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Introduction

Genetic redundancy describes the phenomenon in which the

combined inactivation of two distinct genes produces a phenotype

that is not observed in either single mutant. One of the current

challenges facing geneticists and developmental biologists alike is

to understand the underlying bases of genetic redundancy at the

molecular level. This may in many cases prove to be a difficult

undertaking given the complexity of regulatory networks and the

many difficulties associated with establishing clear connections

between seemingly disparate genes. Nonetheless, redundancy is an

issue of great biological importance, as evidenced in C. elegans,

where most genes fail to show obvious or highly penetrant

phenotypes following inhibition or inactivation [1–3].

To date, the most intensively studied case of genetic redundancy

in C. elegans involves the Synthetic Multivulval (SynMuv) genes (for

a review, see [4]. The SynMuv genes can in most cases be divided

into two principal non-overlapping groups, termed class A and

class B [5]. Inhibition of individual class A or class B genes does

not typically alter normal patterns of vulval cell induction in

hermaphrodites. In contrast, the combined loss in activity of any

class A–class B gene pair leads to the ectopic induction of vulval

tissue (the Muv phenotype). In addition, a class C group of

SynMuv genes has recently been identified; mutations in class C

genes are synthetic with mutations in both class A and class B

SynMuv genes [6].

Extensive work has shed considerable light on the role of

SynMuv genes in vulval development. Namely, most class A and B

genes act within the hypodermis, a multi-nucleate epidermal tissue

that lies adjacent to the developing vulval precursor cells (VPCs),

where they redundantly inhibit the expression of the EGF-like

ligand, LIN-3 [7]. Secreted LIN-3 induces vulval cell development

through activation of a conserved EGFR–Ras–Map kinase

pathway in the VPCs [8]. Thus, in the absence of both class A

and class B SynMuv activity, abnormally high levels of LIN-3,

secreted by the hypodermis, leads to the hyperinduction of vulval

cell fates.

Based on studies in C. elegans, Drosophila, and mammals, the large

majority of proteins encoded by the class B SynMuv gene family

function within a conserved set of structurally related transcrip-

tional repressor complexes that include DRM (Dp, Rb and MuvB)

and NuRD (nucleosome remodeling and histone deacetylase;
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would expect to see some suppression of pha-1(ts) temperature

sensitivity. As shown in Table 2, overexpression of pha-1(ts)

efficiently rescued defects associated with genomic pha-1(ts) loss of

function, indicating that, at 25uC, pha-1(e2123ts) does not behave

as a null allele.

Given the absence of a well-characterized null allele of pha-1, we

decided to make use of a regional deficiency on chromosome III,

tDf2, which removes both the pha-1 and sup-35 loci, as well as 46–

72 additional genes (Figure 3A). Previous analysis, along with our

current work, indicates that homozygous tDf2/tDf2 mutants arrest

as embryos that display a phenotype closely resembling pha-1

strong loss-of-function mutations, suggesting that pha-1 may be the

earliest-acting zygotic gene within the region deleted by the

deficiency [31]. If so, then the apparent lack of suppression

observed in tDf2/tDf2 embryos, where both sup-35 and pha-1 are

deleted, would suggest that loss of sup-35 cannot suppress the pha-1

null phenotype. Alternatively, another early-acting gene within the

deficiency, one that is not suppressed by loss of sup-35, could be

responsible for the pha-1-like phenotype observed in tDf2/tDf2

homozygotes.

To distinguish between these two possibilities, we introduced an

extrachromosomal array containing wild-type copies of pha-1 into

a balanced strain that carries the tDf2 deficiency (tDf2/qC1 dpy-19

glp-1). In the absence of any array, this strain segregates ,25%

Figure 1. sup-35 genomic locus. (A) Genomic organization ofsup-35showing the locations of the two N-terminal C2H2-type Zn-finger domains
and the C-terminal RMD-like domain.sup-35alleles that contain point mutations or single nucleotide insertions or deletions are indicated by bold
arrows. The large deletion alleles are represented by a gap in the gene structure; dotted lines indicate the approximate position of the deletion
breakpoints as determined by PCR. The consortium generatedtm1810 deletion allele is indicated by the black bracket.tm1810 deletes 741
nucleotides and leads to translational termination following amino acid 62. (B) Peptide sequence alignment showing the similarity of SUP-35 to RMD-
2 and RMD-1. Consensus amino acids are indicated by white letters with black backgrounds, identical residues by white letters with dark-gray
backgrounds, and similar residues by black letters with light-gray backgrounds. Overall, SUP-35 is 37% identical to RMD-2 and 19% identical to RMD-
1. RMD-2 and RMD-1 are 30% identical.
doi:10.1371/journal.pgen.1000510.g001
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tDf2/tDf2 progeny that arrest as dead embryos with morphological

