of these different molecule types 
does not apparently have any correlation with the tax- 
onomy of the group (Saperas 1992; Saperas et al. 1993b) 
but rather seems to be partially randomly distributed 
throughout the different taxonomical groups. 

Three different hypotheses have been proposed in or- 
der to explain the uneven distribution of these protein 
groups in bony fish. The first of them, by Nandi et al. 
(1979), suggests that this heterogeneous distribution of 
these sperm proteins can be related to the physico- 
chemical parameters (i.e., salinity) of the environment 
in which the fish reproduction takes place. According 
to this, seawater fish (marine or saline-resistant) would 
contain protamines whereas freshwater species would 
have histones in their sperm nuclei. Although this ex- 
planation seems quite attractive, recent experimental 
evidence (Lemke 1985; see also the previous survey by 
Kasinsky 1989 and Saperas et al. 1993b) shows that 
there are far too many exceptions to this hypothesis. 

A second hypothesis proposed by Kasinsky and his 
collaborators (Mann et al. 1982; Kasinsky et al. 1978, 
1985a,b), suggests the existence of a clear correlation 
between the biology of reproduction (i.e., internal vs ex- 

ternal fecundation) and the sperm protein type. Ac- 
cordingly those organisms with internal fertilization 
would contain protamines and those with external fer- 
tilization would retain histones in their sperm nuclei. 
The third and more recent hypothesis is that by Jan- 
kowsky et al. (1986). These authors noticed that the 
flanking regions of the protamine genes from rainbow 
trout (Salmo gairdneri) exhibit a large extent of identi- 
ty with the long-terminal repeat (LTR) sequences of 
avian retroviruses. Based on this observation they pro- 
posed several possible explanations to account for the 
sporadic distribution of protamines, which can be sum- 
marized as follows: (1) The protamine gene has been 
rendered silent or has been lost in some species. (2) The 
absence of the protamine gene would represent the usu- 
al pattern in fish and only certain groups of fish would 
have acquired this gene as a result of horizontal trans- 
mission through retroviral infection. The second alter- 
native could be complemented with a prokaryote origin 
of the basic pentapeptide discussed earlier. 

In the present work we analyze the problem of the 
sporadic distribution of protamines in teleost fish. Sev- 
eral extensive and comprehensive attempts to classify 
the protein composition of the sperm chromatin of this 
group have been performed during the last decade 
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Table 1. Distribution of the different types of nuclear sperm pro- 
teins (see Fig. 3) amongst different orders and families of the bony 
fish (class: Osteichthyes subclass: Actinopterygii) a 

Order Family NSP 

Acipenseriformes Acipenseridae P 
Lepisosteiformes Lepisosteidae P 
Amiiformes Amiidae H 
Osteoglossiformes Notopteridae P 
Elopiformes - -  - -  
Notacanthiformes Notacanthidae H + A 
Anguilliformes Congridae P 
Clupeiformes Clupeidae P 

Engraulidae P 
Gonorynchiformes - -  
Cypriniformes Cyprinidae H 

Cobitidae H 
Characiformes - -  - -  
Siluriformes B agridae H 

Clariidae H 
Heteropneustidae H 

Gymnotiformes - -  - -  
Salmoniformes Salmonidae P 

Esocidae P 
Alepocephalidae P 

Stomiiformes - -  - -  
Aulopiformes - -  - -  
Myctophiformes Myctophidae H + A 
Percopsiformes - -  - -  
Gadiformes Moridae H + A 

Gadidae H + A 
Merlucciidae H + A 

Ophidiiformes Bythitidae H + A 
Batrachoidiformes Batrachoididae H 
Lophiiformes Lophiidae P 
Gobiesociformes - -  - -  
Cyprinodontiformes Exocoetidae P 

Hemiramphidae P 
Belonidae P 

Atheriniformes - -  - -  
Lampriformes - -  - -  
Beryciformes Berycidae P 
Zeiformes - -  - -  
Gasterosteiformes Gasterosteidae P 
Indostomiformes - -  - -  
Pegasiformes - -  - -  
Syngnathiformes - -  - -  
Dactylopteriformes - -  
Synbranchiformes - -  
Scorpaeniformes Scorpaenidae P 

Triglidae H 
Cyclopteridae P 

Perciformes Centropomidae P 
Percichthyidae P 
Percidae P 
Sillaginidae P 
Pomatomidae P 
Carangidae P 
Emmelichthyidae P 
Lutjanidae P 
Sparidae H + H1 
Sciaenidae P 
Mullidae PL 
Pentacerotidae P 
Nandidae P 
Cichlidae P 
Mugilidae P 
Polynemidae P 

Table 1. Continued 

Order Family NSP 

Pleuronectiformes 
Tetraodontiformes 

Labridae P 
Notothenidae P 
Harpagiferidae P 
Channichthyidae P 
Trachinidae P 
Uranoscopidae P 
Blenniidae H 
Gobiidae P 
Gempylidae P 
Trichiuridae H + HI 
Scombridae P 
Xiphiidae P 
Centrolophidae P 
Nomeidae P 
Stromateidae P 
Anabantidae P 
Channidae H 
Pleuronectidae PL 
Tetraodontidae P 

a The classification followed is according to Nelson (1984). NSP = 
nuclear sperm proteins (P, PL, H, H + H1, H + A as in legend to 
Fig. 3) 

