
Gene 
sym

bol 
Intron 

Native 
Protein 

Trapped 
Protein 

Product 
(blue font = translated epitope from

 gene trap construct) 

Abca13 
49 of 62 

5041 aa 
4416 aa 

exon 49 to bgeo splice 
 (aa4377)VW

YN
Q

KG
FH

SLPSYLN
H

LN
N

LILW
Q

N
LPAHAADW

RQ
YARG

 
 

  
Alk3 

1 of 10 
532 aa 

25 aa 
exon 1 to bgeo splice 
 M

TQ
LYTYIRLLGACLFIISHVQ

ARG 

 
Atg13 

17 of 17 
516 aa 

515 aa 
exons 1-17 to bgeo splice 
 M

ETDLSSQ
DRKDLDKFIKFFALKTVQ

VIVQ
ARLG

EKICTRSSSSPTG
SDW

FN
LAIKDIPEVTHEAKKALSG

Q
LPAVG

RSM
CVEISLKTSEG

DSM
ELEIW

CLEM
N

EKCDKEIKVSYTVYN
RLSLLLKSLLAITRVTPAYRLSRKQ

G
HEYVILYRIYFG

EVQ
LN

G
LG

EG
FQ

TVRVG
TVG

TPVG
TLTLSCAYRIN

LAFM
STRQ

FERTPPIM
G

IIIDH
FVDRPYPSSSPM

H
PCN

YRTAEDAG
VAYPS

VEDSQ
EVCTTSFSTSPPSQ

LSSSRLSYQ
PAVLG

LG
SADLAYPVVFTAG

LN
TTH

AH
Q

LM
VPG

KEG
G

VPLAPN
H

PAH
G

AQ
ADQ

ERLVVH
M

PSDG
THCAATPSSSEDTETVSN

SSEG
RASPH

DILETIFVRKVG
AFVN

KPIN
Q

VTLTSLD
IPFAM

FAPKN
L

ELEDADPM
VN

PPDSPETTSPLH
G

SLH
SEG

SSG
G

SSG
N

AH
DDFVM

IDFKPAFSKDDILPM
DLG

TFYREFQ
N

PPQ
LSSLSI

DFG
AQ

SM
AEDLLAVEDKLFAVFPVG

IDG
IDKLDDL 

 
  