defects similar to those observed for pha-1(ts) mutants at 25uC
(Figure 3B). Strikingly, in the presence of pha-1 rescuing arrays, we

observed a substantial decrease in the frequency of embryonic

lethality (Figure 3B). This effect was observed using multiple

independently generated arrays, with the extent of embryonic

rescue corresponding closely to the transmission frequencies of the

individual arrays (Figure 3B and data not shown). Furthermore,

we observed a proportional increase in the percentage of array-

positive larval-lethal animals (Figure 3B), indicating that some

other gene within the deficiency is required for progression

through larval development. Taken together, these results

demonstrate that pha-1 is the earliest-acting zygotic gene within

tDf2 and, most importantly, that loss of sup-35 cannot suppress the

pha-1 null genotype. These findings are also consistent with the

observation that sup-35 pha-1(e2123)/tDf2 animals, which carry

only a single copy of the pha-1 hypomorphic allele, display much

weaker suppression than that of sup-35 pha-1(e2123) animals,

which retain two copies of this allele (data not shown; [31].

As an additional test, we made use of two recently generated

deletion alleles of pha-1 (tm3671 and tm3569; gift of National

Bioresource Project). tm3671 is a 203-bp deletion that removes

part of the second exon of pha-1, creating a premature stop codon

after 30 amino acids and is a presumed null allele. tm3569 contains

an in-frame 568-bp deletion extending from exon 2 through exon

4, which removes 149 amino acids of PHA-1 (isoform

Y48A6C.5a). Both pha-1(tm3671)/+ and pha-1(tm3569)/+ hetero-

zygous hermaphrodites produce ,25% embryonic-lethal F1

Figure 2. SUP-35::GFP expression. (A–D) DIC (A,C) and corresponding GFP (B,D) images of SUP-35::GFP (fdEx57) expression in embryos. The SUP-
35::GFP reporter encodes a full-length functional fusion protein that is expressed under the control of the nativesup-35promoter. Prior to overt
morphogenesis (A,B), SUP-35::GFP expression is predominantly cytoplasmic. After the initiation of body morphogenesis, SUP-35::GFP becomes
enriched in nuclei (C,D). The developing primordial pharynx is outlined by dashed lines in C and D. The embryos depicted are homozygous for a
mutation in sup-36(e2217)identical results were obtained using an independently generated array (fdEx58). Identical results were also obtained using
analogous arrays in thesup-37(e2215)background. Anterior is to the left. Scale bar in A, 10mm for A–D.
doi:10.1371/journal.pgen.1000510.g002

Table 2. pha-1(e2123ts)retains partial activity at non-permissive temperatures.

Genotype Total Embryos % Embryonic lethality at 25 uCa % Larval lethality at 25 uCa

pha-1(e2123ts) 384 94.2 5.7

pha-1(e2123ts); fdEx51 128 (GFP+) 0 0

199 (GFP2) 94.9 5.0

pha-1(e2123ts); fdEx53 141 (GFP+) 0 0

255 (GFP2) 94.5 5.4

The independently derived extrachromosomal arraysfdEx51and fdEx53carry multiple copies of thepha-1(e2123ts)allele in addition to the sur-5::GFP marker.
aBoth embryonic- and larval-lethal animals exhibited the Pun phenotype.
doi:10.1371/journal.pgen.1000510.t002
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progeny that phenocopy pha-1(ts) embryos (at 25uC). Consistent

with our deficiency analysis, growth of pha-1(tm3671)/+ and pha-

1(tm3569)/+ heterozygotes on sup-35(RNAi) failed to decrease the

percentage of embryonic-arrested progeny, further indicating that

reduction of sup-35 activity cannot suppress complete loss of

function of pha-1 (data not shown). In contrast, sup-35(RNAi)

efficiently suppressed the lethality of pha-1(ts) mutants (at 25uC), as

well as all tested synthetic phenotypes (Table 1).