( K a s i n s k y  1989;  D a i s l e y  1980).  H o w e v e r ,  an  a t t e m p t  to 

a n a l y z e  the  e v o l u t i o n a r y  p r o b l e m  u s i n g  t h e s e  da t a  has  

no t  ye t  b e e n  ca r r i ed  out .  W e  h a v e  r e v i s e d  h e r e  al l  the  

i n f o r m a t i o n  a v a i l a b l e  on  the  c o m p o s i t i o n  o f  the  s p e r m -  

p r o t e i n  types  (H, PL,  and  P)  o f  the  b o n y  f i sh  cha r ac -  

t e r i z ed  to da te  a n d  h a v e  a r r a n g e d  the  spec i e s  t a x o n o m -  

ical ly .  T h e  ana ly s i s  o f  th is  i n f o r m a t i o n  has  b e e n  p r o v e n  

v e r y  u s e f u l  in  a s s e s s i n g  the  v a l i d i t y  o f  the  a b o v e - m e n -  

t i o n e d  e v o l u t i o n a r y  h y p o t h e s e s .  

Analysis  o f  the Data Available on Nuclear  Sperm 
Proteins from Different Bony  Fish 

In  Fig.  3 w e  s h o w  the  e l e c t r o p h o r e t i c  p a t t e r n  o f  the  nu-  

c l ea r  s p e r m  p r o t e i n s  f r o m  a f ew  s e l e c t e d  f i sh  t ha t  c an  

b e  t a k e n  as r e p r e s e n t a t i v e  o f  the  d i f f e r e n t  p r o t e i n  types  

(H, H + H1,  PL,  P)  f o u n d  in  the  t e l eo s t  f ish.  

T a b l e  1 a n d  T a b l e  2 s h o w  a c o m p r e h e n s i v e  and  ex-  

h a u s t i v e  a n a l y s i s  o f  the  n u c l e a r - s p e r m  p r o t e i n  c o m p o -  

s i t i on  o f  d i f f e r e n t  spec ies  f r o m  22  d i f f e r e n t  o rde r s  o f  

t e l eo s t  f ish.  

In  14 o f  t h e s e  o rde r s  o n l y  one  f a m i l y  ha s  b e e n  s tud-  

ied  in each .  In  7 o f  t h e m ,  2 - 3  f a m i l i e s  h a v e  b e e n  cha r -  

a c t e r i z e d  in each .  In  con t ras t ,  33 f ami l i e s  h a v e  b e e n  an-  

a l y z e d  w i t h i n  the  o rde r  P e r c i f o r m e s .  T h e r e  is a l so  a 

l a rge  v a r i a b i l i t y  in  the  n u m b e r  o f  spec i e s  s tud ied  w i th -  

in  e a c h  f ami ly .  

Nonrandom Distribution of Protamines and Histones 
Within Each Family 

T a b l e s  1 and  2 s h o w  the  n u c l e a r  s p e r m  p r o t e i n  c o m p o -  

s i t ion  o f  spec ies  f r o m  66 fami l i e s  o f  t e l eos t  f ish.  T h e  da-  
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Table 2. Compilation of the information available on the nuclear-sperm protein composition of the fish species characterized to date: the dif- 
ferent species presented here have been taxonomically grouped according to Nelson (1984) a 

Taxonomic arrangement NSP Reference Cited by 

Order: Acipenseriformes 
Family: Acipenseridae 
Acipenser guldenstadti Brandt, 1833 P 
Acipenser stellatus Pallas, 1771 P 
Acipenser sturio Linnaeus, 1758 P 
Acipenser huso = Huso huso (Linnaeus, 1758) P 
Order: Lepisosteiformes 
Family: Lepisosteidae 
Lepisosteus osseus (Linnaeus, 1758) P 
Order: Amiiformes 
Family: Amiidae 
Amia calva Linnaeus, 1766 H 
Order: Osteoglossiformes 
Family: Notopteridae 
Notopterus chimla Gray (?) P 
Order: Elopiformes (?) 
Order: Notacanthiformes 
Family: Notacanthidae 
Notacanthus sexspinis Richardson, 1846 H + A 
Order: Anguilliformes 
Family: Congridae 
Muraenesox cinereus (Forssk~l 1775) P 
Order: Clupeiformes 
Family: Clupeidae 
Amblygaster immaculatus = Sardinella gibbosa (Bleeker, 1849)? P 
Clupea harengus Linnaeus, 1758 P 
Clupea pallasii Valenciennes, 1847 P 

Gonialosa manminna = G. manmina (Hamilton-Buchanan, 1822) P 
Hilsa ilisha = Tenualosa ilisha (Hamilton-Buchanan, 1822) P 
Konosirus punctatus (Temminck and Schlegel, 1846) P 
Sardina pilchardus (Walbaum, 1792) P 
Sardinellafimbriata (Valenciennes, 1847) P 
Sardinia coerulea = Sardinops caeruleus (Girard, 1854) P 
Family: Engraulidae 
Setipinna phasa (Hamilton-Buchanan, 1822) P 
Order: Gonorynchiformes (?) 
Order: Cypriniformes 
Family: Cyprinidae 
Abramis brama (Linnaeus, 1758) H 
Blicca bjoerkna (Linnaeus, 1758) H 
Carassius auratus (Linnaeus, 1758) H 
Catla catla (Hamilton, 1822) H 
Ctenopharyngodon idella (Valenciennes, 1844) H 
Cyprinus carpio Linnaeus, 1758 H 

Labeo rohita* 
Rutilus rutilus (Linnaeus, 1758) 
Tinca tinca (Linnaeus, 1758) 
Family: Cobitidae 
Misgurnusfossilis (Linnaeus, 1758) 
Order: Characiformes 
Order: Siluriformes 
Family: Bagridae 
Mystus vittatus (Bloeh 1797) 
Family: Clariidae 
Clarias batrachus Bleeker, 1865 
Family: Heteropneustidae 
Heteropneustes fossilis* 
Order: Gymnotiformes 
Order: Salmoniformes 
Family: Salmonidae 
Coregonus albus = C. albula (Linnaeus, 1758) 
Coregonus lavaretus (Linnaeus, 1758) 

H 
H 
H 

H 
(:) 

H 

H 

H 
(?) 