Btrc 
1 of 14 

619 aa 
40 aa 

exon 1 to bgeo splice 
 M

D
P

AE
A

VLQ
E

KA
LKFM

LA
VED

KLFAVFPVG
ID

G
ID

K
LD

D
L 

   
Dlg1 

6 of 28 
911 aa 

218 aa 
exons 1-6 to bgeo splice 
 

S
upplem

entary Table 1.  G
ene Trap M

utations in R
at S

trains S
creened for R

eproduction P
henotypes 



M
PVRKQ

DTQ
RALHLLEEYRSKLSQ

TEDRQ
LRSSIERVISIFQ

SNLFQ
ALIDIQ

EFYEVTLLDNPKCVDHSKQ
CEPVQ

PGNP
W

ESGSLSSAAVTSESLPGGLSPPVEKYRYQ
DEEVLPSERISPQ

VPLAVEDKLFAVFPVGIDGIDKLDDL 
 

  
Exoc6b 

1 of 21 
810 aa 

1355 aa 
exon 1 to bgeo splice 
 M

E
R

V
K

M
A

E
E

S
LE

TA
A

E
H

E
R

ILR
E

IE
S

TD
TA

C
IG

P
TLR

S
V

Y
D

G
E

E
H

G
R

FM
E

K
LE

TR
IR

N
H

D
R

E
IE

K
M

C
N

FH
Y

Q
G

FV
D

S
ITE

LLK
V

R
G

E
A

Q
K

LK
N

Q
V

TD
TN

R
K

LQ
H

E
G

K
E

LV
IA

M
E

E
LK

Q
C

R
LQ

Q
R

N
IS

A
TV

D
K

LM
LC

LP
V

LE
M

Y
S

K
LR

D
Q

M
K

TK
R

H
Y

P
A

LK
TLE

H
LE

H
TYLP

Q
V

S
H

Y
R

FC
K

V
M

V
D

N
IP

K
LR

E
E

IK
D

V
S

M
S

D
LK

D
FLE

S
IR

K
H

S
D

K
IG

E
TA

M
K

Q
A

Q
Q

Q
R

N
LD

N
IV

LQ
Q

P
R

LG
S

K
R

K
S

K
K

D
V

YTIFD
TE

V
E

S
TS

P
K

S
E

Q
D

S
G

ILD
V

E
D

E
E

D
D

E
E

V
P

G
A

Q
D

LV
D

FS
P

V
Y

R
C

LH
IYS

V
LG

A
R

E
TFE

N
Y

Y
R

K
Q

R
R

K
Q

A
R

LV
LQ

P
P

S
N

M
H

E
TLD

G
YR

K
YFN

Q
IV

G
FF

V
V

E
D

H
ILH

TTQ
G

LV
N

R
A

Y
ID

E
LW

E
M

A
LS

K
TIA

A
LR

TH
S

S
Y

C
S

D
P

N
LV

LD
LK

N
LIV

LFA
D

TLQ
V

YG
FP

V
N

Q
LF

D
M

LLE
IR

D
Q

Y
S

E
TLLK

KW
A

G
V

FR
N

ILD
S

D
N

Y
S

P
IP

V
TS

E
E

TY
K

K
V

V
G

Q
FP

FQ
D

TE
LE

K
Q

P
FP

K
K

FP
FS

E
FV

P
K

V
Y

N
Q

IK
E

FIY
A

C
LK

FS
E

D
LH

LS
S

TE
V

D
D

M
IR

K
S

TN
LLLTR

TLS
N

S
LQ

N
V

IK
R

K
N

IG
LTE

LV
Q

IIIN
TTH

LE
K

S
C

K
Y

LE
E

FITN
ITN

V
LP

E
TV

H
TTK

LYG
TTTFK

D
A

R
H

A
A

E
E

E
IYTN

LN
Q

K
ID

Q
FLQ

LA
D

YD
W

M
TG

E
LD

N
K

A
S

D
Y

LV
D

LIA
FLR

S
TFA

V
FTH

LP
G

K
V

A
Q

TA
C

M
S

A
C

K
H

LA
TS

LM
Q

LLLE
A

E
V

R
Q

LTLG
A

LQ
Q

FN
LD

V
R

E
C

E
Q

FA
R

S
G

P
V

P
G

FQ
E

D
TLQ

LA
FID

LR
Q

LLD
LFIQ

W
D

W
STYLA

D
YG

Q
P

N
C

K
Y

LR
V

N
P

V
TA

LTLLE
K

M
K

D
TS

R
K

N
N

M
F

A
Q

FR
K

N
E

R
D

K
Q

K
LID

TV
A

K
Q

LR
G

LIS
S

H
H

S 
 

  
Gsg1l 

3 of 6 
230 aa 

84 aa 
exons 1-3 to bgeo splice 
 M

DKGQ
Q

EAQ
PGQ

GGGEKCRSFIDLAPASEKGVLW
LSVVSEVLYILLLVVGFSLM

CLELLHSSSVIDGLKLN
AFAAVFTVL

SARG 
 

 

Grik3 
In exon 
11 of 16 

910 aa 
557 aa 

Exons 1- truncated 11 to bgeo genom
ic 

 



