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Animals alter their reproductive programs to accommodate changes in nutrient availability, yet the connections
between known nutrient-sensing systems and reproductive programs are underexplored, and whether there is a
mechanism that senses nucleotide levels to coordinate germline proliferation is unknown. We established a model
system in which nucleotide metabolism is perturbed in both the nematode Caenorhabditis elegans (cytidine de-
aminases) and its food (Escherichia coli); when fed food with a low uridine/thymidine (U/T) level, germline prolif-
eration is arrested. We provide evidence that this impact of U/T level on the germline is critically mediated by GLP-
1/Notch andMPK-1/MAPK, known to regulate germlinemitotic proliferation. This germline defect is suppressed by
hyperactivation of glp-1 or disruption of genes downstream from glp-1 to promote meiosis but not by activation of
the IIS or TORC1 pathways. Moreover, GLP-1 expression is post-transcriptionally modulated by U/T levels. Our
results reveal a previously unknown nucleotide-sensing mechanism for controlling reproductivity.

[Keywords: nutrient sensing; nucleotide salvage pathway; cytR; CRP; HT115; gld-1]

Supplemental material is available for this article.

Received November 18, 2015; revised version accepted December 16, 2015.

Understanding how animals regulate growth, develop-
ment, and behavior in response to changes of nutrient
availability is a fundamental biological problem highly
relevant to human health and diseases. Extensive studies
of TOR, insulin receptor, and other signaling pathways
have provided valuable insights into how animals sense
the levels of amino acids, glucose, and other nutrients
(Dibble and Manning 2013; Efeyan et al. 2015). However,
evidence for a specific mechanism by which animals also
regulate growth and development by sensing cellular nu-
cleotide levels, which reflect the level of another major
nutrient and metabolic status, remains elusive. Further-
more, to survive a harsh environment such as famine, an-
imals are able to specifically adjust their reproductive
programs according to the availability of food/nutrients
or metabolic status (Wayne et al. 2006; Angelo and Van
Gilst 2009; Michaelson et al. 2010; Seidel and Kimble
2011; Garcia-Garcia 2012; Korta et al. 2012). Mechanisms
underlying this ability, especially the ability to sense the
levels of nucleotides, are largely unknown.
Both food intake and endogenous metabolic pathways

(denovobiosynthesisandsalvage)contributetocellularnu-
cleotide levels in animals. Cytidine deaminases (CDDs)
catalyze the irreversible hydrolytic deamination of cyti-
dine touridineandthusplaycrucial roles in thepyrimidine

salvage pathway to maintain the cellular pyrimidine pool
(Nygaard 1986; Kurtz et al. 1999). We reasoned that if
CDD function was disrupted, then the animals might be-
comemore sensitive to a lowlevel of uridine and/or thymi-
dine in the food source, which may permit us to more
effectively observe the impact of nucleotide level changes
on development. The nematode Caenorhabditis elegans
is an excellent model system to explore this problem. In
such a system, we will be able to identify Escherichia coli
strains that serve as low- and high-uridine/thymidine
(U/T) food sources and observe prominent developmental
phenotypes that result from the low-U/T diet.

Results

cdd-1 and cdd-2 act redundantly to support fertility
in C. elegans fed OP50 bacteria

cdd-1andcdd-2, twoof thenineputativeCDDgenes in the
C. elegans genome, have been shown to have CDD func-
tion, yet RNAi knockdown of each alone displayed only
mild phenotypes (Thompson et al. 2002; Wang et al.
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2004). We obtained loss-of-function (lf) deletion alleles of
each gene, cdd-1(ok390) and cdd-2(tm742) [cdd-1(−) and
cdd-2(−) hereafter] for this study. cdd-1(−) was superfi-
cially wild type, whereas cdd-2(−) showed slightly slow
growth and a low penetrance of sterility (Table 1). Howev-
er, cdd-1(−) and cdd-2(−) double-homozygous mutant an-
imals (cdd-1/2 DKO hereafter) were completely sterile
when fed with the standard laboratory diet, OP50 E. coli
strain (Table1), indicating that these twogenes likelyshare
a function essential for fertility under this condition.

