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Studies on spermatozoa of polyploid, hybrid and clonal
Misgurnus loaches
(BEBR, MBI Z7u—r FYavoBTICET AHE)
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In teleost fishes, most species are sexually reproducing diploids with two sets of homologous
chromosomes, but some have irregular chromosome constitutions including polyploids, hybrid-origin diploids,
and aneuploids. These varieties have been found in nature or induced by experimental chromosome manipulation.
Fishes with irregular chromosome constitutions raise many fundamental scientific questions as well as many ideas
to meet human needs. Irregular chromosome constitutions could trigger a change in the meiotic and subsequent
gametogenesis process, and thus various kinds of gametes with different chromosome constitutions occur. In this
thesis, the author wants to know how irregular chromosome constitutions influence the spermatogenesis and its
resultant products, i.e., spermatozoa in the loach Misgurnus anguillicaudatus (Teleostei : Cobitidae). Different
kinds of spermatozoa derived from tetraploid, interspecific hybrid diploid, sex-reversed clonal diploid and
hyper-triploid / tetraploid male loaches are analyzed from physiological and morphological aspects, and their
spermatogenesis is discussed. Various polyploid and aneuploid spermatozoa or spermatozoon-like cells are very
important germ resources for chromosome manipulation in aquaculture. The information gained from this study
will increase the knowledge of fish spermatology, and also create new ideas for breeding technology in
aquaculture.

The loach, a small freshwater fish, is being distributed in Japan, Korea, Taiwan and east coasts of Asian
continent from Amur River to North Vietnam (Saitoh, 1989). Usually this species is sexually reproducing diploid
fish with 2n=50, but polyploid loaches also exist in nature or can be 'obtained artificially (Arai, 2009). In chapter
1, two sources of tetraploid individuals were analyzed. The one source of tetraploid males was
flow-cytometrically sorted from a total of 451 loach individuals, which were obtained from the wholesale market
in Tokyo from March to April, 2011(Zhao et al., 2012). According to the fish dealers, these farmed animals were
imported as food from Taiwan. The other source is neo-tetraploid males, which have been produced by fertilizing
eggs from a normal diploid with diploid sperm of a natural tetraploid obtained in market samples, followed by

inhibition of the second polar body release shortly after fertilization (Fujimoto et al., 2010). Normal sperm of wild
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diploid loach males exhibited only haploid cell population, while the sperm of tetraploid and neo-tetraploid males
showed diploid cell population. Haploid spermatozoa from normal diploids, diploid spermatozoa from tetraploids
and those from neo-tetraploid exhibited vigorous total motility (92.3%, 94.0%, 90.0%). General ultrastructural
architecture of spermatozoa produced by loach specimens with different ploidy status was similar to that of
normal diploid except for the size. The average head size (length / width of head, means £ SD) of diploid
spermatozoa (2.24 = 0.13 / 2.23 £ 0.11 pm) from tetraploids and neo-tetraploid was approximately 1.24 times
larger than that of haploid spermatozoa (1.81 £ 0.07 / 1.80 + 0.07 pm) (P < 0.05) from normal diploids./This value
may correspond to a doubled sperm volume under the assumption of a spherical configuration of the sperm head.
Flagellum was longer in diploid spermatozoa (means + SD, 30.23 + 4.32 pm), when compared with haploid
spermatozoa (24.20 + 2.31 um) (P < 0.05). However, the ratios of the spermatozoa head length to head width and
those of the spermatozoa head length to ﬂagelluﬁ length were not significantly different among all males (P >
0.05). The differences in cell size were also detected by flow cytometric analyses. Number of mitochondria per
spermatozoon in normal diploids males ranged from 7 to 14, while the number of mitochondria per spermatozoon
in tetraploid and neo-tetraploid males ranged from 14 to 22. Thus total volume of mitochondrial mass per
spermatozoon of diploid spermatozoa from tetraploid and neo-tetraploid evaluated by MitoTracker Green FM was
larger than that of haploid spermatozoa from normal diploid. ATP content of sperm from tetraploid males (362.63
+ 5.78 nmol/10° spermatozoa) and neo-tetraploid male (365.47 + 5.76 nmol/10° spermatozoa) increased
significantly than sperm from normal diploid males (81.32 + 5.10 nmol/10° spermatozoa). In a word, tetraploid
loaches generate reduced motile spermatozoa through meiotic process, not only morphological characteristics but
also energy-related factors are changed to reach a new balance that sustains the motility of such diploid
spermatozoa. '