M
TAPW

RRLRSLVW
EYW

AGFLVCAFW
IPDSRGM

PHVIRIG
G

IFEYADGPN
AQ

VM
N

AEEHAFRFSAN
IIN

RN
RTLLPN

T
TLTYDIQ

RIHFHDSFEATKKACDQ
LALG

VVAIFG
PSQ

G
SCTN

AVQ
SICN

ALEVPHIQ
LRW

KHHPLDN
KDTFYVN

LYPDYA
SLSHAILDLVQ

SLKW
RSATVVYDDSTG

LIRLQ
ELIM

APSRYN
IRLKIRQ

LPIDSDDSRPLLKEM
KRG

REFRIIFDCSHTM
AA

Q
ILKQ

AM
AM

G
M

M
TEYYHFIFTTLDLYALDLEPYRYSG

VN
LTG

FRILN
VDN

PHVSAIVEKW
SM

ERLQ
AAPRAESG

LLDG
VM

M
TDAALLYDAVHIVSVCYQ

RAPQ
M

TVN
SLQ

CHRHKAW
RFG

G
RFM

N
FIKEAQ

W
EG

LTG
RIVFN

KTSGLRTDFDLD
IISLKEDG

LEKVG
VW

SPADGLN
ITEVAKG

RGPN
VTDSLTN

RSLIVTTLLEEPFVM
FRKSDRTLYG

N
DRFEGYCIDLLKELAH

ILG
FSYEIRLVEDGKYG

AQ
DDKG

Q
W

N
GM

VKELIDHKADLAVAPLTITHVREKAIDFSKPFM
TLG

VSILQ
LKSEVYIHLSW

SH 
 

Fstl5 
3 of 15 

847 aa 
56 aa 

1-3 to bgeo splice 
 M

FKCW
SAVLILG

FIFLASEG
RPTKESG

YG
LKYYQ

PLTRLRHKQ
EKSQ

ESSRIKARG
 

 
Pan3 

5 of 18 
833 aa 

278 aa 
exons 1-5 to bgeo splic 
 M

N
SGGGLPPPSAAASPSSSSLAAAVAVAVAASSGVGGVPGGPAAGVKLKYCRYYAKDKTCFYGEECQ

FLHEDPASGA
APGLGLHSN

SVPLALAAASGAGFPPGALPGGGAGPPAGPKKPELGVPGAATAGGGLDGPRVAIPGM
DGGALTDTSLT

DSYFSTSFIGVN
GFGSPVETKYPLM

Q
RM

TSSSSSPSLLNDSAKPYTGHDPLTSSASSLFN
DFGALN

ISQ
RRKTPNPTASEFI

PKGGSTSRLSN
VSQ

SN
M

SAFSQ
VFSHPSM

GSPATAGLAPARG 
 

Pclo 
3 of 24 

4880-
5085 aa 

1075 aa 
exons 1-3 to bgeo splice 
 



M
G

N
EASLEG

EG
LPEGLAAAAG

AG
G

SG
SALHPG

IPAGM
EADLSQ

LSEEERRQ
IAAVM

SRAQ
G

LPKG
SVPPAAAESPSM

HRKQ
ELDSSQ

APQ
Q

PGKPPDPGRPTQ
PG

LSKSRTTDTFRSEQ
KLPG

RSPSTISLKESKSRTDFKEEYKSSM
M

PG
FFSDV

N
PLSAVSSVVN

KFN
PFDLISDSEASQ

EETTKKQ
KVVQ

KEQ
GKSEG

M
AKPPLQ

Q
PSPKPIPKQ

Q
G

Q
VKEVIQ

Q
DSSPKSV

SSQ
Q

AEKVKPQ
APG

TG
KPSQ

Q
SPAQ

TPAQ
Q

ASPGKPVAQ
Q

PG
SAKATVQ

Q
PGPAKSPAQ

PAG
TG

KSPAQ
PPAKTP

G
Q

Q
AG

LEKTSSSQ
Q

PGPKSLAQ
TPG

HGKFPLGPVKSPAQ
Q

PG
TAKHPAQ

Q
PG

PQ
TAAKVPG

PTKTPAQ
Q

SG
PG

KTP
AQ

Q
PGPTKPSPQ

Q
PIPAKPQ

PQ
Q

PVATKTQ
PQ

Q
SAPAKPQ

PQ
Q

PAPAKPQ
PQ

Q
PTPAKPQ

PQ
PPTPAKPQ

PQ
PPT

ATKPQ
PQ

PPTATKPHHQ
Q

PG
LAKPSAQ

Q
PTKSISQ

TVTG
RPLQ

PPPTSAAQ
TPAQ

GLSKTICPLCN
TTELLLHIPEKAN

F
N

TCTECQ
STVCSLCG

FNPN
PHLTEIKEW

LCLN
CQ

M
Q

RALGG
DLAAAIPSSPQ

PTPKAATAPTATASKSPVPSQ
Q

ASPKK
EPPSKQ

DSPKALESKKPPEPKKPPEPKKPPEPKKPPPLVKQ
PTLHG

PTPATAPQ
LPVAEALPEPAPPKEPSGPLPEQ

AKAP
VG

DVEPKQ
PKM

TETRADIQ
SSSTTKPDILSSQ

VQ
SQ

AQ
VKTASPLKTDSAKPSQ

SFPPTG
EKTTPLD

SKAM
PRPASDSKI

ISQ
PGPG

SESKDPKHIDPIQ
KKDEPKKAQ

PKG
SPKPETKPVPKG

SPTPSGTRPTAGQ
AAPPSQ

Q
PPKPQ

EQ
SRRFSLN

LG
G

ITDAPKSQ
PTTPQ

ETVTGKLFGFGASIFSQ
ASN

LISTAG
Q

Q
G

PHPQ
TGPAAPSKQ

APTPSQ
SPAAQ

GPAKSTGQ
LPPA

PAKATAVKKEAKAAAAEN
LESKPEQ

APTAKKTEKDKKPPPAKVG
KPPPSEPEKAVPAHKPDKTTKPKPACPLCRTELN

LG
SQ

EPPN
FN

TCTECKN
Q

VCN
LCG

FN
PTPHLTELAVEDKLFAVFPVG

IDG
IDKLDDL 

 
Slc1a3 

2 of 9 
543 aa 

63 aa 
exons 1-2 to bgeo splice 
 M

TKSN
G

EEPRM
G

SRM
ERFQ

Q
G

VRKRTLLAKKKVQ
N

ITKED
VKSYLFRN

AFVLLTVSAVIVARG
 

 
Spaca6 

2 of 8 
324 aa 

100 aa 
exons 1-2 to bgeo splice 
 M

GLVALVGSFVLLLLLIFRASTW
ACLFCFTTHEERLSLCRM

FVGSEDSKIRKCRDALTDAFEGFSDM
EINYDERSHLHDEF

TQ
M

TVFLQ
EVAAVQ

GESRG 
 

Tm
x4 

5 of 7 
336 aa 

193 aa 
exons 1-5 to bgeo splice 
 M

TG
G

FCVPVFLAAW
LAAAAAEAEG

LEQ
AALPAEESRVQ

PM
TASN

W
TLVM

EG
EW

M
LKFYAPW

CPSCQ
Q

TDSEW
ET

FAKN
G

ETLQ
ISVG

KVDVIQ
EPG

LSG
RFFVTTLPAFFHAKDG

IFRRYRGPG
IYEDLQ

N
YILEKKW

Q
SVEPLTGW

KSPASLT
M

SG
M

AGLFSISG
KIW

LAVEDKLFAVFPVG
IDG

IDKLDDL 
 

Ube2K 
1 of 6 

200 aa 
45 aa 

exon 1 to bgeo splice 
 



M
AN

IAVQ
RIKREFKEVLKSEELAVEDKLFAVFPVG

ID
G

ID
KLD

DL 
 

Ube2q2 
1 of 14 

345 aa 
87 aa 

exon 1 to bgeo splice 
 M

SVSGLKAELKFLASIFDKNHELFRIVSW
KLDELHCQ

FLVPPPPPPGSSHSPPPPLTLHCNITLAVEDKLFAVFPVGIDGID
KLDDL 

 
 

Zm
ynd8 

3 of 21 
1208 aa 

82 aa 
exons 1-3 to bgeo splice 
 M

DISTRSKDPGSTERTAQ
KRKVPSPPHSSNGHSPQ

DSSTSPIKKKKKPGLLNSSSKDQ
LAVEDKLFAVFPVGIDGIDKLDD

L 
 

 



Supplem
entary Table 2.  R

eproduction Phenotypes of R
ats w

ith G
ene Trap M

utations 

M
utated 
G

ene 
Intronic 

Insertion 
B

reeders 

 
B

reeding 
P

airs 

 
Litter 

N
um

ber 
   M

ean Litter S
ize  

         (±S.E.M
.) 

 
G

enotypes R
atio 

 (%
 W

T:H
et:H

om
o) 

 

S
ex R

atio 
(Fem

ale:M
ale) 