SUP-35 is a transcriptional repressor ofpha-1
Given that loss of sup-35 cannot suppress the pha-1 null

genotype, we hypothesized that SUP-35 may function as a

negative upstream regulator of pha-1. Furthermore, because SUP-

35 contains C2H2-type Zn fingers that are critical for its activity

(Figure 1A), we reasoned that SUP-35 may mediate repression of

pha-1 at the level of transcription (Figure 4A). Consistent with this,

qRT-PCR experiments revealed embryonic pha-1 mRNA levels to

be 2- to 4-fold more abundant in sup-35(tm1810) mutants as

compared with wild type using two independent internal

normalization controls (Figure 4B). An even greater increase in

pha-1 mRNA levels was observed in embryos from sup-35(e2223)

pha-1(ts) double mutants relative to pha-1(ts) single mutants

(Figure 4C). This latter result is significant in that pha-1 mRNA

levels were assessed in a genetic background in which PHA-1

activity is compromised. The observed difference in the degree to

which pha-1 is upregulated in these strains could reflect a

heightened sensitivity to SUP-35 levels in the pha-1 mutant

background or could be due to differences between the two sup-35

alleles used in these studies.

As a second test, we made use of a previously described strain that

expresses a functional full-length PHA-1::GFP fusion protein [29].

Because this fusion protein is regulated by sequences derived from

the native pha-1 promoter, its expression should be sensitive to

alterations in the activities of endogenous transcriptional regulators.

Consistent with data obtained from qRT-PCR, PHA-1::GFP was

upregulated at least 2-fold in sup-35(tm1810) mutants relative to

wild-type embryos (Figure 4D and 4F–4I; Figure S1). These findings

also indicate that changes in pha-1 mRNA levels lead to

corresponding changes in the abundance of PHA-1 protein.

The above results indicate that SUP-35 may negatively regulate

pha-1 at the level of transcription or mRNA stability. To

distinguish between these possibilities, we assayed expression levels

of a Ppha-1::GFP reporter [29] in wild-type and sup-35 mutants.

Because this construct contains only the 59 upstream regulatory

region of pha-1, effects on mRNA stability through the pha-1

39UTR should not be observed. Using this reporter, we observed

that Ppha-1::GFP is upregulated ,3-fold in sup-35 mutants versus

wild-type embryos (Figure 4E; Figure S1). Taken together, these

Figure 3. Analysis of a chromosomal deficiency that removes both sup-35 and pha-1. (A) Genetic map showing extent of thetDf2deficiency.
Although the precise molecular endpoints are unknown,tDf2minimally extends fromvab-7to spe-16but does not encompassdpy-28anddpy-18. Based
on an analysis of genes within the region,tDf2 leads to the deletion of 48 to 74 genes, includingsup-35and pha-1. (B) Percentage of embryonic- and
larval-lethal F1 animals observed for each of the indicated parental genotypes.tDf2/qC1 dpy-19 glp-1is a balanced strain that segregates 25%tDf2/tDf2
homozygous progeny.fdEx77andfdEx75are independently generated extrachromosomal arrays that express wild-typepha-1and thesur-5::GFP marker.
Note that strains carrying thepha-1-rescuing arrays display a pronounced reduction in the frequency of embryonic lethality along with a concomitant
increase in larval lethality. Furthermore, the decrease in embryonic lethality is proportional to the transmission frequencies of the individual arrays;
fdEx77and fdEx75exhibit transmission frequencies of 50% (n = 140) and 39% (n = 182), respectively. In addition, for parental strains harboring either the
fdEx77or fdEx75arrays,.80% of the observed larval-lethal F1 progeny expressed GFP. Emb, embryos; Lvl, L1 larvae.
doi:10.1371/journal.pgen.1000510.g003
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Figure 4. SUP-35 negatively regulates pha-1. (A) Testable model for the regulation of PHA-1 by SUP-35. (B,C) Quantification of endogenouspha-
1 mRNA levels in embryos by qRT-PCR insup-35(tm1810)single mutants (B) orsup-35(e2223) pha-1(e2123double mutants (C) usingact-1(black bar)
and ama-1(gray bar) as loading controls. Fold changes were obtained after normalizing to wild type (B) orpha-1(e2123)single mutants (C). Error bars
represent s.e.m. Means of the indicated groups were analyzed for significance using a two-tailed Student’st-test (*p,0.0). Quantification of PHA-
1::GFP (D) and Ppha-1::GFP (E) fluorescence in wild-type andsup-35(tm1810)mutants. The average mean GFP intensity for each genotype was analyzed
for significance using a two-tailed Student’s t-test (*p,0.0001). (F–I) Representative GFP (F,H) and corresponding DIC (G,I) images of PHA-1::GFP
expression in wild type (F,G) andsup-35(tm1810)mutants (H,I). Digital camera exposure times were identical for all embryos assayed. Mean GFP
intensities were determined as described in Materials and Methods. Scale bar in F, 10mm for F–I.
doi:10.1371/journal.pgen.1000510.g004
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decrease in L1-larval pharyngeal defects and a corresponding

increase in the frequency of fertile adults (Figure 8C).