Yutikova et al. 1976 
Yulikova et al. 1979 
Kossel 1896 
Lisitzuin and Aleksandrovskaya 1933 

Daisley 1980 

Daisley 1980 

Nandi et al. 1979 

Saperas et al. 1993b 

Nandi et al., 1979 

Yamakawa and Ibuka 1926 
Kossel 1897; Kossel and Dakin 1904 
Yamakawa and Yoshimoto 1926 
Daisley 1980 
Nandi et al. 1979 
Nandi et al. 1979 
Yamakawa et al. 1923 
Saperas et al. 1993b 
Nandi et al. 1979 
Dunn 1926 

Nandi et al. 1979 

Kadura et al. 1988 
Kadura et al. 1988 
Mufioz-Guerra et al. 1982 
Nandi et al. 1979 
Kadura et al. 1983 
Nandi et al. 1979 
Kadura et al. 1988 
Nandi et al. 1979 
Kadnra et al. 1988 
Vendrely and Vendrely 1966 

Kadura et al. 1988 

Nandi et al. 1979 

Nandi et al. 1979 

Nandi et al. 1979 

Kossel 1913 
Waldschmidt-Leitz and Gutermann 1961 

A 
A 
A 
K 

A 

A 

K 

A 
A 
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Coregonus macrophthalmus* P 
Oncorhynchus keta (Walbaum, 1792) P 
Oncorhynchus kisutch (Walbaum, 1792) P 
Oncorhynchus nerka (Walbaum, 1792) P 
Oncorhynchus tschawytscha = O. tshawytscha (Walbaum, 1792) P 
Prosopium williamsoni (Girard, 1856) P 
Salmo clarki = Oncorhynchus clarki (Richardson, 1836) P 
Salmo fontinalis = Salvelinus fontinalis (Mitchill, 1815) P 
Salmo gairdneri = Oncorhynchus mykiss (Walbaum, 1792) P 
Salmo irideus = Oncorhynehus mykiss (Walbaum, 1792) P 
Salmo lacustris = Salmo trutta lacustris (Linnaeus, 1758) P 
Salmo salar Linnaeus, 1758 P 
Salmo truttafario (Linnaeus, 1758) P 
Sahno trutta lacustris (Linnaeus, 1758) P 
Salvelinus alpinus (Linnaeus, 1758) P 
Salvelinusfontinalis (Mitchill, 1815) P 
Salvelinus namaycush (Walbaum, 1792) P 
Thymallus arcticus (Pallas I776) P 
Thymallus thymallus (Linnaeus, 1758) P 
Family: Esocidae 
Esox lucius (Linnaeus, 1758) P 
Family: Alepocephalidae 
Alepocephalus rostratus Risso, 1820 P 
Order: Stomiiformes (?) 
Order: Aulopiformes (?) 
Order: Myctophiformes 
Family: Myctophidae 
Lampanyctus crocodilus (Risso, 1810) H + A 
Symbolophorus veranyi (Moreau, 1888) H + A 
Order: Percopsiformes (?) 
Order: Gadiformes 
Family: Moridae 
Mora moro (Risso, 1810) H + A 
Family: Gadidae 
Gadus morhua Linnaeus, 1758 H 
Lota vulgaris = Molva molva (Linnaeus, 1758) H 
Micromesistiuspoutassou (Risso, 1826) H + A 
Phycis blennoides (Brtinnich, 1768) H + A 
Family: Merlucciidae 
Merluccius capensis Castelnau, 1861 H + A 
Merluccius merluccius (Linnaeus, 1758) H + A 
Order: Ophidiiformes 
Family: Bythitidae 
Cataetyx laticeps Koefoed, 1927 
Order: B atrachoidiformes 
Family: Batrachoididae 
Opsanus beta (Goode and Bean, 1885) H 
Opsanus tau (Linnaeus, 1766) H 
Order: Lophiiformes 
Family: Lophiidae 
Lophius budegassa Spinola, 1807 P 
Order: Gobiesociformes (?) 
Order: Cyprinodontiformes 
Family: Exocoetidae 
Cypselurus agoo = Cheilopogon agoo agoo 

(Temminck and Schlegel, 1846) P 
Family: Hemiramphidae 
Hemiramphus unifasciatus* P 
Family: Belonidae 
Xenentodon cancila* P 
Order: Atheriniformes (?) 
Order: Lampriformes (?) 
Order: Beryciformes 
Family: Berycidae 