R
eproduction  
P

henotype 

W
ildtype 

N
one 

W
T x W

T 
3 

10 
        11.8±1.27 

 
           100:0:0 

       53:47 
    N

orm
al 

A
bca13 

Intron 49 of 62 
H

et x H
et 

2 
6 

7.33±0.80 
p=0.01* 

25:61:14 
55:45 

S
ubfertile 

F H
om

o x W
T 

2 
6 

9.50±1.19 
 

0:100:0 
52:48 

N
orm

al 
M

 H
om

o x W
T 

2 
6 

12.8±1.08 
 

0:100:0 
39:61 

N
orm

al 

A
lk3 

Intron 1 of 10 
H

et x H
et 

2 
6 

5.83±0.60 
p=0.001* 

49:51:0 
43:57 

Em
bryonic Lethal 

F H
om

o x W
T 

0 
0 

- 
 

- 
- 

- 
M

 H
om

o x W
T 

0 
0 

- 
 

- 
- 

- 

A
tg13 

Intron 16 of 16 
H

et x H
et 

2 
6 

8.33±1.08 
p=0.06* 

30:42:28 
42:58 

S
ubfertile 

F H
om

o x W
T 

2 
0 

0 
 

- 
- 

A
dult Lethal 

M
 H

om
o x W

T 
2 

0 
0 

 
- 

- 
A

dult Lethal 

B
trc 

Intron 1 of 14 
H

et x H
et 

2 
6 

11.6±1.50 
 

28:43:29 
47:53 

N
orm

al 
F H

om
o x W

T 
2 

6 
9.00±1.88 

 
0:100:0 

54:46 
N

orm
al 

M
 H

om
o x W

T 
2 

0 
0 

 
- 

- 
G

am
etogenesis D

efect 

D
lg1

† 
Intron 6 of 28 

H
et x H

et 
- 

- 
- 

 
- 

- 
U

nknow
n
† 

F H
om

o x W
T 

- 
- 

- 
 

- 
- 

- 
M

 H
om

o x W
T 

- 
- 

- 
 

- 
- 

- 

E
xco6b 

Intron 1 of 21 
H

et x H
et 

2 
6 

11.6±0.40 
 

31:69:0 
41:59 

Em
bryonic Lethal 

F H
om

o x W
T 

0 
0 

- 
 

- 
- 

- 
M

 H
om

o x W
T 

0 
0 

- 
 

- 
- 

- 

G
sgl1 

Intron 3 of 6 
H

et x H
et 

2 
5 

5.80±1.02 
p=0.003* 

3:69:28 
52:48 

S
ubfertile 

F H
om

o x W
T 

2 
6 

9.33±2.58 
 

0:100:0 
46:54 

N
orm

al 
M

 H
om

o x W
T 

2 
5 

12.8±1.16 
 

0:100:0 
48:52 

N
orm

al 

G
rik3 

E
xon 11 of 16 

H
et x H

et 
2 

6 
9.50±0.84 

 
19:51:30 

44:56 
N

orm
al 

F H
om

o x W
T 

2 
5 

5.80±1.07 
p=0.003* 

0:100:0 
48:52 

S
ubfertile 

M
 H

om
o x W

T 
2 

6 
11.3±2.07 

 
0:100:0 

54:46 
N

orm
al 

Fstl5 
Intron 3 of 15 

H
et x H

et 
2 

5 
12.2±0.97 

 
27:39:34 

52:48 
N

orm
al 

F H
om

o x W
T 

2 
5 

11.2±1.88 
 

0:100:0 
55:45 

N
orm

al 
M

 H
om

o x W
T 

2 
3 

14.0±1.00 
 

0:100:0 
50:50 

N
orm

al 

P
an3 

Intron 5 of 18 
H

et x H
et 

2 
6 

9.67±1.58 
 

27:48:25 
36:64 

N
orm

al 
F H

om
o x W

T 
2 

6 
6.00±1.55 

p=0.014* 
0:100:0 

44:56 
S

ubfertile 
M

 H
om

o x W
T 

2 
0 

0 
 

- 
- 

G
am

etogenesis D
efect 

P
clo

¶ 
Intron 3 of 25 

H
et x H

et 
2 

6 
11.3±1.26 

 
26:62:12 

53:47 
N

orm
al <8 m

o 
F H

om
o x W

T 
2 

0 
0 

 
- 

- 
B

ehavioral 
M

 H
om

o x W
T 

2 
0 

0 
 

- 
- 

B
ehavioral 

R
gs22 

Intron 2 of 24 
H

et x H
et 

2 
4 

14.3±1.93 
 

24:53:23 
52:48 

N
orm

al 
F H

om
o x W

T 
2 

4 
13.8±0.63 

 
0:100:0 

55:45 
N

orm
al 



*Potentially S
ubfertile due to sm

aller m
ean letter sizes (p<0.1 show

n versus w
ildtype).   

†H
eterozygous D

lg1-w
t/gt  m

utant fem
ales produced from

 w
ildtype recipient m

ales displayed problem
s breeding for undefined reasons.   

¶ H
eterozygous P

clo-w
t/gt fem

ales 8-14 m
onths of age did not reproduce w

hen paired w
ith w

ildtype m
ales of sim

ilar age (n=4 breeder pairs). 
Additional analyses confirm

ed reproductive failure in S
paca6

gt/gt m
ales (n=4), P

clo
gt/gt fem

ales (n=6) and P
clo

gt/gt m
ales (n=6). 

M
 H

om
o x W

T 
2 

4 
11.8±1.77 

 
0:100:0 

53:47 
N

orm
al 

S
lc1a3 

Intron 2 of 9 
H

et x H
et 

2 
12 

6.92±1.33 
p=0.01* 

22:77:1 
51:49 

Em
bryonic Lethal 

F H
om

o x M
 H

et 
0 

0 
- 

 
- 

- 
- 

M
 H

om
o x W

T 
0 

0 
- 

 
- 

- 
- 

S
paca6 

Intron 2 of 8 
H

et x H
et 

2 
5 

10.0±0.89 
 

24:42:34 
50:50 

N
orm

al 
F H

om
o x W

T 
2 

5 
9.40±2.20 

 
0:100:0 

51:49 
N

orm
al 

M
 H

om
o x W

T 
2 

0 
0 

 
- 

- 
Fertilization 

Tm
x4 

Intron 5 of 7 
H

et x H
et 

2 
8 

9.63±1.25 
 

39:61:0 
51:49 

Em
bryonic Lethal 

F H
om

o x W
T 

0 
0 

- 
 

- 
- 

- 
M

 H
om

o x W
T 

0 
0 

- 
 

- 
- 

- 

U
be2K

 
Intron 1 of 6 

H
et x H

et 
2 

6 
9.40±1.14 

p=0.036* 
21:53:26 

55:45 
S

ubfertile 
F H

om
o x W

T 
2 

0 
0 

 
- 

- 
G

am
etogenesis D

efect 
M

 H
om

o x W
T 

2 
0 

0 
 

- 
- 

G
am

etogenesis D
efect 

U
be2q2 

Intron 1 of 14 
H

et x H
et 

2 
6 

9.50±1.32 
 

19:50:31 
42:58 

N
orm

al 
F H

om
o x W

T 
2 

5 
12.2±1.93 

 
0:100:0 

47:53 
N

orm
al 

M
 H

om
o x W

T 
2 

6 
12.0±1.06  

 
0:100:0 

44:56 
N

orm
al 

Zm
ynd8 

Intron 3 of 21 
H

et x H
et 

2 
7 

7.80±1.22 
p=0.003* 

75:25:00 
44:56 

Em
bryonic Lethal 

F H
om

o x W
T 

0 
0 

- 
 

- 
- 

- 
M

 H
om

o x W
T 

0 
0 

- 
 

- 
- 

- 



    
 

 
                   

* M
ale rats w

ere analyzed betw
een 90-250 days of age; significant differences in m

utant testis and epididym
al w

eights are com
pared to w

ildtype 
litterm

ates at the respective age of analysis.    
¶

 H
om

ozygous m
utant Ube2k rats displayed significantly reduced body w

eights (p<0.001). 
† O

rgan:body w
eight (w

t) ratios x 1000. 
 M

utant* 
Rats 
(n) 

Body w
t (g) 

±S.E.M
. 