Discussion

Identification and characterization of SUP-35
We report here the molecular identification and analysis of

SUP-35. We provide evidence that loss of sup-35 activity

specifically suppresses the embryonic- and larval-lethal phenotypes

of pha-1 hypomorphic alleles. Additionally, loss of sup-35 activity

efficiently suppressed the synthetic lethal phenotypes of lin-35; pha-

1 and lin-35; ubc-18 double mutants, as well as a number of related

genotypes. sup-35 is predicted to encode a C2H2-type Zn-finger

protein, consistent with a role in transcriptional regulation

(Figure 1), although other functional activities associated with Zn

fingers domains are possible. Based on sequence similarity, SUP-

35 is also a new member of the RMD family of proteins, several of

which have been shown to associate with microtubules [32].

During early embryonic development, a functional SUP-35::GFP

protein was expressed predominantly in the cytoplasm of most or

all cells. Notably, at the onset of morphogenesis, SUP-35::GFP

expression became enriched in pharyngeal nuclei (Figure 2). How

this dynamic pattern of expression, as well as a potential

association with microtubules, may contribute to the functions

and regulation of SUP-35 is currently unclear. Further studies of

SUP-35, as well as the additional suppressors SUP-36 and SUP-

37, should shed light on these facets of SUP-35 regulation.

A model for the redundant regulation of PHA-1
In previous work, we have shown that LIN-35, a transcriptional

repressor, and UBC-18–ARI-1, an E2-E3 ubiquitin ligase

complex, redundantly regulate pharyngeal morphogenesis

[21,34]. In addition, mutations in lin-35, ubc-18, and ari-1 strongly

enhance the pharyngeal morphogenetic defects of partial loss-of-

function mutations in pha-1 [29,34]. In our current study, we

provide both molecular and genetic evidence that LIN-35 and

UBC-18–ARI-1 function as negative regulators of SUP-35, which

in turn functions as a transcriptional repressor of pha-1. Thus, in

our model, both LIN-35 and UBC-18–ARI-1 are positive, albeit

indirect, regulators of PHA-1 through the inhibition of SUP-35

(Figure 9).

Evidence to support this model includes the findings that pha-1

overexpression efficiently rescued the synthetic lethality of lin-35;

ubc-18 double mutants and that the suppression observed in lin-35;

ubc-18 sup-35 triple mutants was reversed by pha-1(RNAi).

Furthermore, sup-35 overexpression in a wild-type background

phenocopied pha-1 loss of function (Figure 5). Consistent with the

genetic data, qRT-PCR and GFP reporters indicate that sup-35

mRNA and protein levels were upregulated in embryos where lin-

35 activity had been compromised, whereas ubc-18 and ari-1

specifically affected SUP-35 protein levels (Figure 6). Additionally,

endogenous pha-1 mRNA levels were decreased in lin-35 and ubc-

18 mutants, whereas pha-1 mRNA and protein levels were

increased in sup-35 mutants (Figure 6, Figure 7). This model

accounts for both the synthetic lethality of lin-35; ubc-18 double

mutants as well as the genetic interactions observed between pha-1

and lin-35, ubc-18, and ari-1, as pha-1 hypomorphic mutations

would be expected to be hypersensitive to conditions that further

reduce pha-1 mRNA levels.