Kossel and Staudt 1926 A 
Watanabe (Ph.D. thesis) 1969 A 
Ingles (Ph.D. thesis) 1968 A 
Yamakawa and Nokata 1923 A 
Callanan et al. 1957 A 
Moir (Ph.D. thesis) 1987 
Moir (Ph.D. thesis) 1987 
Hammarsten 1924 A 
Ingles (Ph.D. thesis) 1968 A 
Ando and Watanabe 1969 K 
Klezkowski 1946 A 
Miescher 1874; Felix et al. 1952 A 
Waldschmidt-Leitz I961 A 
Waldschmidt-Leitz 1961 A 
Waldschmidt-Leitz and Gutermann 1961 A 
Waldschmidt-Leitz and Gutermann 1961 A 
Kossel and Edlbacher 1913 A 
Moir (Ph.D. thesis) 1987 
Moir (Ph.D. thesis) 1987 

Daisley (Ph.D. thesis) 1980 

Saperas Ph.D. thesis) 1992 

Saperas (Ph.D. thesis) 1992 
Saperas (Ph.D. thesis) 1992 

Saperas et al. 1993b 

Bloch 1969 
Bloch 1969 
Saperas (Ph.D. thesis) 1992 
Saperas et al. 1993b 

Saperas et al. 1993b 
Saperas et al. 1993b 

H + A Saperas et al. 1993b 

Bloch 1976 
Casas et ai. 1981 

Saperas et al. 1993b 

Yamakawa et al. 1923 

Nandi et al. 1979 

Nandi et al. 1979 

Table 2. Continued 

Taxonomic arrangement NSP Reference Cited by 
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Beryx splendens Lowe, 1834 P Kadura et al. 1988 
Order: Zeiformes (?) 
Order: Gasterosteiformes 
Family: Gasterosteidae 
Order: Dactylopteriformes (?) 
Order: Synbranchiformes (?) 
Order: Scorpaeniformes 
Family: Scorpaenidae 
Helycolenus dactylopterus dactylopterus (Delaroche 1809) P Saperas et al. 1993b 
Family: Triglidae 
Trigla lucerna Linnaeus, 1758 H Saperas et al. 1993b 
Family: Cyclopteridae 
Gasterosteus aculeatus Linnaeus, 1758 P Lemke (M.Sc. thesis) 1985 
Order: Indostomiformes (?) 
Order: Pegasiformes (?) 
Order: Syngnathiformes (?) 
Cyclopterus lumpus Linnaeus, 1758 P Markowin 1899 A 
Order: Perciformes 
Suborder: Percoidei 
Family: Centropomidae 
Lates calcarifer (Bloch, 1790) P Nandi et al. 1979 
Family: Percichthyidae 
Dicentrarchus labrax (Linnaeus, 1758) P Saperas et al. 1993c 
Lateolabrax japonicus (Cuvier, 1828) P Yamakawa et al. 1916 A 
Morone americanus = M. americana (Gmelin, 1788) P Daisley (Ph.D. thesis) 1980 
Stereolepis ishinagi = S. gigas Ayres, 1859 P Yamakawa et al. 1916 A 
Family: Percidae 
Luciperca sandra* P Lisitzuin and Aleksandrovskaya 1933 A 
Lucioperca lucioperca = Stizostedion lucioperca (Linnaeus, 1758) P Kadura et al. 1988 
Perca flavescens (Mitchill, 1814) P Daisley (Ph.D. thesis) 1980 
Perca fluviatilis (Linnaeus, 1758) P Kadura et al. 1988 
Stizostedion vitreum (Mitchill, 1818) P Kossel 1913 A 
Family: Sillaginidae 
Sillago sihama (Forsskfil, 1775) P Nandi et al. 1979 
Family: Pomatomidae 
Scombrops boops (Houttuyn, 1782) P Yamakawa et al. 1916 A 
Family: Carangidae 
Caranxfulvoguttatus = Carangoidesfulvoguttatus (Forsskfil, 1775) P Kadura et al. 1988 
Decapterus kiliche (Valenciennes, 1839) P Kadura et al. 1988 
Seriola aureovittata Temminck and S chlegel (1842) P Yamakawa et al. 1916 A 
Family: Emmelichthyidae 
Emmelichthys nitidus Richardson, 1845 P Kadura et al. 1988 
Plagiogenenion rubiginosus (Hutton, 1875) P Kadura et al. 1988 
Family: Lutjanidae 
Lutianus vitta = Lutjanus vitta (Quoy and Gaimard, 1824) P Yamakawa et al. 1923 A 
Family: Sparidae 
Diplodus annularis (Linnaeus, 1758) H + H1 Saperas et al. 1993b 
Diplodus sargus sargus (Linnaeus, 1758) H + H1 Saperas et al. 1993b 
Lithognathus mormyrus (Linnaeus, 1758) H + H1 Saperas et al. 1993b 
Pagellus acarne (Risso, 1826) H + H1 Saperas et al. 1993b 
Sparus aurata Linnaeus, 1758 H + H1 Saperas et al. 1993b 
Family: Sciaenidae 
Sagenichthys ancylodon = Macrodon ancylodon 