Mud loach Misgurnus mizolepis, a well-known exotic cobitid species (Teleostei: Cobitidae), is
morphologically distinguishable from M. anguillicaudatus distributed in Japan (Fujita, 2007). M. anguillicaudatus
has 2n=50 chromosomes (Ojima and Hitotsumachi, 1969), and its related species M. mizolepis has 2n=48
chromosomes including a pair of large metacentric chromosomes (Kim et al., 1995). Both species have the same
arm number (NF) of 64, and karyotype differences can be well explained by Robertsonian translocation (Kim et
al., 1995). Interspecific diploid hybrid between M. anguillicaudatus female and M. mizolepis male were obtained
and previous studieé indicated that diploid hybrid male exhibit semi-sferility (Fujimoto et al., 2008). Some hybrid
individuals produce sperm with haploid, diploid and tetraploid cells, while the others produce sperm with large

population of tetraploid cells. The tetraploid spermatozoon-like cells are studied in this chapter (2) by using the
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same approaches used in chapter 1. Poor total motility (<5%) and apparently lower average concentration of
spermatozoa (32.4 x 10° cells/ml) were detected in sperm from the interspecific hybrid males. The ultrastructure
of spermatozoa or spermatozoon-like cells from hybrid male loaches deviated considerably from the normal. Most
of spermatozoa or spermatozoon-like cells from hybrid had one flagellum (46.7%), but those without flagellum
(36.4%) or with two flagella (16.9%) were also found. The average length of the flagella in hybrid, with higher
SD (12.47 = 7.05 um), was obviously shorter than that of the normal spermatozoa (23.85 + 2.29 um) (£<0.05).
The average head size of tetraploid spermatozoa or spermatozoon-like cell from hybrid (2.83 = 0.24 / 2.80 + 0.24
pm) was approximately 1.6 times larger than that of normal spermatozoa from wild diploid male loaches (1.80 +
0.08 / 1.80 £ 0.07 pm) (P < 0.05). The ratios of the tetraploid spermatozoa head length to flagellum length in
hybrid (0.225 + 0.213) were significantly different from that of normal spermatozoa (0.075 + 0.09) (P < 0.05).
Cells with less dense nuclear and flagellum were observed in sperm from hybrids. Besides normal 9+2
microtubule structure of the flagellum, abnormal 9+1 microtubule was also detected. Number of mitochondria per
spermatozoon or spermatozoon-like cell in interspecific hybrid males ranged from 4 to 14. The tetraploid
spermatozoon-like cell population was dominant in the studied hybrid loaches, and such 4n spermatozoon-like
cell had large head and abnormal flagella. These results indicate that despite the absence of normal meiosis after
replication of chromosomes (2n->4n) the spermiogenesis proceeds on schedule. The abnormal morphometric
parameters of spermatozoa or spermatozoon-like cells from hybrid loaches are considered to be closely related to
abnormal spermatogenesis. The reduced sperm motility may be explained by the malformations especially in
flagellum which is the motor of the spermatozoon.

All-female diploid clonal lineages of the Misgurnus loach found in Japan are considered hybrid origin, and
they spawn unreduced diploid eggs which develop without any genetic contribution of sperm donor (Morishima et
al., 2002, 2008; Itono et al., 2006, 2007). When clonal diploid males are sex-reversed by administration with 17-a
methyltestosterone, they produce unreduced diploid sperm with genetically identical genotypes (Yoshikawa et al.,
2007). Such unreduced diploid spermatozoa exhibited a significant reduction in total motility (<5%) when
compared with the spermatozoa from normal diploid and neo-tetraploid males. Electron microscopy revealed that
diploid spermatozoa from sex-reversed clonal diploid and neo-tetraploid males exhibited normal shape similar to
haploid spermatozoa from normal diploid males, except for larger sperm-head size and longer flagellum.
Although the two kinds of diploid spermatozoa had the same volume of mitochondrial mass per spermatozoon,
the number of mitochondria per spermatozoon did not increase in sex-reversed clonal diploid. This result suggests

that mitochondria of spermatozoa from sex-reversed clone should become bigger in size. Diploid spermatozoa
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from sex-reversed clonal diploid males did not show increased ATP content. In neo-tetraploid male, diploid
spermatozoa are apparently formed by meiosis and gametogenesis starting from tetraploid germ cells (Fujimoto et
al., 2010). In contrast, diploid spermatozoa in sex-reversed clonal diploid males, which are considered to have a
hybrid origin, are produced by chromosome doubling (premeiotic endomitosis) from diploid to tetraploid germ
cells in early spermatogonial stages, followed by quasi-normal meiosis and spermatogenesis (Yoshikawa et al.,
2009). Such difference may result in different motility of diploid spermatozoa between the two kinds of
spermatozoa.