An additional prediction of this model is that strong loss-of-

function pha-1 mutants should minimally phenocopy the defects

observed in lin-35; ubc-18 and lin-35; pha-1 mutants. Specifically,

lin-35; ubc-18 and lin-35; pha-1 mutants show early-stage defects in

the re-orientation of anterior epithelial cells within the pharyngeal

primordium [21,29]. Surprisingly, however, we had previously

failed to observe re-orientation defects in pha-1(ts) embryos grown

at 25uC [29], even though these mutants show severe pharyngeal

morphogenesis defects at later stages [29,30]. We have subse-

quently repeated these experiments and, consistent with our earlier

study, find little or no evidence for early-stage morphogenesis

defects in pha-1(ts) embryos grown at the non-permissive

temperature on either NGM or vector-RNAi control plates (data

Figure 6. Regulation of sup-35 and pha-1 by LIN-35. (A) Testable model for the regulation of SUP-35 and PHA-1 by LIN-35. (B) Quantification of
endogenoussup-35and pha-1mRNA levels in embryos by qRT-PCR inlin-35mutants usingact-1as an internal normalization control. Fold changes
were obtained after normalizing to N2. Note that consistent withsup-35mRNA upregulation in lin-35 mutants, pha-1 mRNA is significantly
downregulated. (C) Quantification of SUP-35::GFP protein levels in embryos following RNAi inhibition oflin-35(also see Figure S1). Animals assayed
were of genotype pha-1(e2123); sup-36(e2217); fdEx57(SUP-35::GFP) embryos of the genotypepha-1(e2123); sup-37(e2215); fdEx63(SUP-35::GFP
showed similar trends (data not shown). Error bars represent s.e.m. The means of the indicated groups were analyzed for significance using a two-
tailed Student’s t-test. *p,0.05 and **p,0.0001.
doi:10.1371/journal.pgen.1000510.g006
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not shown). In contrast, pha-1(ts) mutants grown at 16uC on pha-

1(RNAi) plates did display early-stage pharyngeal morphogenesis

defects, demonstrating that a specific reduction in pha-1 activity

can phenocopy the early-stage defects observed in the synthetic

mutants (data not shown). Moreover, the frequency and severity of

pha-1(ts); pha-1(RNAi) morphogenesis defects were similar to those

observed for pha-1(ts); lin-35(RNAi) and pha-1(ts); ubc-18(RNAi)

embryos grown at 16uC (data not shown). These observations

indicate that early-stage defects in pha-1(ts) mutants are suppressed

by growth at 25uC, suggesting an effect of temperature on the

underlying process of cell re-orientation. Most importantly, these

findings are internally consistent with our model, in which PHA-1

levels are positively regulated by LIN-35 and UBC-18 through the

inhibition of SUP-35 (Figure 9).

Our observation that mutations in sup-36 and sup-37 abolish

SUP-35-mediated toxicity indicate that sup-36 and sup-37 act

genetically downstream of SUP-35. Thus, SUP-36 and SUP-37

may potentially function downstream of SUP-35 in a linear

pathway to control pha-1 expression. Alternatively, SUP-36 and

SUP-37 may act in a complex with SUP-35, or in a parallel

pathway that is required for SUP-35 activation (Figure 9).

We also find that inhibition of hcf-1 by RNAi leads to a partial,

though significant, suppression of larval arrest in lin-35; ubc-18 and

lin-35; pha-1 mutants as well as the substantive suppression of both

the L1 arrest and Pun (Pharynx unattached) phenotypes of pha-

1(ts) mutants at 20uC. This genetic suppression correlates well with

the observed decrease in sup-35 mRNA levels in lin-35; hcf-1(RNAi)

embryos. These results are consistent with our current model as

Figure 7. Regulation of sup-35 and pha-1 by UBC-18–ARI-1. (A) Testable model for the regulation of SUP-35 and PHA-1 by UBC-18–ARI-1. (B)
Quantification ofsup-35and pha-1endogenous mRNA levels in embryos by qRT-PCR inubc-18(ku354mutants usingact-1as an internal normalization
control. Fold changes were obtained after normalizing to N2. Note that althoughpha-1mRNA was significantly decreased inubc-18mutants,sup-35
mRNA levels were unaffected. (C) Quantification of SUP-35::GFP protein levels in embryos following RNAi inhibition ofubc-18and ari-1 (also see
Figure S1). Note that SUP-35::GFP protein levels were substantially increased following inhibition ofubc-18and ari-1. Animals assayed were of
genotype pha-1(e2123); sup-36(e2217); fdEx57(SUP-35::GFP) embryos of the genotypepha-1(e2123); sup-37(e2215); fdEx63(SUP-35::GFPshowed similar
trends (data not shown). Error bars (B and C) represent s.e.m. The means of the indicated groups were analyzed for significance using a two-tailed
Student’s t-test (*p,0.05 and **p,0.000). (D) SUP-35::GFP was immunoprecipitated from whole worm lysates of strain WY518 using polyclonal anti-
GFP antibodies. The immunoprecipitates were analyzed by western blot using monoclonal antibodies to either GFP or ubiquitin. Lysates from Jurkat
cells grown in the presence of the proteosomal inhibitor LLnL were used as a positive control for ubiquitinated products and as a negative control for
GFP. The expected size of the non-ubiquitinated SUP-35::GFP fusion protein is,68 kDa.
doi:10.1371/journal.pgen.1000510.g007
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well as previously published findings on mammalian HCF-1

[29,44], and append our model with the addition of a

phylogenetically-conserved component of the E2F network

(Figure 9). Our finding also indicates that additional novel

suppressors may be identified through the use of sensitized strains.

