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Many proteins are modified by conjugation with Sumo, a gene-encoded, ubiquitin-related peptide, which is transferred
to its target proteins via an enzymatic cascade. A central component of this cascade is the E2-conjugating enzyme Ubc9,
which is highly conserved across species. Loss-of-function studies in yeast, nematode, fruit fly, and mouse blastocystes
point to multiple roles of Ubc9 during cell cycle regulation, maintenance of nuclear architecture, chromosome segregation,
and viability. Here we show that in zebrafish embryos, reduction of Ubc9 activity by expression of a dominant negative
version causes widespread apoptosis, similar to the effect described in Ubc9-deficient mice. However, antisense-based
knock down of zygotic ubc9 leads to much more specific defects in late proliferating tissues, such as cranial cartilage and
eyes. Affected cartilaginous elements are of relatively normal size and shape, but consist of fewer and larger cells.
Stainings with mitotic markers and 5-Bromo-2�-deoxyuridine incorporation studies indicate that fewer chondrocyte
precursors are in mitosis, whereas the proportion of cells in S-phase is unaltered. Consistently, FACS analyses reveal an
increase in the number of cells with a DNA content of 4n or even 8n. Our data indicate an in vivo requirement of Ubc9
for G2/M transition and/or progression through mitosis during vertebrate organogenesis. Failed mitosis in the absence of
Ubc9 is not necessarily coupled with cell death. Rather, cells can continue to replicate their DNA, grow to a larger size,
and finish their normal developmental program.

INTRODUCTION

Posttranslational modifications of proteins have a strong
impact on protein function, localization, and/or stability.
Ubiquitin and the small ubiquitin-like modifier (Sumo) are
gene-encoded peptides that are conjugated to target proteins
via a cascade of enzymatic reactions (Weissman, 2001;
Schmidt and Muller, 2003). After processing from a precur-
sor protein, the C-termini of ubiquitin or Sumo are activated
by an E1 enzyme and covalently bound to an E2-conjugating
enzymes, followed by the E3 ligase-catalyzed transfer to the
substrate protein. In contrast to ubiquitination, sumoylation
appears to be mediated by a single E2-conjugating enzyme
named Ubc9, which binds directly to all thus far examined
sumoylated proteins (Desterro et al., 1997; Gong et al., 1997;
Johnson and Blobel, 1997). The existence of Sumo-specific E3
ligases has long been subject to controversies (Seeler and
Dejean, 2003); however, recently a number of proteins were
shown to have Sumo E3 activity (Johnson and Gupta, 2001;
Pichler et al., 2002; Kagey et al., 2003).

The molecular effects caused by protein sumoylation are
diverse, affecting different protein properties and cellular
processes. Thus, for some target proteins sumoylation reg-
ulates their nucleo-cytoplasmic trafficking (Matunis et al.,

1996; Epps and Tanda, 1998) and subnuclear localization. In
particular, the formation of PML (promyelocytic leukemia)
nuclear bodies (Muller et al., 1998), and the inactivation of
several transcriptional activators like Lef-1 (Sachdev et al.,
2001) and Sp3 (Ross et al., 2002; Sapetschnig et al., 2002) via
a recruitment to these nuclear compartments have been shown
to be sumoylation-dependent (reviewed in Gill, 2003). In addi-
tion, protein sumoylation is involved in the regulation of DNA
repair (Hardeland et al., 2002; Hoege et al., 2002; Stelter and
Ulrich, 2003) and is required for proper chromosome conden-
sation and separation (Hari et al., 2001; Strunnikov et al., 2001;
Bachant et al., 2002; Azuma et al., 2003).

However, the broader impact of sumoylation on entire
cellular systems, and the degree of conservation of this
impact between different organisms, is less well understood.
In budding yeast (Saccharomyces cerevisiae), Ubc9 deficiency
is lethal, whereas analyses with a temperature-sensitive al-
lele indicate that Ubc9 is required for progression through
mitosis, mediating degradation of mitotic cyclins (Seufert et
al., 1995). In contrary, Ubc9 (Hus5) mutants in fission yeast
(Schizosaccharomyces pombe) are viable, but display defects
during chromosome segregation and reduced cellular
growth (al-Khodairy et al., 1995), similar to the defects of
mutants in the Sumo gene (Tanaka et al., 1999). RNAi-me-
diated knockdown of Ubc9 in the nematode Caenorhabditis
elegans results in several specific developmental defects that
resemble phenotypes produced by mutations in known de-
velopmental regulators such as Hox genes (Jones et al., 2002).
Similarly, in the fruit fly Drosophila melanogaster, loss of Ubc9
in the semushi mutant causes patterning defects associated
with the misregulation of the anterior-posterior morphogen
bicoid (Epps and Tanda, 1998). Together these studies indi-
cate that in addition to the regulation of particular cellular
processes, Ubc9 can influence developmental programs of
higher multicellular organisms, accounting for spatial pat-
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tern formation and differential cell specification. However,
the connection between these developmental roles of Ubc9
and its basic functions during cell cycle and cell growth regu-
lation remained elusive. In vertebrates, the impact of sumoy-
lation on developmental programs is even less clear. Inducible
loss of Ubc9 function in a chick cell line leads to polynucleated
cells and cell cycle–independent apoptosis (Hayashi et al.,
2002), whereas in mouse embryos, loss of Ubc9 causes
chromosome mis-segregation and loss of nuclear integrity
(Nacerddine et al., 2005). These defects result in early lethality
of mutant embryos, preventing analyses to address possible
roles of Ubc9 during later developmental processes.

Here we investigate the function of Ubc9 during zebrafish
development. Similarly to the phenotype observed in mu-
tant mice, expression of a dominant negative version of
Ubc9 leads to early embryonic apoptosis. In contrast, be-
cause of compensation by maternally supplied Ubc9 protein,
inactivation of zygotic Ubc9 function by injection of anti-
sense morpholino oligonucleotides causes later and more
specific developmental defects in brain, eyes, and pharyn-
geal arches. In the arches of ubc9.1 morphant embryos, cells
seem to bypass mitosis and continue to grow, leading to
normal-sized cartilaginous elements consisting of fewer and
larger cells with an increased DNA content. We propose that
zebrafish Ubc9 is needed for G2/M transition and/or mito-
sis during vertebrate organogenesis, similar to what has
been reported in S. cerevisiae.

MATERIALS AND METHODS

Cell Dissociation and Fluorescence-activated Cell Sorting
Analysis
Embryos were anesthetized with tricaine (Westerfield, 2000) and decapitated.
After transient storage in PBS/1 mM EDTA on ice, heads were incubated for
30 min in a 2 mg/ml papain solution in PBS/EDTA activated with l-cysteine
(end concentration 30 ng/ml). Afterward, heads were transferred to fresh
papain solution and triturated through a fire-polished glass pipette. This
treatment was repeated three times in 15-min intervals, eventually leading to
a single-cell suspension. Cells were harvested by centrifugation for 5 min at
1000 � g and 4°C, resuspended in Ringer solution, counted, and adjusted to
5 � 106 cells/ml. Two hundred microliters of this cell suspension were fixed
in 4 ml of ice-cold 70% ethanol and incubated over night on ice. Afterward,
cells were harvested by centrifugation for 10 min at 1000 � g and 4°C, taken
up in propidium iodide (PI) buffer (980 �l PBS, 10 �l RNase [10 �g/ml], 10 �l
PI [2 mg/ml]) at a cell density of 0.5 � 106 cells/ml, and analyzed on an LSRII
flow cytometer (BD Biosciences, San Jose, CA). Data were evaluated using
CellQuest software (BD Biosciences).