(Bloch and Schneider, 1801) P Kossel and Staudt 1927 A 
Sciaena schlegeli = Argyrosomus argentatus (Houttuyn, 1782) P Yamakawa et al. 1916 A 
Family: Mullidae 
Mullus barbatus Linnaeus, 1758 PL Saperas et al. 1993b 
Mullus surmuletus Linnaeus, 1758 PL Saperas et al. 1993b 
Family: Pentacerotidae 
Pentaceros richardsoni Smith, 1849 P Kadura et al. 1988 
Family: Nandidae 
Nandus nandus Valenciennes, 1836 P Nandi et al. 1979 
Family: Ciehlidae 
Sarothedon mossambica* P Moav et al. 1974 K 
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Suborder: Mugiloidei 
Family: Mugilidae 
Mugil cephalus Linnaeus, 1758 
Mugil japonicus* 
Mugil parsia = Liza parsia (Hamilton-Buchanan), 1822 
Mugil tade = Liza tada (Forssk~l, 1775) 
Suborder: Polynemoidei 
Family: Polynemidae 
Eleutheronema tetradactylum (Shaw, 1804) 
Polynemus paradiseus Linnaeus, 1758 
Suborder: Labroidei 
Family: Labridae 
Crenilabrus pavo = Symphodus ( Crenilabrus) tinca 

(Linnaeus, 1758) 
Symphodus ( Crenilabrus) ocellatus ocelIatus (ForsskS1, 1775) 
Suborder: Nototheniidei 
Family: Nototheniidae 
Eleginops maclovinus (Valenciennes, 1830) 
Family: Harpagiferidae 
Harpagifer sp. 
Family: Channichthyidae 
Champsocephalus esox (Giinther, 1861) 
Suborder: Trachinoidei 
Family: Trachinidae 
Trachinus draco Linnaeus, 1758 
Family: Uranoscopidae 
Uranoscopus scaber Linnaeus, 1758 
Suborder: Blennioidei 
Family: Blenniidae 
Lipophrys trigloides (Valenciennes, 1836) 
Suborder: Gobioidei 
Family: Gobiidae 
Glossogobius giuris (Buchanan-Hamilton, 1877) 
Suborder: Scombroidei 
Family: Gempylidae 
Thyrsites atun (Euphrasen, 1791) 
Thyrsitoides marleyi Fowler, 1929 
Family: Trichiuridae 
Lepidopus caudatus (Euphrasen, 1788) 
Family: Scombridae 
Gymnosarda vagaus = Katsuwonus pelamis (Linnaeus, 1758) 
Pelamys sarda = Sarda sarda (Bloch, 1793) 
Scomber sp. 
Scomberjaponicus Houttuyn, 1782 
Scomber scombrus Linnaeus, 1758 
Scomber omorus niphonius (Cuvier, 1831) 
Thunnus alalunga (Bonnaterre, 1788) 
Thunnus thynnus (Linnaeus, 1758) 
Family: Xiphiidae 
Xiphias gladius Linnaeus, 1758 
Suborder: Stromateoidei 
Family: Centrolophidae 
Hyperoglyphe antarctica* 
Schedophilus ovalis (Valenciennes, 1833) 
Family: Nomeidae 
Cubiceps coeruleus* 
Cubiceps brevimanus* 
Family: Stomateidae 
Stromateus argenteus = Pampus argenteus (Euphrasen, 1788) 
Suborder: Anabantoidei 
Family: Anabantidae 
Anabas testudineus Valenciennes, 1836 
Suborder: Channoidei 

Yamakawa and Nokata 1926 
Ota et al. 1966 
Nandi et al. 1979 
Nandi et al. 1979 

Nandi et al. 1979 
Nandi et al. 1979 

Kossel 1910 
Saperas et al. 1993b 

Yamakawa and Nokata 1923 
Kossel 1913 
Saperas et al. 1993b 
Kadura et al. 1988 
Kurajeff 1899 
Yamakawa et al. 1916 
Kossel and Staudt 1927 
Bretzei 1973 

Kossel 1913 

Kadura et al. 1988 
Kadura et aI. 1988 

Kadura et al. 1988 
Kadura et al. 1988 

Nandi et al. 1979 

Nandi et al. 1979 

Saperas (Ph.D. thesis) 1992 

Saperas (Ph.D. thesis) 1992 

Saperas (Ph.D. thesis) 1992 

Saperas et al. 1993b 

Saperas et al. 1993b 

H Saperas (Ph.D. thesis) 1992 

Nandi et al. 1979 

H +H1 

Saperas et al. 1993b 
Kadura et al. 1988 

Saperas et al. 1993b 

Table 2. Continued 

Taxonomic arrangement NSP Reference Cited by 

Tilapia mossambica (Peter, 1852) P Nandi et al. 1979 
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Family: Channidae 
Channa punctatus or Ophicephalus punctatus* 
Order: 
Family: Pleuronectidae 
Hippoglossus hippoglossus (Linnaeus, 1758) 
Pseudopleuronectes americanus (Walbaum, 1792) 
Order: Tetraodontiformes 
Family: Tetraodontidae 
Sphoeroides pardalis* 
Sphoeroides rubripes* 