Testis w
t (g) ±S.E.M

. 
Epididym

us w
t (g) ±S.E.M

. 
Testis:Body w

t†
 

±S.E.M
. 

Epid:Body w
t†

 

±S.E.M
. 

Atg13 
3 

354±14 
1.51±0.07 

p=0.0054 
0.49±0.04 

p=0.025 
4.27±0.08 

1.38±0.01 

Btrc
  

3 
428±40 

0.67±0.04 
P<0.0001 

0.30±0.03 
P<0.0001 

1.55±0.10 
0.70±0.03 

Grik3
  

4 
511±63 

1.86±0.13 
p>0.10 

0.61±0.05 
p>0.10 

3.64±0.24 
1.19±0.11 

Pan3 
4 

436±19 
1.10±0.04 

P<0.0001 
0.45±0.02 

p=0.001 
2.53±0.15 

1.03±0.09 

Pclo 
4 

536±58 
1.95±0.05 

P=0.1 
0.64±0.01 

p>0.10 
3.64±0.39 

1.19±0.13 

Spaca6 
6 

447±20 
2.01±0.06 

p>0.10 
0.57±0.02 

p>0.10 
4.50±0.18 

1.28±0.09 

Ube2k 
4 

 302±38
¶ 

0.35±0.01 
P<0.0001 

0.24±0.03 
P<0.0001 

1.16±0.25 
0.79±0.38 

Ube2q2 
3 

486±22 
2.17±0.04 

p>0.10 
0.65±0.03 

p>0.10 
4.47±0.20 

1.33±0.09 

W
ildtype 

6 
506±28 

1.98±0.10 
n.a. 

0.64±0.02 
n.a. 

3.91±0.26 
1.26±0.07 

S
upplem

entary Table 3.  B
ody, Testis and E

pididym
al W

eights in M
utant R

ats 



Supplem
entary Table 4.  M

utant R
at Phenotypes in C

urrent Study* C
om

pared A
cross Species. 

M
utated 
G

ene 
Insertion Site 

R
at* 

M
ouse

n 
H

um
an

n 
O

ther O
rganism

s
n 

A
bca13 

Intron 49 of 62 
N

one observed 
U

nknow
n 

Schizophrenia, bipolar 
disorder, depression

1 
U

nknow
n 

A
tg13 

Intron 16 of 16 
Shortened lifespan; renal 

failure; inflam
m

ation; 
autophagy defect 

Em
bryonic lethal, 

cardiovascular developm
ent 

defects
2 

Autoim
m

une D
isease

3 

Prem
ature senescence in 

plants
4; reduced lifespan in 

yeast 5 and w
orm

s
6; 

em
bryonic lethal in flies

7. 

A
lk3 

Intron 1 of 10 
Stunted grow

th in 
heterozygotes; em

bryonic 
lethal in hom

ozygotes 

N
orm

al grow
th in 

heterozygotes; em
bryonic 

lethal in hom
ozygotes; 

epiblast defects
8 

Juvenile and ham
artom

atous 
polyposis syndrom

es
9-11 

Anterior-posterior w
ing 

patterning and oogenesis in 
flies

12-14; 

B
trc 

Intron 1 of 14 
Sperm

atogonial 
developm

ent block 

M
ales sub-fertile

15, neural 
Stem

 cell fate
16,17, longer 

circadian period
18, D

N
A 

stability
16 

10q M
edulloblastom

a tum
or 

suppressor locus
19, 10q split 

hand/foot disease
20,21; 

prom
otes H

IV infection
22 

X
enopus dorsal axis 

duplication
23 

D
lg1 

Intron 6 of 28 
D

om
inant ¶ 

R
ecessive effects on aging, 

renal function, craniofacial, 
vision, and urogenital 

defects
24-27. 

Schizophrenia
28; 3q29 

m
icrodeletion syndrom

e
29 

Tum
or suppressor 30; alcohol 
tolerance in flies

31 

E
xoc6b 

Intron 1 of 21 
Em

bryonic lethal 
U

nknow
n 

Behavioral defects, 
epilepsy

32,33 
U

nknow
n 

G
sg1l 

Intron 3 of 6 
N

one observed 
U

nknow
n 

C
andidate risk factor for 

colon cancer 34 
U

nknow
n 

G
rik3 

Exon 11 of 16 
N

one observed 
S

ynaptic transm
ission

35 
Behavioral disorders

36; 
schizophrenia

37 
U

nknow
n 

Fstl5 
Intron 3 of 15 

N
one observed 

U
nknow

n 
Adiposity-R

elated 
Anthropom

etric Traits
38 

U
nknow

n 

P
an3 

Intron 5 of 18 
Post-m

eiotic 
sperm

atogenesis 
U

nknow
n 

U
nknow

n 
N

on-lethal, polyadenylation 
defects in yeast 39 

P
clo 

Intron 3 of 25 
Fem

ale & m
ale social 

behavior, m
ating behaviors, 

seizures 

Adults reproduce and behave 
norm

ally, postnatal grow
th 

and lifespan stunted
40 

M
ajor depressive, bipolar 
disorders, seizures, 

pontocerebellar hypoplasia, 
em

otional processing
41-46 

U
nknow

n 

R
gs22

† 
Intron 2 of 24 

N
one observed 

U
nknow

n 
U

nknow
n 

U
nknow

n 

S
lc1a3 

Intron 2 of 9 
Em

bryonic lethal 
Adult fertile, aging, behavior 

disorders
47-49 

Behavior; addiction, 
seizure

50,51 
U

nknow
n 

S
paca6 

Intron 2 of 8 
Sperm

 function 
Sperm

 function
52 

U
nknow

n 
U

nknow
n 

Tm
x4 

Intron 5 of 7 
Em

bryonic lethal 
U

nknow
n 

U
nknow

n 
U

nknow
n 

U
be2K 

Intron 1 of 6 
Fem

ale & m
ale m

eiosis 
Adults fertile; resistant to 

am
yloid-β toxicity

53 
U

nknow
n 

U
nknow

n 

U
be2q2 

Intron 1 of 14 
N

one observed 
U

nknow
n 

R
enal failure

54,55; arthritis
56  

U
nknow

n 
Zm

ynd8 
Intron 3 of 21 

Em
bryonic lethal 

P14 viable
21 

U
nknow

n 
U

nknow
n 



* R
eproduction phenotypes observed in current study; all phenotypes recessive unless stated as dom

inant or occurring in heterozygotes.  † G
ene trap is in 

R
everse O

rientation to the R
gs22 gene, gene trap is predicted to be non-functional. ¶ Strain w

as not propagated from
 F1 D

lg1 heterozygote m
utant fem

ales for 
unknow

n reasons but displayed solitary behavior in cage (potential m
ating behavior or other reproduction defect).  n P

ubM
ed citation referenced below

; only 
spontaneous or non-conditional experim

ental m
utations referenced. 
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Supplementary Material 