Generation of Constructs, mRNA Synthesis, and
Microinjection
For expression constructs, the ubc9.1 and ubc9.2 coding regions were amplified
via RT-PCR with primers containing EcoRI and XhoI restriction sites (Ubc9.1ECO
5�-CGG AAT TCA CCA TGT CTG GCA TTG CTC TGA GTC-3�; Ubc9.1XHO
5�-GGC GAG CTC ATC TCT CGG TGT CGC TTT ACG AC-3�; Ubc9.
2ECO 5�-CGG AAT TCA CCA TGT CTG GTA TAG CAT TGA GTC-3�;
Ubc9.2XHO 5�-CCG CTC GAG ATC TTG AGG TTT ACG GAC AGA AC-3�)
with Pfu DNA polymerase (Stratagene, La Jolla, CA), and cloned into pCS2�
(Rupp et al., 1994) or pSGH2 (Bajoghli et al., 2004). The Ubc9.1 C93A mutation
was introduced into the pCS2-ubc9.1 using the QuikChange Site-Directed Mu-
tagenesis Kit (Stratagene) and primers 5�-TCC GTC AGG AAC AGT GGC TCT
TTC CAT CCT GGA G-3� (sense), 5�-TCC TCC AGG ATG GAA AGA GCC ACT
GTT CCT GAC GG-3� (antisense). Capped RNA was prepared with the Message
Machine kit (Ambion, Austin, TX). mRNA was diluted in 1� Danieu’s buffer
(Nasevicius and Ekker, 2000), and 1.5 nl was injected into 1–2-cell stage embryos
(HA-Sumo: 25 pg per embryos; ubc9.1 or ubc9.1 C93A mRNA: 75 pg per embryo).

Morpholino Injections
Antisense morpholino oligonucleotides (MOs, Gene Tools, Philomath, OR)
were injected at the 1–2-cell stage, as previously described (0.5 pmol per
embryo; 2 nl of 0.25 mM solution; Nasevicius and Ekker, 2000). The sequences
of used MOs were as follows: ubc9.1 MO 5�-TCG ACT CAG AGC AAT GCC
AGA CA TG -3�, ubc9.1 5 mm control MO 5�-TgG ACT gAG AcC AAT GgC
AcA CAT G-3�, ubc9.2 MO 5�-GAC GAC TCA ATG CTA TAC CAG ACA T-3�.

Immunoblotting
For sumoylation assays, injected embryos were harvested at the 80% epiboly
stage (8.5 hpf), and protein extracts were prepared as described (Westerfield,
2000). Proteins were separated via SDS-PAGE on 10% acrylamide/bis-acryl-
amide gels and blotted on Hybond P membranes (Amersham, GE Healthcare
Europe, Munich, Germany). Immunoblotting was performed using an anti-
HA (clone 12CA5; Roche Diagnostics, Mannheim, Germany), an anti-human
Ubc9 (Cat. No. 610748; BD Biosciences Pharmingen, Heidelberg, Germany), or
anti-pan cadherin antibody (No. C3678; Sigma, St. Louis, MO). To test the
morpholino knockdown efficiency, MO-injected embryos were grown to the
desired developmental stages, protein extracts were separated on 12% acryl-
amide/bis-acrylamide gels, and blots were probed with the anti-human Ubc9
antibody.

Tissue-labeling Procedures
Whole mount in situ hybridizations and immunohistochemistry were carried
out as previously described (Hammerschmidt et al., 1996). For riboprobe
synthesis, plasmid pSport1-ubc9.1 containing the full ubc9.1 cDNA (1.3 kb) was
linearized with SalI and transcribed with Sp6 RNA polymerase. The plasmid
pCRII-ubc9.2 containing a 0.8-kb fragment of the ubc9.2 cDNA was linearized
with HindIII and transcribed with T7 RNA polymerase. Riboprobes of dlx2
and dlx3 (Ellies et al., 1997), fgf3 (David et al., 2002), pax9a (Nornes et al., 1996),
and col2a1 and sox9a (Chiang et al., 2001) were generated as previously
described. For the in situ hybridizations shown in Figure 6, E and F, Fast Red
(Roche Diagnostics) was used as substrate, yielding a fluorescent signal.

For protein detection the following primary antibodies were used: anti-p63
(4A4; mouse monoclonal; Santa Cruz Biotechnology, Santa Cruz, CA), an-
tiphosphorylated histone H3 (pH3; rabbit polyclonal; Upstate Biotechnology,
Charlottesville, VA), anti-Zn5 (mouse monoclonal; Zebrafish International
Resource Center, University of Oregon, Eugene, OR), anti-GFP (goat poly-
clonal, Rockland Immunochemicals, Gilbertville, PA). For enzymatic detec-
tion (see Figure 5), biotinylated secondary antibodies and the Vectastain ABC
kit (Axxora, Gruenberg, Germany) were used, as previously described
(Hammerschmidt et al., 1996). For fluorescent detection (see Figure 6), the
following secondary antibodies were used: AlexaFluor 488–conjugated
chicken anti-goat IgG, AlexaFluor 555–conjugated donkey anti-rabbit IgG,
AlexaFluor 647–conjugated chicken anti-mouse IgG (Molecular Probes, In-
vitrogen, Karlsruhe, Germany).

5-Bromo-2�-deoxyuridine (BrdU) incorporation assays were performed es-
sentially as described (Plaster et al., 2006). After labeling, embryos were grown
for 2 h at 28.5°C and fixed. Incorporated BrdU was detected using an anti-
BrdU primary antibody (mouse monoclonal; Cat. No. 1170376; Roche Diag-
nostics) and a secondary AlexaFluor 647–conjugated goat anti-mouse IgG
antibody (Molecular Probes).

For detection of apoptotic cells, TUNEL and acridine orange stainings were
performed as previously described (Nowak et al., 2005).

Confocal fluorescent images of immunostainings were taken on a LMS 510
Meta laser scanning microscope (Carl Zeiss, Jena, Germany), fluorescent
images of acridine orange stainings on an Axiophot microscope (Carl Zeiss),
using an ORCA ER C4742-95 digital camera (Hamamatsu, Bridgewater, NJ).
Bright-field and fluorescent images were superimposed with Openlab soft-
ware (Improvision, Lexington, MA).

Histology
Embryos were embedded in paraffin wax, and 6-�m-thick sections were cut
with Feather S35 microtome blades on a Leica RM 2155 Microtome (Deerfield,
MA). Sections were de-waxed using Rotihistol (Roth, Karlsruhe, Germany)
and mounted in Roti-histokit (Roth).

Transplantations and Single-Cell Injections
For cell transplantations, donor embryos were injected with biotinylated
dextran as lineage tracer (0.4%) and mRNA encoding constitutively active
Nodal receptor Taram A, which targets cells to the endoderm (David and
Rosa, 2001). At the sphere stage (4 hpf), 10–20 cells were transplanted from
animal regions of donor to animal regions of recipient embryos. For single-
cell injections, medial cells of 16–32-cell stage embryos were pressure-injected
with biotinylated dextran and the ubc9.1 full-match or 5 mis-match MO.
Chimeric or injected embryos were grown to the desired developmental
stages, fixed in 4% PFA, and stained with Alcian Blue, followed by visual-
ization of transplanted or injected cells with the Vectastain ABC kit (Axxora).

RT-PCR
Zebrafish embryos were collected at specific time points after fertilization.
Total RNA from whole embryos was isolated using Trizol-LS reagent (In-
vitrogen), and cDNA was generated using Superscript II reverse transcriptase
(Invitrogen). For detection of ubc9.1 and ubc9.2 cDNAs, the same primers
were used as for the cloning of the coding regions (see above). Sequences of
ef1� control primers were: 5�-TCA CCC TGG GAG TGA AAC AGC-3� (sense);
5�-ACT TGC AGG CGA TGT CAG CAG-3� (antisense).
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RESULTS

Zebrafish ubc9 Is Ubiquitously Expressed during Early
Zebrafish Development and Becomes Restricted to
Proliferative Zones at Later Stages
Two zebrafish ubc9 genes have recently been identified,
ubc9.1 and ubc9.2, encoding very similar proteins of 158
amino acids that differ only by two amino acid residues.
Compared with their mammalian counterparts, zebrafish
Ubc9.1 is changed at two amino acid residues, whereas
Ubc9.2 is changed at one position, only (Kurtzman and
Schechter, 2001). As a first step to explore the role of Ubc9
during zebrafish development, we analyzed the spatial and
temporal expression patterns of the two ubc9 genes.

ubc9.2 was not detectable by in situ hybridization between
1000 cell stage (2 hours post fertilization; hpf) and 96 hpf,
whereas weak signals were transiently detected during ear-
liest stages of development via RT-PCR (Figure 1A; and not
shown). This suggests that ubc9.2 mRNA is maternally pro-
vided, but not zygotically expressed. ubc9.1 mRNA is also
maternally provided and, in contrast to ubc9.2, has a strong
zygotic expression (Figure 1A). Whole mount in situ hybrid-
ization revealed ubiquitous ubc9.1 expression during blas-
tula and early gastrula stages, with slightly reduced expres-
sion levels in the ventral ectoderm (Figure 1, B–E; Bakkers et

al., 2005). At 24 hpf ubc9.1 remains strongly expressed in
brain, eyes, and spinal chord, whereas expression is absent
from notochord and somites (Figure 1F). Prominent ubc9.1
expression is also found in cranial neural crest cells that give
rise to cartilaginous elements of the pharyngeal arches. Dou-
ble stainings with the crest marker dlx3 reveal that in addi-
tion ubc9.1 is expressed in adjacent noncrest derived cells,
representing either pharyngeal endoderm or mesenchyme
tissue (Figure 1, G–L). During further development, expres-
sion in the CNS becomes confined to the ventricular zones of
the brain and the ciliary marginal zones of the eyes, both of
which are known as late proliferative zones (Figure 1, M and
N). Expression in cranial crest cells ceases as they undergo
terminal chondrocyte differentiation, morphologically visi-
ble by their “stack-of-coins”-like organization (Schilling and
Kimmel, 1997). In contrast, expression in the pharyngeal
endoderm persists (Figure 1O).