H Nandi et al. 1979 
Pleuronectiformes 

PL 
PL 

Moir (Ph.D. thesis) 1987 
Kennedy and Davies 1980 

P Yamakawa et al. 1923 A 
P Yamakawa et al. 1923 A 

a The nomenclature of the different species has been obtained from 
the following sources: Whitehead et al. (1984-1986) (N.E. Atlantic 
and Mediterranean Sea). Whitehead (1985) (clupeoidei from other 
geographic distribution). Hart (1973) (fishes of the Pacific coast of 
Canada). Leim and Scott (i 966) (fishes of the Atlantic coast of Cana- 
da). Scott and Crossman (1973) and Maitland and Linsell (1980) 
(freshwater fishes). Lindberg and Legeza (1969) and Lindberg and 
Krasyukova (1971) (fishes of the Sea of Japan and neighboring re- 
gions). In order to facilitate the use of this table for future research, 
the name of the author responsible for the assignment of the species' 
name has also been included in this table. The names of the species 

have been updated in several cases. In these instances, two names are 
shown in the table. The first designates the name used in the original 
publication and the second designates the updated name according to 
the current nomenclature. Those species for which an updated nomen- 
clature could not be found have been labeled with an asterisk. When 
the data pertaining to the protein composition could be obtained from 
the original source, the reference has been quoted in the list of refer- 
ences given at the end of our paper. In those cases when this infor- 
mation was obtained from previous reviews the review source has been 
quoted in the column "Cited by." A: Ando et al. (1973) and K = 
Kasinsky (1989). NSP = nuclear sperm protein 

ta presented in these tables represent the compilat ion re- 
sults obta ined to date by different  researchers  in this 
field. In at least  25 of  the famil ies  analyzed,  data from 
several  different  species and/or  genera are available.  In 
these f ami l i e s - -Ac ipense r i dae ,  Clupeidae,  Cyprinidae,  
Salmonidae ,  Myctophidae ,  Gadidae,  Merlucci idae ,  Ba- 
trachoididae,  Percichthyidae,  Percidae, Carangidae,  Em- 
mel ichthyidae ,  Sparidae,  Sciaenidae,  Null idae,  Cichli-  
dae, Nugi l idae ,  Polynemidae ,  Labr idae ,  Gempyl idae ,  
Scombridae ,  Centrolophidae ,  Nomeidae ,  Pleuronect i -  
dae and T e t r a o d o n t i d a e - - t h e  species analyzed in each 
of  them all have proteins that be long to the same pro-  
tein type. Thus, the most  not iceable  aspect  of  Tables 1 
and 2 is that the protein type remains  constant  within 
each fami ly  and that there is a nonrandom distr ibut ion 
of  protamines  and histones within each family.  We be- 
l ieve that the number  of  representat ive  species  report-  
ed in Table  2 is large enough to bes tow a general ized 
acceptance of  this conclusion.  However ,  the poss ibi l i -  

ty that with more extensive analysis  some except ions 
could be found to this rule cannot be comple te ly  disre-  

garded. 

The Distribution of  the Sperm-Protein Types is 
Uniform Within Each Order with Two Exceptions 

The same considerat ions  discussed above at the taxo- 
nomic level of  family  can also be appl ied at the level of  
order. Unfortunately,  no informat ion can be gathered 
about the internal protein variat ion from those 14 orders 
for which only a single family  has been characterized.  

Within the remaining orders, two of  them (Clupeiformes 
and Cypriniformes)  have several  species that have been 
s tudied within each of  two different  families.  In this 
case, the analysis  is consistent  with a nonrandom dis- 
tr ibution of  the protein types within these orders. Thus, 
whereas all the representat ive  species of  Clupeiformes 
belong to type P, all the organisms analyzed to date from 
the Cypriniformes contain histories (H). In four other or- 
ders (Si lur i formes,  Sa lmoni formes ,  Gadi formes ,  and 
Cypr inodont i formes)  three families have been analyzed 
within each of  them. Furthermore,  in this case the fam- 
ilies within each order all exhibit  the same protein type: 
Protamine type (P) in Sa lmoni formes  and Cypr inodon-  
t i formes and histories type (H) in Si lur i formes and Ga- 
diformes.  In the last two orders, Scorpaeni formes  and 
Perciformes,  the three famil ies  of  the former that have 
been character ized have been found to exhibi t  protein 
type variabil i ty.  Thus while  the famil ies  Scorpaenidae  
and Cyclopteridae exhibit  the protamine type (P) the nu- 
clear sperm proteins of  the Tr igl idae belong to the his- 
tone type (H). The order Perciformes is the one that has 
been more extensively  character ized and thus deserves 
spec ia l  cons ide ra t ion .  A l t h o u g h  a la rge  number  o f  
species are present ly  grouped within this order  it seems 
very l ikely  that this is a polyphyle t ic  taxonomic  group 
(Nelson 1984). In the absence of  a general  consensus 
amongst  zoologists  and taxonomists ,  the Perciformes is 
present ly  considered to be a bundle of  famil ies  that ex- 
hibit  a closer  evolut ionary relat ionship amongst  them- 
selves than with other famil ies  from unrelated orders. 
The nuclear  sperm proteins of  33 famil ies  have been 
characterized in this order. Twenty-eight  of them belong 
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to the protamine type (P), one of them belongs to the 
protaminelike type (PL), and four of them contain his- 
tones (type H) in their sperm. Therefore, although this 
group has protein type variability, the different protein 
types do not exhibit a complete random distribution. The 
major protein type of this order is the protamine type 
(P), and organisms with the (H) type are only present 
at a much lower frequency. In our opinion, such unbal- 
ance (a few families containing histones within a group 
with a clear protamine background) may be important 
in order to provide an interpretation of the different hy- 
potheses about the random distribution of the different 
protein types that will be discussed later. 

histones in a species of teleost fish does not necessari- 
ly indicate a primitive character (Kasinsky 1989). The 
above conclusions partially agree with the idea that "if 
a particular species of fish has either somatic histones 
or protamines in sperm, then all the other species of fish 
in that taxonomic order will have the same characteris- 
tics" (Bloch 1969, 1976; Nandi et al. 1979; Daisley 
1980; also discussed in Kasinsky 1989). However, our 
data completely disagree with the statement that in bony 
fish "only a limited number of suborders, notably the 
salmoniform and cluperiform-fishes, express the small 
arginine-rich protamines" (Krawetz and Dixon 1988). 