Supplementary Results 

A majority of protein coding genes are essential for rat reproduction   

Rats harboring Sleeping Beauty genetrap transposons within 18 distinct protein coding genes 

were crossed with wildtype rats to generate heterozygous breeding pairs (Supplementary Table 

1).  Heterozygous breeding pairs were successfully generated for 17 of 18 mutant alleles 

(Supplementary Table 2).  Only female rats heterozygous for a genetrap (gt) mutation within 

intron 5 of Dlg1 (i.e. Dlg1wt/gt) failed to transmit their mutation more than one generation 

(Supplementary Table 2).  Male and female heterozygotes for the remaining 17 strains were 

paired to generate homozygous mutant strains.  Mean litter sizes produced by crossing 

heterozygotes for 12 of 18 mutant strains were not significantly different from wildtype breeder 

pairs (Supplementary Table 2).  Heterozygous breeding pairs from each Alk3wt/gt, Abca13wt/gt, 

Gsg1lwt/gt, Slc1a3wt/gt, Ube2kwt/gt and Zmynd8wt/gt strains consistently reproduced, but their litter 

sizes were significantly smaller compared to wildtype (Supplementary Table 2).   

 

Mean litter sizes generated by crossing homozygous mutant Abca13gt/gt, Fstl5gt/gt, Grik3gt/gt (males 

only), Gsg1lgt/gt, Rg22gt/gt and Ube2q2gt/gt rats to wildtype rats appeared normal (Supplementary 

Table 2).  Grik3gt/gt and Pan3gt/gt females were fertile, but produced smaller litters after crossing 

with wildtype males (p=0.003).  In contrast, homozygous genetrap mutations in Btrc, Ube2k, Pan3, 

Atg13, Spaca6 and Pclo blocked reproduction by males during peak reproductive age (Fig. 2a and 

Supplementary Table 2); in this group, Ube2kgt/gt, ATG13gt/gt and Pclogt/gt mutant females also did 

not reproduce (Supplementary Table 2). Btrcgt/gt and Pan3gt/gt female rats were fertile 

(Supplementary Table 2). Despite their inability to reproduce, Ube2kgt/gt and Pclogt/gt female rats 

developed oocytes (Supplementary Fig. 2c). 

 



Spermatogenic cells in Ube2kgt/gt rats arrested early during meiosis I postnatally and in young 

adults (Fig. 2a, b), and progressively regressed to arrest at pre-meiotic steps during adulthood 

(Supplementary Fig. 2a).  Ube2kgt/gt mutant rats were also significantly smaller in body size 

compared to wildtype littermates (p<0.001) (Supplementary Table 3).  Spermatogenic cells in 

Pan3gt/gt mutant rats arrested during spermatid elongation (Fig. 2a, b and Supplementary Fig. 2).  

Rats with heterozygous genetrap mutations predicted to disrupt expression of Alk3, Exoc6b, 

Slc1a3, Tmx4 and Zmynd8 reproduced, but demonstrated reduced Mendelian rates towards 

generation of homozygous mutant progeny (Supplementary Table 2).  Homozygous genetrap 

mutations in these later genes were classified as embryonic lethal.  Heterozygous Alk3wt/gt mutants 

also displayed a reduced growth phenotype compared to wildtype littermates (D24 mean body 

weight, Alk3wt/wt 69.4±1.7g, Alk3wt/gt 58.6±2.7g, n=36 total pups, 3 litters; ±SD p<0.001). 

 

Comparative Analysis of Rat Genetrap Mutations 

Phenotypes transmitted by rat genetrap mutations were compared across different species, as 

follows:   

Alk3gt/gt:  Distinct from reduced growth in Alk3wt/gt rats, heterozygous mutant Alk3 mice display 

normal growth1.  Consistent with current Mendelian rates of germline transmission in Alk3gt/gt 

rats, homozygous mutations are embryonic lethal in mice, which caused defects stemming from 

epiblast development1.  In flies, homozygous Alk3 mutations disrupt wing patterning2,3, as well as 

germline stem cell development4.  In humans, recessive Alk3 mutations are linked to Juvenile and 

Hamartomatous Polyposis syndromes5-7. 

 

Atg13gt/gt:  Analogous to reduced postnatal lifespan in Atg13gt/gt rats, disrupting Atg13 expression 

induces nutrient dependent senescence in plants8 and reduces lifespan in C. Elegans9.  However, 

Atg13 loss-of-function mutations are embryonic lethal in flies10.  Spermatozoa from the cauda 



epididymus of Atg13gt/gt mutants appeared immotile when analyzed between 60 and 120 days of 

age.  In addition to the reduced sperm count (Supplementary Fig. 3), flagella from Atg13gt/gt cauda 

epididymal spermatozoa were largely immotile, and often displayed detached heads and tails (not 

shown). Notably, the health decline of Atg13gt/gt rats was observed ~90-100 days of age, which is 

only 2-3 weeks after rats reach reproductive age (also see Discussion section in manuscript).  

Livers and kidneys in Atg13gt/gt rats appeared abnormal (Fig. 3c).  In the liver, occasional 

vacuolated cells were scattered throughout histological sections. These cells contained small 

spherical vacuoles consistent with accumulation of triglycerides (Supplementary Fig. 4a).   