Loss of Maternal and Zygotic Ubc9 Function Leads to
Embryonic Cell Death
To study the in vivo relevance of the zebrafish ubc9 gene
function, we performed gain- and loss-of-function studies.
Over expression of either ubc9.1 or ubc9.2 by mRNA injec-
tion into one-cell stage embryos had no obvious effects on

Figure 1. ubc9.1 displays ubiquitous expression during
gastrula stages, whereas larval expression is restricted
to specific tissues. (A) Semiquantitative RT-PCR analy-
sis of zebrafish ubc9.1 and ubc9.2 expression during
embryonic development. As control, transcripts of the
ef1� housekeeping gene were amplified. ubc9.1 tran-
scripts can be detected during all investigated stages,
indicating maternal deposition of mRNA and zygotic
expression of the gene. ubc9.2 transcript can be detected
at low levels during pregastrula stages, but not at later
stages of development, suggesting that ubc9.2 mRNA is
maternally provided, whereas zygotic expression is ab-
sent. (B–O) In situ hybridization with ubc9.1 antisense
riboprobe at different stages of development. (B) 1000-
cell stage (3 hpf); (C) 60% epiboly (6 hpf); (D) 80%
epiboly (8.5 hpf); and (E) tailbud stage (10 hpf); at all
stages the animal/anterior side of the embryos is to the
top, and the dorsal side to the right; (F–I) 24 hpf. (F)
Lateral view over entire embryo; ubc9.1 shows promi-
nent expression in the head region, including brain,
eyes, and neural crest cells. (G) Dorsal view on head;
region shown in (H and I) is boxed. (H) Magnified view
on the developing pharyngeal arch area stained for
ubc9.1 mRNA (red) and dlx3 mRNA (blue), a marker for
cranial neural crest cells; in I, the red color has been
washed out to show dlx3 expression only; the dlx3-
positive crest streams are numbered. (J–L) 36 hpf. (J)
Lateral view over anterior half of embryo; ubc9.1 expres-
sion is restricted to head region; region shown in K and
L is boxed. (K and L) Magnified view on pharyngeal
arch area stained for ubc9.1 mRNA (red) and dlx3
mRNA (blue; K), and after red color has been washed
out (L); the dlx3-positive crest streams are numbered;
ubc9.1 is coexpressed with dlx3 in cranial neural crest
cells and without dlx3 in endodermal pharyngeal
pouches (indicated by arrow heads), and in mesenchy-
mal cells posterior of the forming arches. (M–O) 96 hpf.
(M) Lateral view of the head; (N) dorsal view of the
head; ubc9.1 is expressed in late proliferative zones of
the brain, such as in the tectum and the midhindbrain

boundary region, in the ciliary marginal zone of the eye, and the pharyngeal pouches; region shown in O is boxed; (O) horizontal section
through gill arches 2 and 3 (corresponding to pharyngeal arches 4 and 5); ubc9.1 is expressed in the endoderm-derived pharyngeal pouches,
whereas expression in differentiated chondrocytes has ceased. Abbreviations: cmz, ciliary marginal zone; cnc, cranical neural crest; eye,
presumptive retinal cells of eye vesicles; ga, gill arches (pharyngeal arches 3–7); mhb, midhindbrain boundary; tec; tectum.
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embryonic development (Figure 2, A and B; and data not
shown). To test whether despite this lack of developmental
alterations, the increased dose of Ubc9 led to increased
protein sumoylation levels, we injected the respective ubc9
mRNA together with mRNA encoding an HA-tagged
Sumo1, followed by the preparation of protein extracts from
injected embryos, and immunoblotting with an anti-HA an-
tibody. Indeed, compared with siblings injected with HA-
Sumo, only, proteins of ubc9 mRNA-injected embryos dis-
played strongly increased incorporation of HA-SUMO
(Figure 2I), suggesting that hyper-sumoylation of proteins
does not interfere with early zebrafish development.

To block Ubc9 function, we next injected mRNA encoding
a dominant negative version of Ubc9 (dnUbc9; C93A). This
protein is mutated in its Sumo-acceptor site, diminishing its
E2 activity, while leaving its substrate binding capacity un-
altered (Azuma et al., 2003). Thereby over expressed protein
competes with both maternally supplied and zygotically
produced endogenous Ubc9 protein for substrate proteins.
Consistently, injection of mRNA encoding dnUbc9 led a
reduction of overall sumoylation activity in the immuno-
blotting experiments (Figure 2I). Morphologically, injected
embryos displayed variable, but strong developmental de-
fects during the first 24 h of development (data not shown).
Because loss of Ubc9 function has previously been described
to cause cell death during early mouse development, we
stained injected zebrafish embryos at gastrula stages for
apoptotic cells with acridine orange and using TUNEL. Al-
though only few acridine orange or TUNEL-positive cells
could be seen in uninjected siblings (Figure 2, C and F) or
embryos injected with wild-type ubc9.1 mRNA (Figure 2, D
and G), embryos injected with dn ubc9.1 mRNA displayed
high numbers of apoptotic cells throughout all tissues (Fig-
ure 2, E, H, and H�). Together these data indicate that
reduction of Ubc9 function during early stages of zebrafish
development leads to widespread cell death, consistent with
recent results obtained for Ubc9-deficient mice.

Loss of Zygotic Ubc9.1 Function Leads to Later
Developmental Defects
To dissect the role of maternally supplied Ubc9 protein from
that encoded by maternally and zygotically supplied ubc9
mRNAs, we next blocked translation of ubc9.1 and/or ubc9.2
mRNAs by injecting specific antisense morpholino oligonu-
cleotides into one-cell stage embryos. Of the two ubc9 para-
logues, only ubc9.1 shows strong expression during embry-
onic and early larval development (see above; Figure 1A).
Consistently, embryos injected with ubc9.2 MO appeared
normal during all investigated stages (24–120 hpf), whereas
ubc9.1 morphants started to display specific defects during
the second day of development. At 48 hpf, ubc9.1 morphants
showed a reduction in the size of brain and eyes, and subtle
malformations in craniofacial structures, whereas embryos
injected with a 5 mis-match control morpholino (5-mm MO)
showed no such phenotypes (Figure 3, A and B). This phe-
notype was not enhanced by coinjection of ubc9.1 and ubc9.2
MOs (data not shown), consistent with our finding that
ubc9.2 is not expressed during the corresponding stages of
zebrafish development.