In chapter 4, hyper-triploid and hyper-tetraploid individuals were easily detected by flow cytometry using
standard eudiploid, eutriploid, and eutetraploid.controls. Hyper-triploid males were shown to be sterile, because
they produced no fertile sperm comprising hexaploid range cell populations mostly. The results obtained from
hyper-triploids were very similar io those from interspecific diploid hybrid which is discussed in chapter 2. It is
probably that not due to the supernumerary microchromosome but the triploidy block the meiosis. On the
contrary, hyper-tetraploids produced motile hyper-diploid spermatozoa; no differences were found between
hyper-diploid spermatozoa and diploid spermatozoa in morphological characteristics and energy-related factors.
These results strongly suggested that supernumerary microchromosomes did not affect the spermatogenesis. Then,
the reproductive capacities of these hyperpolyploid males were examined. Viable progeny occurred in crosses
between normal wild-type diploid females and hyper-tetraploid males, but androgenotes induced by the
fertilization of UV-irradiated eggs with the sperm of hyper-tetraploid males were inviable hyper-diploids.
Cytogenetic analyses of those androgenotes indicated that hyper-tetraploid males should produce hyper-diploid
spermatozoa with 2n = 54 (i.e., four supernumerary microchromosomes).

In this thesis, the author found that the irregular chromosome constitutions can change the morphological
and physiological features of spermatozoa dramatically in loach. Similar results were also reported in other fishes
with irregular chromosome constitutions. Thus, the author concludes that fish spermatogenesis is very sensitive to
the chromosome constitutions of germ cell and there >are some cellular and molecular mechanisms which check
the chromosome constitutions of germ cell before meiosis. Atypical spermatogenesis may be triggered by
irregular chromosome constitutions rather than expression of mutant gene(s) which is relevant to meiotic events.
Further studies using cellular and molecular methods will provide a new insight into the mechanisms of

gametogenesis.
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Studies on spermatozoa of polyploid, hybrid and clonal
Misgurnus loaches
(REfk, BEBIUOZ70—r FYavyOBTICET AHF%)

Z< OABEIT THAECHEEARIC X VT8, e, Bt #E,
7a—rRECERAKEBRICETIEREZFOFALEBHZI AbhS, Zh
HOERIIXRER DL L2 6T, —HOBTIIAZNIIHERETHZ L HTE S,
ZOBRBREAAERIT, BESHLEBFEREBRIIE{ELELL, BREE
LT, ERERERIEHRERZBFORBFEHRT I ZLEAFRENS,
ZHE KV a U Misgurnus anguillicaudatus iZit, FfEAFEIZ L Y BHE4 55
AR AR (2n=50) DIEH>, FERTTANCBEHICR—OZEHEIREEL. Zhb
DOHEERRAEIZ LV EHET D o— 0 TEER—HHBICAERT S, —F. PE
WIEFEMEATEIZ & 0 B 2 K (2n=50) 122 T, TUAEE (4n=100) ASEIER
FICEEL., ZThOiIXEERENTHESRNL LB OND, Kif, BEE (B=
B, BIOEE) FYavbHBERNSELN TS, £, AXELIT F
Y a v M mizolepis DAHERE LI-ENERBE~OEENEEIN TN,

EEE, i, 70— HBIUVEREEN DL S REBEIETERIZE X
BEOERNT DI, UEDL I RERAKOEGELE TS NV s Vit
BRETNVEHTHD, FPFETIX, FVa volfE, 3406, B
E, sy o — 2 KB L UREE (B, SUEssE) BEEMEIC,
FNODETIHF (HDVITHEFFRME) 2OV TREEMEEIC & 5 EShE,
REOCBE, 2EE, ZFRVETEMSIC LB LBHBECRE, 7u—
YA FA MY —ERWfEKE (MRZDNAE) REL I b Y 7ERAE,
I HIZ ATP ERHEE BT, —EOERBENEHFZIRNETRoLER. U
TOFHET ~EREER/,