 

All kidneys examined displayed marked glomerulonephritis and moderate tubulointerstitial 

disease (Fig. 3d).  Glomeruli were diffusely altered by membranous change; glomerular tufts were 

thickened by expansion of mesangium and thickening of basements membranes (Figs. 3d and 

Supplementary 4a).  Bowman’s capsule was also thickened, and in some glomeruli, Bowman’s 

space was filled with crescentic proliferations (Fig. 3d).  Numerous tubules were dilated and 

contained protein-rich casts (Fig. 3d and Supplementary 4a).  PAS and Trichrome stains indicated 

that hyaline deposits consisted of both PAS positive material and collagen.  There was scattered 

interstitial inflammation consisting of lymphocytes and plasma cells; and, small numbers of 

tubules contained neutrophils (Supplementary Fig. 4a).  

 

Btrcgt/gt:  Distinct from Btrcgt/gt rats, Btrc-deficient mice develop sufficient numbers of functional 

sperm to reproduce by natural mating, but their litter sizes are significantly smaller when 

compared to wildtype11.  Reduced litter size in Btrc-deficient mice is thought to be caused by 

abnormal meiotic divisions in some segments of seminiferous tubules, which would reduce total 

sperm counts11.  In contrast, normal elongating spermatids were not observed in Btrcgt/gt rats 

(Supplementary Figs. 2a, b).  And, most seminiferous tubule cross sections from Btrcgt/gt rats 



contained only Sertoli cells and type A spermatogonia (~85%, n=2 rats; Supplementary Figs. 2a, 

b).  A lower percent tubules (~15%) uniquely contained spermatocytes, round spermatids and 

abnormal elongating spermatids (Supplementary Fig. 2b).  Btrc encodes an E3 ubiquitin ligase, 

and analogous to effects observed here on spermatogonial development, Btrc is essential for 

proper differentiation of neural progenitor cells12,13.  In Xenopus, dominant negative Btrc 

constructs missing the N-terminal F-box domain, but retaining its C-terminal WD40 repeat 

domains induce duplication of the dorsal tadpole axis14.  Interestingly, absolute testis weights in 

Btrcgt/gt rats are greater than in Ube2kgt/gt rats (Supplementary Table 3).  This is despite the fact 

that spermatogenesis arrested at later developmental steps in Ube2kgt/gt compared to a vast 

majority of tubules in Btrcgt/gt rats (Supplementary Fig. 2a, b).  However, it should be noted that 

Ube2kgt/gt male rats are between 30-40% smaller in body size compared to Btrcgt/gt or wildtype 

rats (Supplementary Table 3).    

 

Dlg1gt/gt:  Female Dlg1wt/gt rats were consistently observed in back cage corners, remained socially 

isolated following pairing with respective wildtype males, did not produce offspring, and appeared 

otherwise healthy. In contrast to the reproduction deficiency of heterozygous female Dlg1wt/gt rats, 

heterozygous Dlg1 mutant female mice breed normally15-18.  However, homozygous Dlg1 mouse 

mutants display overt urogenital, craniofacial and lymphocyte developmental defects linked to 

shorter postnatal lifespan15-18.  Here, a similar Dlg1wt/gt mutation with respect to deleted domains 

was transmitted through the rat male germline by spermatogonial stem cells transplanted into the 

somatic background of wildtype founder rats.  This, and the abnormal breeding by female Dlg1wt/gt 

rats, is consistent with species-dependent dominant and recessive somatic defects in rats and 

mice, respectively. 

 



Pan3gt/gt:  Like in Pan3gt/gt rats, yeast harboring Pan3 deletion mutations are viable; however, 

effects on yeast gametogenesis were not reported.  Here, spermatogenic cells in Pan3gt/gt mutant 

rats arrested during spermatid elongation (Fig. 2a, b and Supplementary Fig. 2a).  One hypothesis 

is that the Pan3 mutation in rats disrupts control over mRNA stability and/or translation during 

steps critical for spermatid elongation.  This is because PAN3 functions as a co-activator of the 

PAN2 polyA specific ribonuclease subunit homolog19. 

 

Pclogt/gt:  Unlike effects of Pclogt/gt in rats, current strains of mutant Pclo mice reproduce normally 

and do not display neurological and/or behavioral phenotypes (also see Discussion section in 

manuscript)20.   

 

Slc1a3gt/gt:  Unlike embryonic lethality in Slc1a3gt/gt rats, adult homozygous mutant Slc1a3 mice 

are viable and reproduce normally, but display measurable behavioral phenotypes21-23.   

 

Spaca6gt/gt:  Here, based on normal testis histology, epididymal sperm counts and mating behavior, 

the rat Spaca6gt/gt mutation is predicted to disrupt spermatozoan function at some point within 

the female reproductive tract.  In mutant mice lacking a 11kb region of chromosome 17, Spaca6 

was initially implicated in gamete membrane fusion24. 

 

Ube2kgt/gt:  Unlike in rats, male and female mice harboring a very similar Ube2kgt/gt mutation 

reproduced normally, had normal body weights and did not show age related myogenic/motor 

neuron-like phenotypes25.  Ube2k encodes the ubiquitin conjugating enzyme E2-25k26. 

 



Zmynd8gt/gt: Distinct from embryonic lethal effects of Zmynd8gt/gt rats, Zmynd8-deficient mice are 

reported as postnatal lethal, surviving to postnatal day 14 (IMPC database. 

http://mousephenotype.org/)27.  

 



Supplementary Figure Legends 

Supplementary Fig. 1. Rat gene-trap mutations screened for reproduction effects. 

Schematic of mutant proteins predicted to be produced in rat strains harboring intronic insertions 

of Sleeping Beauty β-geo genetrap transposons28.  Exon sequences predicted to be excluded (Δ) 

from mRNAs encoding truncated polypeptides (aa) generated by imposed splicing to the genetrap 

transposon are shown below respective wildtype proteins for 17 of the 18 mutant rat strains 

screened for effects on reproduction.  A transposon insertion within intron 2 of Rgs22 is not 

shown, and is not predicted to truncate the RGS22 open reading frame due to its genetrap cassette 

inserting in the 3’ to 5’ orientation to Rgs22.  See Supplementary Table S1 for full amino acid 

sequences of the predicted mutant proteins, which contain additional epitopes of either 3, 24 or 

1319 (β-GEO) amino acids derived from the genetrap construct. 