To demonstrate the specificity of the ubc9.1 MOs, we
performed rescue experiments. To this end we cloned the
ubc9.2 cDNA, which is not targeted by the ubc9.1 MO, into
pSGH2 vector (Bajoghli et al., 2004). pSGH2 contains heat
shock promoter elements that bidirectionally drive expres-
sion of eGFP and the inserted cDNA. In addition, the vector
contains SceI meganuclease recognition sites for more effi-
cient genomic integration. Empty pSGH2 (Figure 3E) or
pSGH2-ubc9.2 (Figure 3D) was coinjected with ubc9.1 MO
and SceI meganuclease at the one cell stage, and injected
embryos were heat shocked at 8, 24, and 36 hpf. At 48 hpf,
�60% of the pSGH2-ubc9.2 injected ubc9.1 morphants dis-
played wild-type morphology, with a normal size of eyes
and brain (compare Figure 3D with Figure 3C). Strikingly,
all of these rescued embryos contained high numbers of

Figure 2. Loss of early Ubc9 function causes embry-
onic cell death. (A–H) Lateral overview of embryos at 24
hpf (A and B) and 80% epiboly (C–H). Embryos in C–E
and F–H were stained with acridine orange (ao) and
TUNEL (tu), respectively, to visualize apoptotic cells. (A
and B) Embryo injected with wild-type ubc9.1 mRNA
(B) shows wild-type morphology as in uninjected sib-
ling (A). (C–H) Embryos injected with mutant ubc9.1
mRNA (C93A) encoding a dominant negative version of
Ubc9 display widespread apoptosis (E, H, and H�; n �
52/58), whereas embryos injected with wild-type
ubc9.1mRNA only have few apoptotic cells (D and G;
n � 40/40), indistinguishable from the situation in un-
injected siblings (C and F). (H�) Magnified view of re-
gion boxed in H. (I) Western blot of protein extracts
from embryos injected either with an mRNA encoding
HA-tagged Sumo1 alone, or HA-sumo1 RNA together
with ubc9.1 5 mm MO, ubc9.1 MO, or RNA encoding wild-
type or dominant negative (C93A) Ubc9.1, probed with
anti-HA, anti-Ubc9, and, as loading control, anti-pan-
Cadherin antibody. Wild-type Ubc9.1 increases, whereas
dominant negative Ubc9.1 reduces overall protein sumoy-
lation levels. ubc9.1 morphants display normal sumoyla-
tion levels, in line with the notion that at midgastrula
stages, sumoylation is regulated by maternally provided
Ubc9 protein (see also Figure 3).
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GFP-positive cells in the head region, indicating efficient
transgene activation, whereas most of the embryos with
persistent morphant morphology (reduced eyes and brain)
lacked GFP expression. In contrast, all embryos injected with
empty pSGH2 and ubc9.1 MO showed morphant morphol-
ogy of unaltered strength, even when the head region con-
tained many GFP-positive cells (Figure 3E). These data in-
dicate that the morphant phenotype is specifically caused by
a loss of Ubc9 function.

The late onset of the ubc9.1 morphant phenotype in com-
parison to the phenotype observed upon over expression of
the dominant negative Ubc9 points to the presence of ma-
ternal Ubc9 protein, which appears to compensate for the
loss of zygotically generated Ubc9 protein during early de-
velopmental stages. To test this notion and to investigate the
efficiency of the used ubc9.1 MO, we performed anti-Ubc9
immunoblotting of protein extracts generated from ubc9.1
morphant and control zebrafish at different stages of embry-
onic and larval development (Figure 3F). Before the onset of
zygotic gene expression (256 cells stage) and during gastru-
lation stages (shield stage), ubc9.1 5 mm MO and ubc9.1 MO
injected embryos showed similar levels of Ubc9 protein.
Because MOs targeting the start codon block translation of
both maternally and zygotically supplied mRNA, these data
indicate that the vast majority of Ubc9 protein present at
these early stages is of maternal origin, whereas the contri-
bution of de novo synthesized protein from maternally or
zygotically supplied ubc9.1 mRNA is minor. Consistently,
overall protein sumoylation in ubc9.1 morphants was indis-
tinguishable from that of control embryos at gastrula stages
(Figure 2I). However, from midsegmentation stages onward,
Ubc9 protein levels in control embryos progressively rose,
until a plateau was reached at 48 hpf, whereas in ubc9.1 MO
morphants, Ubc9 protein levels started to decline, and no
signal could be detected at 48 hpf or later. These results
indicate that the used ubc9.1 MO efficiently blocks transla-
tion of ubc9.1 mRNA and that morphant larvae are devoid of
Ubc9 protein between 48 and 96 hpf, whereas at earlier
stages, maternally supplied Ubc9 protein is present. A sim-
ilar high protein stability has recently been described for
other maternally supplied housekeeping proteins, which
could be detected throughout the first 2 d of development,
compensating for the loss of zygotic gene products (Ryu et
al., 2005; Plaster et al., 2006).

Loss of Ubc9.1 Affects Cartilaginous Elements of the
Craniofacial System
To further characterize the Ubc9.1 loss-of-function pheno-
type, we analyzed the craniofacial defects in more detail.
Alcian blue stainings of chondrocytes at 120 hpf revealed
that the three first gill arches (pharyngeal arches 3–5) were
strongly reduced in ubc9.1 morphant larvae, whereas the
more posterior arches were completely absent (pharyngeal
arches 6–7). Also, the ceratohyal cartilage (dorsal compo-
nent of the hyoid, pharyngeal arch 2) was affected and failed
to point anteriorly, whereas the first pharyngeal arch (man-
dibulare) and other head cartilage elements were of rather
normal shape (Figure 4, A and B). This progressive worsen-
ing of the phenotype from anterior to posterior arches re-
flects the time course of cartilage differentiation, which
progresses in an anterior-to-posterior wave (Schilling and
Kimmel, 1997), suggesting that posterior elements might be
more strongly affected because of the progressive loss of
maternal Ubc9 protein (see above and Discussion). Examina-
tion at higher magnifications showed that both in reduced
and in normal cartilaginous elements, cells displayed abnor-
mal morphology. In wild-type embryos and embryos in-

Figure 3. Loss of zygotic Ubc9.1 function causes defects in brain,
eyes, and jaw. (A and B) Lateral overview of live embryos at 53 hpf.
(A) ubc9.1 5 mm MO injected embryo; (B) ubc9.1 MO injected
embryo. ubc9.1 morphants display a reduction in the size of brain
and eyes and malformations in the jaw, whereas the overall body
shape is normal. (C–E) Magnified lateral views of heads at 48 hpf.
(C) ubc9.1 5 mm MO injected embryo; (D) embryo coinjected with
ubc9.1 MO and pSGH ubc9.2 DNA, with a bicistronic heat-shock
promoter driving expression of egfp and ubc9.2; (E) embryo injected
with ubc9.1 MO plus empty pSGH plasmid, driving egfp expression
only. (C�–E�) shows GFP expression, marking transgene activation.
ubc9.2 overexpression rescues the ubc9.1 MO induced phenotype (D
and D�; n � 31/52), whereas overexpression of eGFP alone does not
(E and E�; 0/35). Mean diameters of eye vesicles were as follows: (C)
0.25 mm � 0.009; n � 5; (D) 0.24 mm � 0.009; n � 5; (E) 0.19 mm �
0.008; n � 5. Eye sizes of wild-type control embryos (C) and ubc9.1
morphants after ubc9.2 overexpression (D) are not significantly dif-
ferent (p � 0.03), indicating an efficient rescue of the morphant
phenotype. In contrast, differences between wild-type control em-
bryos (C) and ubc9.1 morphants injected with empty vector (E) are
significant (p � 6.6E�5; calculated with Student’s t test). (F) Western
blot of embryonic protein extracts. Embryos were injected with
either ubc9.1 5 mm MO (left) or ubc9.1 MO (right) and harvested at
the indicated developmental stages. The blot was probed with an
anti-Ubc9 antibody or an anti-pan Cadherin antibody as a loading
control. The ubc9.1 MO used in this figure and Figures 4–8 effi-
ciently blocks translation of endogenous ubc9.1 mRNA, whereas the
5 mm MO does not. Note that in contrast to later stages, ubc9.1
morphants up to 24 hpf display a Ubc9 band, which most likely
represents residual maternally supplied Ubc9 protein.
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jected with the 5 mm MO, cells of the gill arches had a very
ordered organization, appearing like a stack of coins,
whereas in ubc9.1 morphants, chondrocytes were signifi-
cantly larger and of round shape (Figure 4, C and D). The
same was true for cartilaginous elements of rather normal
size and shape, e.g., the palatoquadrate, the dorsal element
of the first arch (Figure 4, E and F). The number of chondro-
cytes in the palatoquadrate of ubc9.1 morphants was re-
duced to approximately one-third of the number in wild-
type siblings (Figure 4G), whereas remaining cells were
enlarged, accounting for a rather normal size and shape of
the element (Figure 4, E and F).