Random Distribution of the Sperm-Protein Types 
Within the Class Osteichthyes 

Out of 22 orders studied to date, 10 of them contain nu- 
clear sperm proteins that belong to the protamine type 
(P), 2 of them (Scorpaeniformes and Perciformes) con- 
tain mainly protamines (type P), 1 of them (Pleuronec- 
tiformes) contains sperm proteins from the protamine- 
like type (PL), and 9 of them contain histones in their 
sperm (type H). Although there is a subtle imbalance to- 
ward the protamine type, it is obvious from this analy- 
sis that the nuclear sperm proteins are quite evenly dis- 
tributed amongst the two extreme types (P and H) with 
no dominance of a single type. 

General Conclusions 

In Fig. 2 we have superimposed the nuclear-sperm pro- 
tein type on two different phylogenetic representations 
(Moyle and Cech 1982; Nelson 1984). The first one was 
used by Kasinsky (1989) in his revision of the nuclear 
sperm protein diversity of the animal kingdom. Neither 
of these two representations (nor any others that we have 
been able to find) allows one to establish the existence 
of different evolutionary trends that can be ascribed to 
the different sperm protein types. Therefore from the 
analysis presented, we conclude that in the teleost fish: 

. 

2. 

The divergence amongst protamines and histones 
has occurred repeatedly in different evolutionary 
lines. 
The relative frequency of this divergence is negligi- 
ble at the branching point of genera into species, is 
very small during the formation and/or separation of 
different families, and is extremely large during the 
separation formation of different orders (approxi- 
mately 50%). 

These conclusions are consistent with the idea that the 
divergence between histones and protamines must have 
mainly occurred early in the evolution of fish (as has 
been discussed by Daisley 1980), yet the presence of 

Discussion of the Models Proposed to Explain the 
Sporadicity of the Nuclear-Sperm Protein Type in 
Bony Fish 

Two main alternatives can be postulated to account for 
the sporadicity of the protamine and histone distribution 
in the sperm of teleost fish. (1) In their evolutionary ori- 
gin bony fish ancestors had histones in their sperm and 
they have sporadically acquired the protamine later on. 
(2) The protamine type of nuclear sperm protein was al- 
ready present in the early ancestors of bony fish but they 
have sporadically expressed the histone type in their 
sperm nuclei. 

The first alternative is the one most widely accept- 
ed at present (Daisley 1980; Jankowsky et al. 1986; 
Krawetz and Dixon 1988; Moir 1987; Moir and Dixon 
1988a,b; Oliva and Dixon 1991). In support of this al- 
ternative a model based on horizontal transmission via 
infection by retroviruses has been recently proposed 
(Jankowsky et al. 1986). This hypothesis is fundamen- 
tally based on the observation made by Jankowsky et al. 
(1986) that the protamine genes from the rainbow trout 
are flanked by nucleotide sequences very similar to the 
long terminal repeats (LTR) from avian retrovirus. 

The second alternative was also discussed by Jan- 
kowsky et al. (1986). It was proposed "that the gene has 
been rendered silent or has been lost in some species in- 
dependently among them." This hypothesis does not 
involve acquisition of an exogenous gene and therefore 
we shall refer to it with the name of "internal trans- 
mission" or "internal evolution." 

The analysis of the information presented in this pa- 
per does not allow us to distinguish unequivocally be- 
tween the two above-mentioned alternatives. However, 
it provides better support for a process of internal trans- 
mission than for an evolutionary pathway involving 
horizontal transmission, such as suggested by Jankow- 
sky et al. (1986). There are several reasons for this con- 
clusion. First, the nuclear-sperm protein type is highly 
conserved within the different orders. As previously 
mentioned, the only order with an exception to this rule 
is the heterogeneous order Perciformes in which the 
protamine type (P) is the dominant one, and only a 
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Fig. 2. Distribution of the different types of nuclear sperm proteins among the main groups of teleost fish. The phylogenetic trees have been 
taken from Nelson (1984) A and from Moyle and Cech (1982) B. See Fig. 3 for a definition of the different protein types. 

H + H 1  H + A  P L  P 
P H 2 P H 3  4 P H 5 P H 6 P 

H1 

H5 
H 3  
H2B 
H2/~ 

H 4  

small number of families exhibit the H type. In these lat- 
er instances it is possible that the species belonging to 

the H type have lost the protamine gene and/or its ex- 
pression. In addition part of the disagreement could 
possibly be accounted for and/or explained by the in- 
trinsic heterogeneity of this taxonomic group. Second, 
the changes in the relative frequency of the divergence 