 

TM, Transmembrane domain; AAA, ATPase Associated with a variety of cellular activities; GS, GS 

Motif; L27, domain in receptor targeting proteins Lin-2 and Lin-7; MG-PEST, Polyubiquitination 

(PEST) N-terminal domain of MAGUK; PDZ, Domain present in PSD-95; β-TrCP, D domain of beta-

TrCP; FBOX, A Receptor for Ubiquitination Targets; Dlg, and ZO-1/2; SH3, Src homology 3 domain; 

GuKc, Guanylate kinase homologue; CC, coil coil region; KAZAL, Kazal type serine protease 

inhibitors; IGc2, Immunoglobulin C-2 Type; Lg-Ch-Bd, Ligated ion channel L-glutamate- and 

glycine-binding site; ZnF_C3H1, Zinc Finger Domain; STYKc, Protein kinase; unclassified 

specificity; C2, Protein kinase C conserved region 2 (CalB); UBCc, Ubiquitin-conjugating enzyme 

E2, catalytic domain homologue; UBA, Ubiquitin associated domain; RWD, domain in RING finger 

and WD repeat containing proteins and DEXDc-like helicases subfamily related to the UBCc 

domain; PHD, PHD zinc finger; BROMO, bromo domain; PWWP, domain with conserved PWWP 

motif. 

 



Supplementary Fig. 2.  Gametogenesis defects in mutant rats 

a) H&E stained testis sections from wildtype and respective homozygous mutant rats.  Scale bar, 

100 μm. 

b) Immunofluorescence labeling of cells in wildtype and mutant Btrcgt/gt rat testis sections using 

an antibody to γH2AX and Hoechst 43332 dye.  Scale bar, 100 μm. 

c) H&E stained ovarian sections from wildtype and respective homozygous mutant rats.  Scale 

bar, 100 μm. 

 

Supplementary Fig. 3.  Sperm counts correlate with infertility in mutant rats 

Mean testis weight in Grams (tan bars; left y-axis) and epididymal sperm counts plotted as 

Millions/Rat (blue bars; right y-axis) from respective homozygous mutant rat strains (±SEM, n=4-

6 rats/strain). Measurements taken between postnatal days 120-180.  Caudal epididymal 

spermatozoa from Spaca6gt/gt (n=6) and Pclogt/gt (n=4) rats displayed similar basal activity 

compared to wildtype.  Atg13gt/gt (n=3) and Btrcgt/gt (n=2) rat caudal epididymal sperm were 

immotile and morphologically abnormal compared to wildtype.  

 

Supplementary Fig. 4.  Pathology in Atg13 mutant rats 

a) Hematoxylin and Eosin stained sections illustrating fatty liver (Left) and pyelonephritis (Right) 

in Atg13gt/gt rats.  Note: Renal tubules (Right) are dilated and filled with protein-rich filtrate 

(asterisks) and numerous neutrophils (arrows).  Scale bar, 50 μm. 

b) Western blot analysis of autophagy marker proteins (ATG13, p62) and TUBA1a in wildtype 

and Atg13gt/gt primary rat embryonic fibroblast cultures shown in Fig. 3f.  Cultures were 

pretreatment with rapamycin (100 nM), ammonium chloride (3 mM) and/or Bafilomycin A1 (3 

nM).  The loading control blot shown for TUBA1a is the same blot shown in Fig. 3f. 

 



Supplementary Fig 5. Synaptic transmission is downregulated in the brain of mutant 

Piccolo rats. 

Scatter plots of Log2-fold change in transcript abundance versus mean relative expression levels 

(Log2 FPKM values) in Pclowt/gt and Pclogt/gt brain (left panels) and testis (right panel) compared to 

wildtype.  Differentially expressed genes (DEGS) are shown in red (increased abundance) and blue 

(decreased abundance), respectively (log2-fold change >1 or <-1; FDR < 0.05). Note that the Pclo 

mutation caused more DEGS in the brain vs testis transcriptome. Gabra6 and Gabrg3, the most 

significantly affected genes in brain and testis, respectively, have similar expression pattern in the 

homozygous and heterozygous mutant rats. 

 

Supplementary Fig. 6.  Gonadotropin Releasing Hormone (GnRH) pathway genes are 

downregulated in the brain of mutant Piccolo rats. 

a) Panther Pathway finder analysis on down regulated Hormonal Secretion GO: gene sets identify 

GnRH signaling pathway as a prominent cluster of down-regulated genes in Pclogt/gt rat brain 

versus Pclowt/wt rat brains. 

b) Coronal brain sections from Pclowt/wt or Pclogt/gt postnatal day 100 rat brains immuno-stained 

with GnRH antibodies. Lower panel, 5x magnification of the preoptic area (POA) located in the 

boxed area reveal presence of somata and GnRH positive neuron processes flanking the third 

ventricle. Scale bars = upper panel 0.3 cm, lower panel 1000 µm. 

c) Relative abundance of GnRH signaling pathway GO: gene set components in Pclogt/gt rat brains 

versus Pclowt/wt rat brains. 

d) KEGG pathway analysis predicts downregulation of GnRH signaling pathway in Pclogt/gt rat 

brains versus Pclowt/wt rat brains. 

 

 



Supplementary Fig. 7.  Misregulated gene networks downstream of GnRH Signaling. 

a) Relative abundance of G-Protein Coupled Receptors (GPCRs) involved in conducting GnRH 

signaling on gonadotropes GO: gene set components in Pclogt/gt (KO) and Pclowt/gt (Het) rat brains 

versus Pclowt/wt (WT) rat brains. 

b) Relative abundance of Calcium Signaling GO: gene set components in Pclogt/gt (KO) rat brains 

versus Pclowt/wt (WT) rat brains. 

c) Relative abundance of Gonadotropin Regulated Genes in Pclogt/gt (KO) rat testes versus Pclowt/wt 

(WT) rat testes. FSH, Follicle Stimulating Hormone; LH, Luteinizing Hormone, T, Testosterone. 
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