Ubc9.1 Is Required Both in Chondrocytes Themselves and
in Other Tissues To Allow Proper Cartilage Formation
The cartilaginous components of the pharyngeal arches are
formed from cranial neural crest cells, which at 16 hpf start
to migrate in distinct streams from a position dorsal of the
neural tube into ventrolateral positions of the head (Schilling
and Kimmel, 1994; Wada et al., 2005). At their final locations,
neural crest cells interact with cells of the pharyngeal ecto-
derm and endoderm that form the pouch-like structures,
separating the different crest streams and surrounding the

later arches, as well as with noncrest derived mesenchymal
cells to finally form the seven distinct pharyngeal arches
(Schilling and Kimmel, 1994; Miller et al., 2000; Piotrowski
and Nüsslein-Volhard, 2000). Defective arch formation can
therefore be caused by defects in the cranial neural crest
population before, during, or after their migration (Yan et al.,
2002; Knight et al., 2003), as well as by defects in pharyngeal
pouch endoderm, ectoderm, or mesenchyme, which supply
trophic support to the developing chondrocytes (Miller et al.,
2000; Piotrowski and Nusslein-Volhard, 2000; David et al.,
2002).

As described earlier, up to day 3 of development, ubc9.1 is
expressed in all of the tissues involved in arch formation
(Figure 1). To identify the tissues requiring Ubc9.1 activity,
we generated chimeric larvae. To study whether Ubc9.1
might be exclusively required in the pharyngeal endoderm,
we tried to rescue the ubc9.1 morphant phenotype by trans-
planting wild-type endoderm into morphant embryos. For
this purpose, wild-type donor embryos were injected with a
constitutively active form of the TGF� type I receptor
Taram-A (TarA*). This molecule does not only induce
endodermal fates in ectopic cells (Alexander and Stainier,
1999), but also targets these cells to endodermal positions

Figure 4. Loss of zygotic Ubc9.1 function
causes a reduction of chondrocytes in cranio-
facial cartilaginous elements. (A–F) Prepara-
tions of cranial cartilaginous elements of lar-
vae at 120 hpf, stained with alcian blue to
visualize chondrocytes. (A, C, and E) ubc9.1 5
mm MO injected control larvae; (B, D, and F)
ubc9.1 MO injected larvae; anterior to the left.
(A and B) Overview of flat mounts of all
seven pharyngeal arches. In ubc9.1 morphant
larva (B) most jaw elements of the first and
second pharyngeal arches (mandibulare and
hyoid) are present and of relatively normal
sizes and shapes. In contrast, the cerato-
branchials of pharyngeal arches 3–7 (gill
arches 1–5) are strongly reduced or absent. (C
and D) Magnified view of gill arches 1 and 2.
Chondrocytes of ubc9.1 morphants (D) are of
larger size and round, whereas in wild-type
larvae (C), they show a “stack-of-coins”-like
organization. (E and F) Magnified view of
palatoquadrate of first jaw arch (mandibu-
lare), which in ubc9.1 morphant (F) is of rather
normal shape and size, but consists of fewer
and larger cells. (G) Quantification of total cell
numbers in the palatoquadrate of control and
ubc9.1 morphant larvae. In morphants, pala-
toquadrate cells are reduced to approximately
one-third of the number in control larvae (p �
2e�19 as calculated with Student’s t test; num-
ber of evaluated palatoquadrates: ubc9.1 MO
n � 20, ubc9.1 5 mm MO n � 19). (H–L)
Magnified view on alcian blue–stained chi-
meric first gill arches with donor-derived cells
in brown, anterior to the top. (H) Chimeric
ubc9.1 5 mm MO injected embryo with pouch
cells derived from an untreated control em-
bryo; cartilage morphology is normal; (I) chi-
meric ubc9.1 MO injected embryo with wild-type pouch cells on the left half-side; the cartilage phenotype on the left side is as strong as an
the right side; (J) chimeric control embryo with pouch and cartilage cells derived from an ubc9.1 5 mm injected embryo; cartilage morphology
is unchanged; (K) chimeric ubc9.1 5 mm injected embryo with cartilage cells derived from an untreated control embryo; cartilage morphology
is unchanged; (L) chimeric control embryo with cartilage cells derived from an ubc9.1 morphant; the morphology of ubc9.1 morphant
chondrocytes is altered compared wild-type chondrocytes, suggesting that Ubc9.1 has a cell-autonomous function within chondrocytes
themselves. However, the phenotype is less severe than in nonchimeric morphants (compare with Figure 4D). bh, basihyal of second
pharyngeal arch; ch, ceratohyal of second pharyngeal arch; cb, ceratobranchials of gill arches 1–5; hs, hyosymplectic of second pharyngeal
arch; m, Meckel’s cartilage of first pharyngeal arch; pq, palatoquadrate of first pharyngeal arch.
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when transplanted into ectopic positions of wild-type hosts
(homing effect; David and Rosa, 2001). Using this method to
generate wild-type pouches in ubc9.1 5 mm MO injected
embryos had no effect on cartilage morphology, indicating
that Tar* overexpression does not interfere with the normal
developmental program (Figure 4H). Chimeric ubc9.1 mor-
phant embryos with wild-type pharyngeal pouches gener-
ated in the same way showed the chondrocyte phenotype at
unaltered strength (Figure 4I), ruling out that it is exclu-
sively due to a requirement of Ubc9.1 in the pharyngeal
endoderm. However, it is possible that Ubc9.1 is required in
endodermal cells in addition to other cell types involved in
arch formation.

To address whether the cartilage phenotype might be
caused by a cell-autonomous effect of Ubc9.1 in chondro-
cytes themselves, we generated clones of ubc9.1 morphant
chondrocytes in wild-type animals by injection of ubc9.1 MO
together with a lineage tracer into a single central blastomere
of a wild-type embryo at the 16-cell stage. Individual chon-
drocytes of obtained ubc9.1 morphant clones, although sur-
rounded by wild-type tissue, displayed altered shapes and
did not intercalate properly (Figure 4L). Such morphological
changes were never seen when ubc9.1 5-mm clones were
generated in wild-type cartilage (Figure 4J) or vice versa
(Figure 4K). This indicates that Ubc9.1 has a cell-autono-
mous function in chondrocytes. However, the chondrocyte
phenotype in Ubc9.1-deficient clones was much weaker than
in nonmosaic morphant larvae, suggesting that Ubc9.1 in
addition affects chondrocyte development in a non-cell–au-
tonomous manner.

ubc9.1 Is Dispensable for the Specification and Patterning
of Pharygeal Arch and Pouch Tissues
As described in the Introduction, loss of Ubc9 function affects
anterior-posterior patterning programs during Drosophila
and C. elegans development. To study whether the observed
differential defects in the cartilaginous elements of zebrafish
ubc9.1 morphants might result from similar patterning de-
fects or from changes in the timing of cell specification
processes, we investigated the expression of specification

marker genes during different stages of arch formation. At
24 hpf, crest cells of the different streams become separated
by a layer of ectoderm and endoderm. The first markers to
reflect this pattern are dlx2 in the cranial neural crest cells
(Ellies et al., 1997), p63 in the ectoderm (Lee and Kimelman,
2002), and fgf3 in the endoderm (David et al., 2002). These
initial patterns were indistinguishable between ubc9.1 mor-
phants and control embryos (Figure 5, A and B; and not
shown). Between days 2–4 of development, crest cells dif-
ferentiate to form chondrocytes, marked by the sequential
expression of sox9a and collagen 2a1 (Chiang et al., 2001).
Similarly, the pouch endoderm initiates Zn5 expression at
day 2 (Piotrowski and Nüsslein-Volhard, 2000) and expres-
sion of pax9a (Nornes et al., 1996) at day 3. Also, at these later
stages, we could not detect any changes in the timing or
expression levels of any of these marker genes in ubc9.1
morphant embryos (Figure 5, C–F; and data not shown).
However, consistent with results obtained via alcian blue
stainings at 120 hpf (see above), the in situ hybridization
with chondrocyte-specific markers did reveal aberrant cell
morphology of chondrocytes, which was already apparent
at 72 hpf. Chondrocytes were larger than in control embryos
and showed no signs of intercalation (Figure 5, G and H).
Together, these data suggest that Ubc9.1 function is dispens-
able for patterning processes or proper chondrocyte differ-
entiation.