Elucidating the mechanistic bases of synthetic genetic interac-

tions will continue to be a major challenge for the field of

developmental genetics. These types of interactions will also likely

be critical to our understanding of complex disease traits in

humans. For example, a recent commentary in the New England

Journal of Medicine states that ‘‘many, rather than few, variant

risk alleles are responsible for the majority of the inherited risk of

each common disease’’ [45].

Our current analysis provides a straightforward model to

account for the genetic redundancies observed in an additional

case study. Although understanding different sets of genetic

Figure 8. Regulation of sup-35 by HCF-1. (A) Testable model for the regulation ofsup-35by hcf-1. (B) Quantification of endogenoussup-35mRNA
levels by qRT-PCR inlin-35and lin-35; hcf-1(RNAi)embryos usingact-1as an internal normalization control. Note thatsup-35mRNA levels drop,2
fold in hcf-1(RNAi)-treatedlin-35mutants as compared with vector RNAi-treatedlin-35single mutants. Fold changes were obtained after normalizing
to N2. Error bars represent s.e.m and significance was calculated using a two-tailed Student’s t-test (*p,0.05). (C) Suppression of larval arrest inpha-
1(ts)and synthetic mutants byhcf-1(RNAi).hcf-1(RNAi)effectively increases the frequency of fertile adults by suppressing the larval lethality oflin-
35;pha-1and lin-35;ubc-18double mutants. Similar results were also observed forpha-1(ts)at the intermediate temperature of 20uC, but not at 25uC.
(D)hcf-1(RNAi) strongly suppresses the Pun (Pharynxunattached) inpha-1(ts)mutants at 20uC, but not 25uC. These results were also duplicated using
RNAi injection to target a different region of thehcf-1 transcript (Materials and Methods and data not shown).
doi:10.1371/journal.pgen.1000510.g008
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interactions will undoubtedly require unique solutions, we contend

that certain patterns of redundancy are likely to emerge. In this

case, we have shown that a redundancy between a transcriptional

regulator, LIN-35, and a mediator of protein stability, UBC-18–

ARI-1 can be explained through the negative regulation of a

common target, SUP-35. Similarly, we have previously shown that

LIN-35 and FZR-1, a substrate-specificity component of the APC

(anaphase-promoting complex) E3 ligase, mutually inhibit the

expression levels of G1 cyclins [14]. Thus, a potential theme to

emerge from our studies is the redundant control of common

targets through distinct mechanisms of negative regulation.

Additional studies into synthetic phenotypes in C. elegans and

other systems should further elucidate general themes that may

govern genetic redundancy.

Materials and Methods

Strains and maintenance
C. elegans were maintained using standard procedures [46].

Strains used in our analysis include GE24 [pha-1(e2123)], GE348

[dpy-18 sup-35(e2223) pha-1(e2123)], WY83 [lin-35; ubc-18;

kuEx119(lin-35+; sur-5::GFP], WY119 [lin-35; pha-1(fd1); kuEx119],

sup-35(tm1810), WY477 [dpy-18 pha-1(e2123); ari-1(tm2549)],

WY482 [sup-35(tm1810); SM469 (PHA-1::GFP; pRF4 rol-6gf)],

WY527–528, [lin-35;ubc-18; kuEx119; fdEx72–73 (pBX;rol-

6(su1006gf))], WY529–530 [lin-35; ubc-18; fdEx72–73] GE2158

[tDf2/qC1 dpy-19(e1259) glp-1(q339)], WY539–542 [unc-13 lin-35;

dpy-17 ubc-18 sup-35(tm1810)], GE348 [dpy-18 sup-35(e2223) pha-

1(e2123ts)], GE551 [vab-7(e1562) sup-35(t1013) pha-1(e2123ts)],

GE552 [vab-7(e1562) sup-35(t1014) pha-1(e2123ts)], GE913 [vab-

7(e1562) sup-35(t1016) pha-1(e2123ts)], GE914 [vab-7(e1562) sup-

35(t1015) pha-1(e2123ts)], GE915 [vab-7(e1562) sup-35(t1017) pha-

1(e2123ts)], and WY453–466 [sup-35 (fd33–46) pha-1(e2123ts)].

SM35 [PHA-1::GFP], SM36 [Ppha-1::GFP].