Fig. 3. Different types of nuclear sperm 
proteins of the bony fish. H: histone type. 
In this case the nuclear-sperm protein 
composition consists of histones similar to 
those found in the nucleus of somatic 
cells. In some instances (type H + H1) 
these histones may contain higher 
stoichiometric amounts of linker histones 
as occurs in the nucleated erythrocytes 
from chicken (van Holde, 1988), or they 
may be associated to additional sperm- 
specific proteins (arrows) (type H + A). 
In the protaminelike type PL the nuclear 
sperm chromatin is organized by 
protaminelike proteins such as those found 
in the sperm of invertebrates (Ausio 1986; 
Saperas et al. 1992). P = protamine type. 
1: TrigIa lucerna (family Triglidae); 2: 
Pagellus acarne (family Sparidae), 3: 
Merluccius capensis (family 
Merlucciidae); 4: Cataetyx laticeps (family 
Bythitidae); 5: Mullus surmuletus (family 
Mnllidae); 6: Dicentrarchus labrax 
(family Percichthyidae); H: chicken 
erythrocyte histones; and P: commercial 
salmine, used as protein markers. 

between the histone type (H) and the protamine type (P) 

(high in orders, relatively small in families, and hegli- 
gible at the species level) are more consistent with the 
genetic changes of an internal evolutionary process than 
with a random acquisition of certain (protamine) genes. 
In such an instance the relative frequencies of the pro- 
tein-type divergence would be expected to be very sim- 
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ilar, independent of the taxonomic level considered. Fi- 
nally, a sporadic and repeated independent retroviral ac- 
quisition of a "protamine gene" cannot explain the 
strong correlation existing (within the P type) between 
the protamine amino acid sequence diversity and the ex- 
tent of divergency of the species in which these prot- 
amines are found (Fig. 1). In other words, within the 
frame of the retroviral model there is no reason why 
protamines from different species within the same or- 
der would necessarily have to be more similar among 
themselves than among other protamines from different 
orders. (i.e., protamines from the order Perciformes 
should be as different from those of the order Salmoni- 
formes as from those of the order Accipenseriformes 
and this is not indeed the case.) In contrast, in an inter- 
nal evolutionary process, protamines from closely re- 
lated species are expected to be more similar than pro- 
tamines from evolutionary distant groups, as is indeed 
observed (Fig. 1). Unfortunately, the intrinsic charac- 
teristics of these molecules (short sequences and a high 
arginine content) do not allow a cladistic approach 
(Doolittle 1986; Doolittle et al. 1986). Figure 1 sum- 
marizes the amino acid sequences of the protamines of 
the bony fish known to date as well as the taxonomic 
classification of the species from which they have been 
obtained. 

Given the difficulty in applying the mathematical 
algorithms to establish the evolutionary relatedness of 
these protein sequences, a hint into the evolution of 
these small molecules can only be obtained by com- 
parison of their encoding genes. Despite the fact that 
very little information is presently available on the 
protamine genes, the hybridization studies of Daisley 
(Daisley 1980; Daisley and Davies 1982) using cDNA 
vectors from trout and yellow perch are most illustra- 
tive. Daisley's  studies unambiguously show that the 
extent of hybridization by the genomic DNA and/or the 
mRNA follows the trend of the taxonomic classification 
of the species analyzed. The percentage of hybridization 
increases in the following way: intrafamily > inter- 
family (intrasuborder) > intersuborder (intraorder) > 
interorder. These results are again more consistent with 
a process of internal evolution of fish protamines than 
with a horizontal pathway with random distribution. 
Similar results to those obtained by Daisley have also 
been reported by Moir (1987) and Oliva and Dixon 
(1991). 

The idea of internal evolution in the bony fish has 
been repeatedly utilized in the past. It has been used im- 
plicitly to explain the intraspecific differences of the six 
different protamines from the rainbow trout (McKay et 
al. 1986a). It has also been explicitly used to account for 
the inter-specific variation. Moir and Dixon (1988b) 
proposed that the protamine genes from Oncorynhus ke- 
ta and Salmo gairdneri (both from the SaImonidae fam- 
ily) arose from a common ancestral gene. At a higher 
taxonomic level (order), Okamoto et al. (1987) have 

concluded that the protamines from Mugil japonicus 
(order Perciformes) are more similar to the protamines 
from other members of this order than to species from 
more evolutionary distant orders (see Fig. 1) (See also 
Okamoto et al. 1992). 

In conclusion, our analysis is also fully consistent 
with an internal model for the evolution of the nuclear 
sperm proteins in teleost fish. Although it does not rule 
out the model of a retroviral origin for a bony fish 
protamine ancestor, it clearly contradicts the model of 
a repeated and independent acquisition of the prota- 
mine gene via retroviral infection as the cause for the 
sporadic distribution of protamines in fish. Instead, it 
seems possible that the presence of histones in the sperm 
nuclei of fish could be due to an independent loss of ex- 
pression of the protamine gene (or be due to the loss of 
the gene itself). The functional implications of this 
event  have been discussed earlier (Saperas 1992, 
1993c). Although in a different context, this phenome- 
non could be related to that observed in the heteroge- 
neous distribution of protamine P2 in mammals. Prot- 
amine P2 is found in the sperm of mouse, hamster, 
stallion, humans, and rhesus monkey (Bellv6 et al. 1988; 
Corzett et al. 1987; Pirhonen et al. 1990; McKay et al. 
1986b; Balhorn 1989) but is absent from the sperm nu- 
cleus of other mammals studied to date such as the rat. 
In some of these latter mammals it has been possible to 
show that the protamine P2 gene exhibits mutations 
that affect the viability of its transcription and/or trans- 
lation (Maier et al. 1990). In addition it has been pos- 
sible to show in the rat (Rattus norvegicus) the existence 
of small amounts of the protamine P2 precursor in sper- 
matogenic cells but not in mature sperm (Stanker et al. 
1992). 
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