The Reduction of Chondrocyte Numbers in ubc9.1
Morphants Is Correlated with Reduced Cell Division
Rates
To investigate whether the reduction in chondrocyte cell
number in ubc9.1 morphants is due to reduced proliferation
or enhanced cell death of progenitor cells, we carried out
antiphosphorylated histone H3 (pH3) immunostainings and
BrdU incorporations studies, and TUNEL and acridine or-
ange stainings, respectively. To be able determine ratios of
cells in M-phase, pH3 stainings were performed in trans-
genic fish expressing membrane-bound GFP under the con-
trol of a cytoskeletal actin promoter, thereby visualizing cell
boundaries (Cooper et al., 2005). Furthermore, specimens

Figure 5. Ubc9.1 is dispensable for the specification and patterning of cranial neural crest and pharyngeal pouch cells. (A, C, E, and G) ubc9.1
5 mm MO injected embryos; (B, D, F, and H) ubc9.1 MO injected embryos. (A and B) Saggital sections through forming pharyngeal arches,
anterior to the left, dorsal to the top; embryos were stained for dlx2 mRNA, a marker for cranial neural crest cells (blue) and phosphorylated
Histone H3 (pH3) protein, a mitosis marker (brown). Morphant embryos display dlx2 expression of normal pattern and intensity. (C and D)
48 hpf, lateral view on forming pharyngeal arches. Embryos are stained for Zn5, a marker for endodermal cells of the pharyngeal pouches;
anterior to the left, dorsal to the top. Control and morphant are indistinguishable. (E–H) 72 hpf, horizontal sections at dorsal (E and F) and
ventral position (G and H) through gill arches of left half-side, anterior to the left, medial to the top. Larvae were stained for sox9a mRNA
(blue), a marker for differentiating chondrocytes (blue) and p63 protein (brown), marking the epidermal cells of the pouches. sox9a expression
is unaffected in morphants (F and H), indicating that the crest cells follow their proper differentiation program. Cell numbers are already
reduced and the remaining cells are bigger and unorganized as compared with control arches (E and G).
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were stained for the endodermal pouch marker Zn5, allow-
ing us to distinguish chondrocyte precursors of the different
gill arches. Already at 48 hpf, ubc9.1 morphants displayed a
slight reduction in the number of chondrocyte precursors
per arch, which was most prominent in the posterior gill
arches (Figure 6, A, B, and D). Furthermore, the percentage
of pH3-positive chondrocyte precursors was significantly
reduced in all gill arches of ubc9.1 morphants (Figure 6,
A–C). Similarly reduced mitosis rates in precursor cells were
found for more anterior cartilaginous elements, such as the
palatoquadrate of the first pharyngeal arch (data not shown;
see Figure 4, E and F, for reduced cell numbers), and for
other late proliferative zones displaying ubc9.1 expression,
such as the ciliary marginal zones (CMZ) of the eyes. In
accordance with the cartilaginous phenotype, the CMZs of
ubc9.1 morphants at 48 hpf consisted of fewer, but larger
cells, with a significant reduction in the proportion of re-
maining cells expressing the mitotic marker pH3 (Supple-
mentary Figure S1, C–F).

We also carried out BrdU incorporation studies to mark
chondrocyte precursors in S-phase. However, in contrast to
the measurements of cells in M-phase, no significant differ-
ence in the percentages of BrdU-positive chondrocyte or
retinal precursor cells were found between ubc9.1 mor-

phants and control siblings at 48 hpf (Figure 6, E and F; and
data not shown), suggesting that Ubc9.1 might specifically
affect mitosis (see also below and Discussion).

Some, But Not All ubc9.1 Morphant Cells with Mitosis
Defects Undergo Apoptosis
Employing TUNEL and acridine orange stainings, stronger
apoptosis in chondrocytes of the gill arches of morphant
larvae could first be detected at 96 hpf (Figure 7, E and F)
�48 h after the reduction in cell number had become appar-
ent. Strikingly, apoptosis was most prominent in posterior
gill arches, which were completely absent at 120 hpf (Figure
4B), whereas fewer or no acridine orange–positive cells at all
were detected in the anterior-most pharyngeal arches (Fig-
ure 7, C and D). During earlier stages (24–72 hpf), cell death
rates in gill arches of wild-type and morphant embryos were
indistinguishable (Figure 7, A and B; and data not shown).
In sum, these data indicate that the observed reduction in
cell numbers in cartilaginous elements of the visceral head
skeleton are largely due to reduced cell divisions, whereas
apoptosis only accounts for the loss of the remaining chon-
drocyte precursors in the posterior-most gill arches. In con-
trast, in the eyes of ubc9.1 morphant embryos, increased
apoptosis was apparent from 24 hpf onward (data not

Figure 6. Loss of zygotic Ubc9.1 function causes a reduction of cranial chondrocyte precursors in mitosis. (A and B) Single confocal
horizontal section through gill arches of �-actin:mGFP transgenic embryos (Cooper et al., 2005) at 48 hpf, injected with (A) ubc9.1 5 mm MO
or (B) ubc9.1 MO; anterior to the left. Embryos were stained for GFP outlining individual cells (green), Zn5 (red, endodermal cells of
pharyngeal pouches), and pH3 (cyan, cells in mitosis); the individual gill arches are numbered. The number of pH3-positive chondrocyte
precursors is reduced in ubc9.1 morphant (B). Note the cross-like mitotic figure in gill arch 2 in morphant, indicative for an 8n cell in anaphase.
(C and D) Quantification of the results shown in A and B, taken from cell counts of consecutive sections through gill arches 1–4 (n � 3). f,
control embryos; �, ubc9.1 morphants. (C) Percentage of pH3-positive chondrocyte precursors per arch; (D) total number of chondrocytes per
arch. Although the total number of chondrocyte precursors in individual arches is still rather normal in morphant embryos, the percentage
of pH3-positive cells is strongly reduced. Error bars, SD; asterisks, significant differences as calculated with Student’s t test. (E and F) Single
confocal horizontal section through gill arches of embryos at 50 hpf, injected with (E) ubc9.1 5 mm MO or (F) ubc9.1 MO. Embryos were pulsed
with BrdU to label S-phase cells at 48 hpf, fixed 2 h later and stained for dlx2 mRNA (E and F), marking chondrocyte precursors and for
incorporated BrdU (E� and F�). (E� and F�) Merged dlx2 and BrdU images. There are no obvious differences in the percentages of
BrdU-positive chondrocyte precursors in control and morphant embryos.
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shown and Supplementary Figure S1, C and D), preceding
the onset of defects during mitosis of retinal cells.

Loss of Ubc9.1 Function Causes an Accumulation of 4n
and 8n Cells
In light of the different effects on pH3 expression and BrdU
incorporation described above, we measured the DNA con-
tents of cells from ubc9.1 morphants and control embryos via
PI stainings and fluorescence-activated cell sorting (FACS)
analyses. Cells in G1 phase contain one copy of the diploid
chromosome set (2n), whereas during S-phase, the total
content of DNA increases gradually to the fully replicated
value of 4n.

Comparing cell populations of heads from wild-type em-
bryos at 36 and 48 hpf, we found a higher fraction of cells
with a DNA content of 2n at 48 hpf. This accumulation of 2n
cells reflects the higher percentage of differentiated postmi-
totic cells (G0-phase) in further developed embryos (Figure
8, A and E). Comparing wild-type with ubc9.1 morphant
heads, we could not detect any difference at 36 hpf (Figure 8,
A and B). However at 48 hpf, ubc9.1 morphant heads dis-
played a significant reduction in the proportion of cells with
a DNA content of 2n (75 vs. 89%), whereas the proportion of
cells with a higher DNA content was increased accordingly
(for 4n: 14 vs. 6%; Figure 8, E and F). Notably, in morphant,
but not wild-type heads, there was a small but reproducible
population of cells with a DNA content of 8n (Figure 8, E

Figure 8. Loss of zygotic Ubc9.1 function causes an accumulation
of cells with a DNA content of 4n or higher. (A–F) Representative
histograms from FACS analysis of cell suspensions prepared from
(A and B) 36 hpf heads, (C and D) 48 hpf tails, and (E and F) 48 hpf
heads of embryos injected with (A, C, and E) ubc9.1 5 mm MO or (B,
D, and F) ubc9.1 MO, stained with PI. (A and B) At 36 hpf there is
no obvious difference between control and ubc9.1 morphant heads.
The same is true for cells from tails at 48 hpf (C and D). However,
cells from heads of 48 hpf ubc9.1 morphants show an increased
population of cells with a DNA content of 4n and a population of
cells with a DNA content of 8n, which is absent in ubc9.1 5 mm
MO-injected embryos (E and F). (G) Sideward scatter (SSC) and
forward scatter (FSC) dot-plots of cells of the 2n, 4n, and 8n peak of
ubc9.1 MO head at 48 hpf, shown in F (gated populations are
indicated with brackets). Mean FSC values reflect average cell sizes.
(H and I) Confocal sagittal sections through gill arches of �-actin:
mGFP transgenic embryos at 50 hpf, injected with (H) ubc9.1 5 mm
MO or (I) ubc9.1 MO; anterior to the top. Embryos were stained for
GFP, marking cell boundaries and for DAPI, visualizing DNA in