To analyze SUP-35 overexpression and toxicity, the following

strains were generated using either a sup-35 genomic fragment or a

cloned sup-35:GFP construct: WY512–513 [pha-1(e2123ts); sup-

36(e2217); fdEx57–58 (sup-35::GFP; rol-6)], WY514–517 [pha-

1(e2123ts); sup-36(e2217); fdEx59–62 (sup-35 genomic fragment; sur-

5::GFP)], WY518 [pha-1(e2123ts); sup-37(e2215); fdEx63 (sup-

35::GFP; rol-6)], WY519–520 [pha-1(e2123ts); sup-37(e2215);

fdEx64–65(sup-35 genomic fragment; sur-5::GFP)], WY523–524 [dpy-

Figure 9. Model for the regulation of PHA-1. Schematic of the regulatory circuit acting upstream of PHA-1. We note that regulation of SUP-35
by LIN-35, HCF-1, and UBC-18–ARI-1 may not be direct, but could involve intermediate steps. For additional details, see text.
doi:10.1371/journal.pgen.1000510.g009
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11 sup-3; fdEx68–69 (sup-35 genomic fragment;sur-5::GFP)]; WY525–

526, [dpy-11 sup-3; fdEx70–71 (sup-35::GFP; rol-6)].

Strains used for rescue analysis of pha-1(e2123ts) and the

chromosomal deficiency tdf2 included WY506–511 [pha-

1(e2123ts); fdEx51–56(pBX/e2123; sur-5::GFP)] and WY531–534

[tDf2/qC1 dpy-19(e1259) glp-1(q339); fdEx74–77(pBX; sur-5::GFP)].

lin-35(n745; ubc-18(ku354 sup-35(tm1810) triple mutants were

generated by crossing sup-35(tm1810)/+ males to dpy-17 ubc-18 unc-

32 hermaphrodites. Cross-progeny were allowed to self, and the

resulting Dpy non-Unc recombinants were assayed for the sup-

35(tm1810) deletion by PCR. Confirmed dpy-17 ubc-18 sup-

35(tm1810) triple-mutant hermaphrodites were then crossed to

unc-13 lin-35/+ males. Following selfing of the cross-progeny, Dpy

Unc animals were confirmed for lin-35(n745), ubc-18 (ku354), and

sup-35(tm1810) by PCR and DNA sequencing.

To test for rescue of lin-35; ubc-18 double mutants by pha-1

overexpression, plasmid pBX, which contains a rescuing segment

of the pha-1 genomic locus [47], was co-injected with pRF4, which

contains the dominant rol-6(su1106) marker [48], into strain

WY83. Stable double transgenics were recognized by the presence

of rolling sur-5::GFP(+) animals. Rescue was then determined by

the presence of rolling viable non-GFP adults that could be further

propagated in the absence of kuEx119.

Construction of plasmids
A SUP-35::GFP fusion (pDF101)was constructed as follows. An

,2.5-kb sup-35 genomic fragment, which includes the upstream sup-

35 promoter/enhancer region, was amplified using the primer pair

59-GCTCTAGATGATAGTCGTGTCGGTGGTCGTC-39 and

59-CGCGGATCCAATTGAGCACAAGTCAAGGGCGTCG-39.

This fragment was digested with BamHI and XbaI and cloned in-

frame into a similarly restricted pPD95.77 vector (gift of A. Fire). All

recombinant clones were verified by restriction digestion and

sequencing.

For the rescue of pha-1(e2123ts) mutants by pha-1(e2123ts)

overexpression, a fragment of the pha-1 genomic locus was

amplified from pha-1(e2123ts) mutants using the primer pair 59-

CAGGACAATGATCTCGCCTT-39 and 59-TATCTTTTCA-

CATGGAATACATGTAG39 and digested with SalI and BsaBI.

This fragment was then used to replace the analogous region of

pBX. Recombinant plasmids carrying the e2123ts mutation were

identified by digestion with Bst1107I, which recognizes the SNP

created by the e2123ts point mutation, and further confirmed by

sequencing.

RNAi
RNAi feeding was carried out using standard protocols, and

plates were cultured at 25uC to score for suppression [49]. The

RNAi constructs JA:Y48A6C.3, JA:Y48A6C.5, and JA:R01H12.6

were used to target sup-35, pha-1, and ubc-18 gene products,

respectively. RNAi constructs used to target lin-35 and ari-1 were

previously described [14,34]. hcf-1(RNAi) feeding was carried out

using construct JA:C46A5.9, corresponding to exons 2–4. RNAi

injection of hcf-1 was carried out by gonadal injection of dsRNA

(,1.0 mg/ml) corresponding to exons 5 and 6.