(1) MMEEORETF : THEEs (ENERERH) 267 —H A M2 MY —
(2 &k DRI X VB L BN X OB AR X 5 R0
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FRHEREO®. FEREKEHEIEC I VEH LU ERAOBEELHEE LT, &
NoDBTFER/LLZA, WTFNLIEE ZMBEOET 2 2 EMERFDO/&D DNA
EXFOMBERF Thole, TR TIXEKE 90% U LAERRESR LT
L. 260BECHBHNREIIRBO ON2hofe, ZHEERET OEHOEE
A X (HE - BHig) 3¥EEEF0 1248 THY, BE (B) bEMoT, =
BT H YOI Fay FU THRITEEEETFO 7-14 1T LT 14-22 TH
V. Mito Tracker Green FMPEHE D7 u—H A kX h Y —Th, ZHEETFO
SharyRFUTENENZ EBHBELE, ZFEETFO ATP SRIEEERET
IHAR, FLSE»o7, LEORER LY, Wk, 2 0EETEIRESH
LRFERITERICETL, BBHNRETHIEREND LEX LN, £,
TR BEE YA XOBERICL 21D LT, EERESRELTRT I &I,
I havRYTREATP EROEMIZER TR :EX 50T,

(2) WHEOBF : ¥ FYa viEEAEMCERTBARBLELLNTE
D, EE, TOEERENTRD LN, BRENARBLRABESNS, ABHIC
EHLE RV s vlEX DT R a vlEOBRERREOBIKICIT, Bk
Mk, TfEk, MEAMRERRR LI5S LIS EFEIERDLRER
DRBBEND B, $E OEIEHE T CIREREOESRII %LU T Th
D, BELELIED o7, 7, HEE (4T%) ITHWER 1 R Tho s,
BWE (36%) °_WE (17%) OMAbLALh, BEEEOTHELIERE
AR TF 08 23. 9pm IZHEBE LT, 12.5pm & E< ., EERELRKE o7, ¥
FREAIBOTEE Y A RITER LEMEE T 0N 1.6 £ TH Y, BEEEC LN
BORERERRON, ZOBRRBEDEBENEEORT (BFHEHER) ©
EBELHIT TV B LD LRSI,

(3) iR o — L ORF : ARICIIMERAICIVERT I 70— 2K
BERERT IR, TOFRICHMEFILE LV OBEITO > LICLY, ST
RETOIMER I u—E2EHTH N TED, Ju—VHEOEAT S E
7 o— OEHEITEL S BEND (B%LT) ., EHET A AR WUEEDOET S
THREFTFRRICRNE S RY, BERRL RoTWDHREMMTIZ, BELEOR
BIXROAR»oT, 7u0—VEOZEERFOI bar FY 7RIEX AN
EOED _EEEFLRRTHS S, I bar FYTHEEDVRWVERZH -
Teo E70. ATP EEPEF R ¥EERET L 0 IXE WA, UEESBIRD ZfFEIZLHT
RHBLEEFLLEWVWZ EPHEALE, BELHL, THEDZ EREBOKELIR
ol u—r EERTORBREBMEICBEET S L E X LN,
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(4) BEik (B, BIEE) OFF  BEEEB L O UEAL g
kL ERIC, THEEEANS 7 —HY A FA MY —IZL V% DNA BEZHEL TR
ALz, ZHDIIEZfE, ENFEEE L LBRZ2 DNA % b R4 T
bb, B-BEROET IR FHRMR) IXESEE LT SEERYE0
DNAEZH LT\, BEEE0REF (BFaMlk) TREMEREOETLIRFTFL
FFEOFEBREEEZRL, REOEHK*F L, SVEEEHF L, £/, BE 1
EEFEOMBOIZ), EBHE LEEBEEOMBEAR LN, I P FITH
IREE RS TF L RBE Th o203, ATP SEITHE < Ik, X3k s
FREBEETHho T,

—%., BIEEITEAEERRESMY LRI B BB FE2EE L. Zh
HDOBFOREBRIES A IXUEED 2V TR A UBEDOFRT 5 EHEEF
LRABTHY, I FarRITH, EATPEELENRLLREAKRTH T,

FIT, IO TFREAVWC, BAREY _EHEORERB LA, F
BRLELTEEREREL., ZoEEER=FEK (E=2FE&2et) O#MmHEIED
o7, L L, RIVRBHIC L 0 IIERESE LA E LN LI5S, E
BEREIRETT, BIZELRPoT, REKEENO ZNHORIL 54 FD
WEKELOZENHBAL, S HER I EAEE TICHB LT 4 KETR
RENRBEEE L O E R0 T,

FFEEIZ L DL EDIFERRIL, REBEKEROB TR ~DEROHILL T,
ERERM L LToMEME, BEM, Z7o—UBFEoRRBREEREZALGNIL
=bDT, ERAEHRFR I UKERFZLEERRRLFMTE, FEE—F
T, BEENEL OKERE) OFMNEREINIBROLDL LD LHELT,
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