Figure 7. Apoptosis of chondrocyte precursors is restricted to
posterior gill arches of ubc9.1 morphants and occurs much later than
the mitosis defects. (A–D) Lateral and (E and F) ventrolateral views
on the forming arches of live zebrafish at (A and B) 48 hpf and (C–F)
96 hpf; anterior to the left. Embryos were injected with (A, C, and E)
ubc9.1 5 mm MO or (B, D, and F) ubc9.1 MO and stained with
acridine orange (ao) to visualize apoptotic cells. In C and D, regions
magnified and shown in a ventrolateral view in E and F are boxed.
Individual gill arches in E and F are numbered. ubc9.1 morphants
display unaltered and low apoptosis rates in chondrocyte precur-
sors at 48 hpf. At 96 hpf, strong apoptosis only occurs in gill arches
3–5, whereas more anterior arches show low cell death levels as in
control larvae.
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and F), suggesting that 4n cells can go through another
round of DNA replication. This is consistent with the cross-
like mitotic figures seen in some of the chondrocyte precur-
sors stained with the pH3 antibody (Figure 6B). Both the
increase in the 4n cell population and the appearance of an
8n peak were specific to the head tissue. Cells prepared from
morphologically unaffected tissue like the tail (see Figure 3,
A and B), which at this time largely consists of postmitotic
cells, showed an indistinguishable cell cycle profile between
controls and morphants (Figure 8, C and D). This increase in
DNA content of cells of ubc9.1 morphant heads correlates
with an increase in cell sizes. Thus, on sideward–forward
scatter plots, cells of the 8n and 4n populations displayed 2.6
or 1.6-fold higher mean size values than the 2n population
(Figure 8G). Likewise, in situ, larger chondrocytes in the
branchial arches of ubc9.1 morphants displayed larger
DAPI-positive nuclei than normally sized chondrocytes of
control embryos (Figure 8, H and I).

Together, this suggests that ubc9.1 morphant cells display
compromised entry or completion of M-phase, whereas fur-
ther DNA replication or cell differentiation is unaffected.
Thus, only some cells undergo apoptosis, whereas others
become polyploid, grow to a larger size, and give rise to
organs of roughly normal architecture.

DISCUSSION

Protein sumoylation affects multiple cellular processes, and
the list of sumoylated proteins is continuously growing,
raising the question about the primary impact of sumoyla-
tion on the entire organism. Thus far, ubc9 loss-of-function
studies have been largely carried out in invertebrate systems
(S. cerevisiae, S. pombe, C. elegans, and D. melanogaster). Only
recently, Ubc9-deficient mice have been described. However,
because of early lethality of mutants shortly after implanta-
tion, studies had to be carried out with cultured blastocystes
(Nacerddine et al., 2005). Here, we report ubc9 loss-of-func-
tion studies in intact zebrafish embryos. In accordance with
data obtained in mouse, we show that early Ubc9 function is
necessary for cell survival during zebrafish gastrulation.
Using antisense-mediated knock down of zygotic Ubc9, we
in addition find that during organogenesis, Ubc9.1 is indis-
pensable for mitosis. However, despite failed mitosis,
ubc9.1-morphant cells can properly differentiate (progres-
sion to G1/GO phase) and, to some extent, can even reenter
S-phase, creating a cell population with a DNA content
higher than 4n.

Ubc9 Is Expressed in Proliferative Tissues
The zebrafish genome contains two ubc9 genes. Both of them
are expressed during oogenesis, and the respective mRNAs
are deposited in the eggs. However, only one of them,
ubc9.1, is zygotically expressed by the embryo itself. During
gastrula stages, it displays a ubiquitous expression, with
slightly reduced levels in the ventral ectoderm (compare
with Bakkers et al., 2005). During later development ubc9.1
expression becomes more restricted, with highest transcript
levels in the ciliary marginal zone of the eye, the ventricular
zones of the brain, and the pharyngeal pouches. All of these
domains are zones of late cell proliferation, as indicated by
the expression of various marker genes, such as pcna, vari-

ous cyclins, and DNA polymerase delta1, as well as by their
high BrdU-incorporating activity (Plaster et al., 2006). This
ubc9.1 expression pattern is in line with a role during cell
proliferation in zebrafish larvae and with functional data
obtained in other systems. Thus, Ubc9 has been implicated
in various aspects of cell cycle control like chromosome
condensation and segregation (Tanaka et al., 1999; Azuma et
al., 2003) and the regulation of cyclin stability (Seufert et al.,
1995; Dieckhoff et al., 2004), as well as in different DNA
repair mechanisms (Hardeland et al., 2002; Hoege et al., 2002;
Stelter and Ulrich, 2003).

Increased Protein Sumoylation Does Not Influence Early
Zebrafish Development
To address the in vivo relevance of Ubc9 function during
zebrafish development, we carried out both gain- and loss-
of-function studies. For gain-of-function studies, ubc9.1
mRNA was injected into one-cell stage embryos. Consistent
with the reported function of Ubc9 as an E2 Sumo-conjugat-
ing enzyme, injected embryos displayed a significant in-
crease in protein sumoylation, suggesting that the endoge-
nous level of Ubc9 protein is the rate-limiting factor
determining the degree of protein sumoylation. However,
despite protein hyper-sumoylation, injected embryos
showed unaltered morphology and normal apoptosis rates.
This suggests that embryos can tolerate increased steady
state levels of sumoylated proteins. Similar data were ob-
tained in mouse, where loss of the desumoylating enzyme
SENP1 leads to placental abnormalities, whereas fetal devel-
opment itself is normal, despite overall increased Sumo
conjugation (Yamaguchi et al., 2005).

The Stability of Ubc9 Protein and the Kinetics of
Phenotype Development in Antisense-treated Zebrafish
Embryos
In contrast to the gain-of-function studies, striking defects
during zebrafish development were obtained upon loss of
Ubc9 function and protein hypo-sumoylation. Our analyses
indicate that there are three different kinds of Ubc9 gene
products present during early stages of zebrafish develop-
ment: maternally contributed Ubc9 protein, maternally sup-
plied ubc9 mRNA, and zygotic ubc9.1 transcripts, which start
to be made by the embryo after midblastula transition, �3 h
after fertilization (Kane and Kimmel, 1993). Two different
approaches were taken to block Ubc9 function. To inactivate
Ubc9 protein from all three sources, we injected mRNA
encoding a dominant negative version of Ubc9. This treat-
ment leads to a significant reduction, but not complete loss
of protein sumoylation at late gastrula stages (10 hpf), there-
fore most likely creating a hypomorphic, rather than an
amorphic situation. As a second approach, we injected an-
tisense morpholino oligonucleotides, which specifically
block the translation of maternally supplied and zygotic
ubc9 mRNAs, while not affecting maternally supplied Ubc9
protein. Our Western blot analyses show that under these
conditions, considerable amounts of Ubc9 protein were still
present until 24 hpf, whereas embryos were completely
devoid of Ubc9 protein at 48 hpf and later developmental
stages. This observation is consistent with data gathered
from the phenotypic analysis of morphant embryos, which
first develop defects around 48 hpf, indicating that maternal
Ubc9 protein is sufficient to compensate for the loss of zy-
gotic Ubc9 protein during earlier stages of development. The
high stability of maternal Ubc9 protein is consistent with
data obtained for other maternally supplied zebrafish pro-
teins (Ryu et al., 2005; Plaster et al., 2006). In addition, it is
consistent with data obtained for Ubc9 in a chick cell line

Figure 8 (cont). nuclei. The red line marks a single branchial arch.
ubc9.1 morphant arches contain enlarged cells with enlarged nuclei
(arrow) or abnormal mitotic figures (arrowhead).
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(Hayashi et al., 2002), where Ubc9 protein was still detectable
2 d after gene inactivation, and sumoylated proteins could
even be seen for 1 additional day (Hayashi et al., 2002).