Fluorescence microscopy and measurements
Fluorescence microscopy was performed using a Nikon Eclipse

microscope. Quantification of the GFP fluorescence in embryos

was carried out using Open Lab Software Version 5.0.2. All

images were captured using identical exposure times, and all

embryos used in our analysis were of similar developmental stages

(,200–300 cells). An average of the mean fluorescence was

calculated to compare GFP expression levels. P values were

determined using a Student’s t-test.

SUP-35 overexpression and toxicity
Because multicopy transgene expression of SUP-35 and SUP-

35::GFP was toxic in wild-type backgrounds, arrays were initially

generated in sup-36 and sup-37 mutants. To determine the effect of

SUP-35 and SUP-35::GFP overexpression in wild-type animals,

males of genotype +/+; mIs11 (myo-2::GFP) were crossed to pha-

1(e2123ts); sup-36; fdEx59 hermaphrodites. fdEx59 expresses wild-

type sup-35 and the co-injection marker sur-5::GFP. Such crosses

resulted in the generation of fdEx59+ F1 males only, which were

identified by the presence of both sur-5::GFP and myo-2::GFP. F1

males were then mated to either N2 hermaphrodites or

homozygous sup-36 hermaphrodites. When the F1 males were

crossed to sup-36 hermaphrodites, non-viable Pun and viable

cross-progeny animals were obtained, whereas all the cross-

progeny from the N2 hermaphrodite matings were non-viable and

exhibited the Pun phenotype. These results were reproduced using

three independently generated extrachromosomal arrays in both

sup-36 and sup-37 mutant backgrounds. Similar results were also

obtained for the SUP-35::GFP construct co-injected with pRF4.

As an alternative approach, males of the genotype dyp-13 unc-

24/+ were crossed to pha-1(e2123ts); sup-36; fdEx59 hermaphro-

dites. F1 hermaphrodites were placed on individual plates and

allowed to self; cross-progeny were determined by the presence of

Dpy Unc animals. In the event that SUP-35 overexpression was

non-toxic, half of the cross-progeny F1s [pha-1(e2123ts)/+;sup-36/

dpy-13 unc-24; fdEx59] should have segregated one-sixteenth of the

F2 animals with a genotype of +/+; dpy-13 unc-24; fdEx59.

Although our crosses resulted in a high frequency of F1 cross-

progeny males, they failed to produce F1 hermaphrodites that

segregated Dpy Unc F2 animals. To extend these results, F1 cross-

progeny males were subsequently crossed to N2 hermaphrodites.

This cross resulted in fdEx59+ animals that arrested uniformly as

arrested embryos or larvae that exhibited the Pun phenotype.

Again, these results were reproducible with other independently

generated arrays and when analogous crosses were performed in

the sup-37 mutant background

qRT–PCR
Strains were grown at 16uC and total RNA from bleached

embryos was isolated using the Trizol reagent (Invitrogen)

followed by phenol-chloroform extraction. All samples were

DNase (Invitrogen ) treated and cleaned using the RNeasy Midi

Kit (Qiagen). cDNA was synthesized using random primers and

Superscript reverse transcriptase II (Invitrogen) at 42uC for

1 hour. First-strand cDNA was purified using the Qiagen

Microelute Kit and eluted in 10 l final volume.

Primer pairs used for the various genes include pha-1 [59-

TCGACTGGAGCTTCGTGTAAGTCA-39 and 59-ACGGTG-

CAAGGGCATTAAGGAAAC-39]; ama-1 [59-TGATGTGAT-

GACTGCGAAGGGACA-39 and 59-TTCGAATGAACAACG-

CATCAGGGC-39]; act-1 [59-TTACTCTTTCACCACCACCGC-

TGA-39 and 59-TCGTTTCCGACGGTGATGACTTGT-39]; and

sup-35 [59-GATCATGCGAGCGGTTATTCGTC-39 and 59-

GATCGATGGACTTCTCTCCAGAA-39]. All primer pairs am-

plified regions that spanned sizeable introns such that cDNA

amplification was strongly favored. Furthermore, we did not detect

genomic contamination in our cDNA samples based on several tests

including gel-purified amplimer band sizes. Primer pairs used for the

act-1 internal normalization are predicted to amplify act-1–3. Primer

pairs used for the ama-1 were specific to this gene. qRT-PCR was

performed using a BioRad icycler in a total reaction volume of 50 l
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