However, we want to point out that our Ubc9 Western
blot analyses were done with extracts from whole embryos,
although there might be differences among different tissues,
consistent with the different kinetics of phenotype develop-
ment. In ubc9.1 morphant embryos, apoptosis in the eyes is
already apparent at 24 hpf (Supplementary Figure S1; and
unpublished observations), whereas apoptosis in cranial car-
tilage, if at all, is not observed before 96 hpf. These different
response times of different cell types can have various rea-
sons. They could result from differences in the stability of
Ubc9 protein and/or sumoylated proteins in the different
cell types, for instance, as a consequence of different prolif-
eration rates. Strongly proliferating tissues should have a
higher turnover of sumoylated proteins, because sumoyla-
tion can be subject to cell cycle control (Azuma et al., 2003;
Dieckhoff et al., 2004). In addition, because proliferation is
linked to tissue growth, the cellular concentration of mater-
nal Ubc9 should drop faster in tissues with high prolifera-
tion rates. Along these lines, cartilage-forming neural crest
population cells start to proliferate rather late in comparison
to retinal cells of the eyes. Alternatively or in addition,
different cell types may require different concentrations of
Ubc9 protein. Along these lines, the progressively dropping
levels of maternal Ubc9 protein would first affect cells that
require highest Ubc9 levels (as in the eyes), whereas other
cell types would only be affected much later (as in the
cartilage), or not at all (as in tissues largely consisting of
postmitotic cells).

Loss of Ubc9 Leads to Compromised Mitosis and Cellular
Overgrowth
Knockout studies in mouse have revealed multiple roles of
Ubc9 required for proper nuclear function in proliferating
cells of the early embryo, such as regulation of overall nu-
clear organization, chromosome segregation, and nucleo-
cytoplasmic transport (Kuehn, 2005; Nacerddine et al., 2005).
In comparison, chondrocyte precursors in ubc9.1 morphants
appear to have rather specific defects. They are reduced in
number and grow to a larger cellular size, but differentiate
normally (Figure 4). The primary reason for the reduced cell
number most likely is compromised or blocked mitosis. At
48 hpf, when the number of chondrocyte precursors in
ubc9.1 morphants is still quite normal, they display a signif-
icant reduction in the proportion of cells positive for the
M-phase marker pH3 (Figure 6). In contrast, the proportion
of cells incorporating BrdU is normal. The same is true for
the ciliary marginal zone of the retina, another investigated
late proliferative tissue (Supplementary Figure S1). Consis-
tently, our FACS analyses revealed a significant increase in
the number of cells with a DNA content of 4n. Strikingly, we
also observed a small population of cells with a DNA con-
tent of 8n, suggesting that failed mitosis does not prevent
cells from undergoing a further round of DNA replication.
This is consistent with the mitotic figures observed for some
chondrocyte precursors of ubc9.1 morphant embryos (Fig-
ures 6B and 8I). The shape of the mitotic figures further
indicates that blockage in mitosis occurs during anaphase,
when chromatids separate (compare with Figure 4G in
Nacerddine et al., 2005). Interestingly, in Drosophila embryos,
Rca1, an inhibitor of the anaphase-promoting complex
(APC), has been shown to be required for entry into mitosis.
Loss of Rca1 leads to cells with larger nuclei and increased
DNA content (Grosskortenhaus and Sprenger, 2002), as de-
scribed here for ubc9.1 morphants, making APC components

or regulators good candidates for Ubc9 targets mediating its
effect during mitosis control. Another good candidate is
topoisomerase II, which in Xenopus egg extracts has been
shown to be sumoylated, while treatment with dominant
negative Ubc9 leads to persistent association of topoisomer-
ase with mitotic chromosomes and to a blockage of sister
chromatid separation at the metaphase-anaphase transition
(Azuma et al., 2003).

A similar continuation of DNA replication in the absence
of mitotic divisions also occurs naturally in animal and plant
cells that follow an endoreplication program (Edgar and
Orr-Weaver, 2001). One example are the polytene salivary
gland cells of D. melanogaster. Also in this case, cell size is
correlated with ploidy, and salivary gland cells remain
smaller when endoreplication is inhibited (Follette et al.,
1998; Weiss et al., 1998). Here we show that ubc9.1 morphant
cells with a DNA content of 8n are larger in size than 2n and
4n cells (Figure 8, G–I), suggesting a similar direct correla-
tion between cell size and ploidy. In addition, increased cell
size might be due to alterations in external signals that
dictate growth rates independently of cell cycle progression.
It has previously been shown in cell culture systems that
growth factor stimulation can lead to cell growth (volume
increase), whereas cell cycle progression is blocked (Conlon
et al., 2001; Dolznig et al., 2004). A scenario like this might
explain the results obtained in our chimerae analyses, where
ubc9.1 morphant chondrocytes showed a less pronounced
size phenotype when exposed to a wild-type environment.

Importantly, despite the blockage of mitosis, ubc9.1 mor-
phant chondrocyte precursors of the anterior pharyngeal
arches were viable and underwent normal differentiation.
Recently, it has been shown that the activity of Sox9, a key
regulator of chondrocyte differentiation in all vertebrates,
including zebrafish (Yan et al., 2002), is regulated by sumoy-
lation (Taylor and LaBonne, 2005). However, the net effect of
such Sox9 sumoylation seems to be tissue-dependent. In the
neural crest, from which chondrocytes derive, Sox9 sumoy-
lation was found to be dispensable for its specification-
promoting activity, consistent with our findings that chon-
drocyte differentiation is not compromised in ubc9.1
morphants.

Together, our data suggest that in anterior chondrocytes,
the primary function of Ubc9 is concerned with the regula-
tion of mitosis and cellular growth, whereas other roles of
Ubc9, such as the regulation of nuclear architecture, nucleo-
cytoplasmic transport and the regulation of transcription
factors are less essential. Alternatively, these other processes
might require lower concentrations of Ubc9 protein, so that
residual maternal protein is sufficient to take care of these
functions (see also above). Also, it has to be pointed out that
such anterior chondrocyte precursors blocked in mitosis
would most likely have differentiated after one or two ad-
ditional cell cycles. Thus, they were caught by loss of Ubc9
function in a rather advanced developmental state.

Ubc9 Is Required for Tissue-specific Cell Viability
In addition to the mitosis defects discussed above, ubc9.1
morphant zebrafish display apoptosis in the eyes (Supple-
mentary Figure S1) and the posterior pharyngeal arches
(Figure 7). In the case of the eyes, apoptosis coincides with or
even precedes detectable defects in mitosis, whereas in the
posterior arches, it could only be detected 48 h after the
mitosis defects. Also, we obtained widespread apoptosis
when blocking Ubc9 function in early embryos via injection
of mRNA encoding a dominant negative version of Ubc9
(Figure 2). The unlinked onsets of mitosis defects versus
apoptosis in different cell types or regions of ubc9.1 mor-
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phants suggests that cell death occurs independently of
compromised mitosis, a notion further supported by the
viability of tetraploid zebrafish, which can be generated by
blocking the second meiotic division shortly after egg fertil-
ization (Streisinger et al., 1981).

We can only speculate about the reasons for the apoptosis
in ubc9.1 morphant zebrafish. Sumoylation has previously
been reported to negatively regulate Fas and TNF receptor
1–activated apoptosis (Okura et al., 1996). During normal eye
morphogenesis, a subset of retinal cells undergoes pro-
grammed cell death (Cole and Ross, 2001). In this light, the
even higher death rate in ubc9.1 morphants might be due to
a higher sensitivity of retinal cells to such endogenous death
signals. In chondrocytes, apoptosis during normal develop-
ment is less prominent (Cole and Ross, 2001), suggesting
that the death of posterior arch chondrocytes seen in mor-
phant larvae might have other reasons. Comparably late
apoptosis is only observed much later than the defects dur-
ing cell cycle progression, suggesting that here cell viability
might dependent on another function of Ubc9. Comparably
late apoptosis is also seen in Ubc9-deficient chick cell line
where cell death coincides with the loss of sumoylated Ran-
GAP1, a factor needed for nuclear import of proteins
(Hayashi et al., 2002). Similarly, in Ubc9 knock out mice,
mislocalization of RanGAP1 and loss of nuclear integrity
were proposed to be likely reasons for the observed cell
death (Nacerddine et al., 2005). Thus, a similar scenario
could underlie the late cell death observed in posterior chon-
drocytes of ubc9.1 morphants. However, clearly, this only
affects late differentiating cells, whereas cells of the same
type that differentiate slightly earlier are viable, displaying
mitosis defects only, thereby highlighting the pivotal role of
Ubc9 during mitosis and chromatid separation.
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