To test whether the activity of CDD-1/2 in the somatic
tissue contributes to their germline development func-
tion, we generated transgenic animals carrying wild-type
cdd-1 or cdd-2 driven by tissue-specific promoters. We
found that expression of either cdd-1(+) or cdd-2(+) in ei-
ther the intestine (ges-1 promoter) or the somatic gonad
(lim-7 promoter) could fully suppress the sterile pheno-
type of cdd-1/2 DKO animals (Table 1), indicating that
these two cdd genes may act in somatic tissues to impact
germline development.

The bacterial CRP–CytR complex critically impacts
the fertility of cdd-1/2 DKO worms

Strikingly, thesterilecdd-1/2DKOmutantsbecamefertile
whenfedwiththeHT115E.colistrain (Table1).Thisobser-
vation led to a closer investigation of the differences be-
tween the OP50 and HT115 E. coli strains. HT115 is

widely used for feeding RNAi in C. elegans primarily
because it is RNase III-defective (rnc−) (Kamath et al.
2001). To test whether rnc− is responsible for the rescuing
effect observedwith HT115 E. coli, a mutated OP50 strain
wasgeneratedusingtherecombineeringtechnique (Sharan
et al. 2009). No rescue of the fertility was observed when
cdd-1/2DKOwormswerefedthisOP50/rnc−bacteria, sug-
gesting that rnc− is not responsible for the rescued fertility
of the cdd-1/2 DKO mutants (Table 1; Supplemental Fig.
S1). To identify the responsible genetic difference, we
usedtheTn5transposasetocreateanHT115Tn5mutation
library and screened for insertion to reverse the rescue ef-
fect of HT115. In the process of screening and sequencing,
we serendipitously identified an IS2 insertion in the cytR
gene (referred to as cytR−) in the HT115 strain (Fig. 1A)
and showed thatcytR− alone (OP50/cytR−E. coli) fully res-
cuesthecdd-1/2DKOfertility (Table1).Therescuewasful-
ly abrogated (100%sterile,n > 100) by introducing a cytR+-
containing plasmid back into theHT115 strain. Therefore,
thecommonlyusedHT115E. coli straincarriesamutation
in cytR, and the cytR−E. colidiet is bothnecessaryand suf-
ficient to rescue the fertility of cdd-1/2DKOworms.

CytR functions as a repressor of the transcriptional ac-
tivator CRP (the cAMP receptor protein) that regulates
the expression of a number of genes in E. coli (Valentin-
Hansen et al. 1996). During our study, we also identified
an HT115-derived mutant strain with a spontaneous mu-
tation that deletes 15 nucleotides (nt) in the coding region
of the crp gene (referred to here as HT115/crp−) (Fig. 1B).
This deletion disrupts activation region 3 of the CRP pro-
tein that interacts with the σ70 subunit of RNA polymer-
ase (Rhodius and Busby 2000). cdd-1/2 DKO worms fed
HT115/crp− E. coli displayed sterile phenotypes very sim-
ilar to that fed OP50 E. coli (Table 1).

Given that the CRP–CytR complex specifically regu-
lates several genes involved in nucleoside uptake and me-
tabolism (Fig. 1C; Pedersen et al. 1991), a cytR− E. coli diet
would be expected to provide a higher level of nucleotides,
including uridine. To confirm this, we used high-perfor-
mance liquid chromatography (HPLC)-UV profiling to an-
alyze the nucleoside level and found that the cytR−

mutation increased the endogenous uridine level in
OP50/cytR− E. coli (Fig. 1D). Moreover, analysis of a mu-
tation in the pyr-1 gene that encodes key enzymes in the
de novo pyrimidine synthesis pathway in C. elegans
(Franks et al. 2006) further supported that the cytR−

E. coli strain provides more U/T (Supplemental Table S1).
These findings suggest that the fertility of cdd-1/2DKO

worms is critically impacted by the activity of the CRP–
CytR complex in feeding E. coli, and transcriptional acti-
vation by CRP was the key cause for the restoration of
fertility of cdd-1/2 DKO worms fed OP50/cytR− E. coli.

Decrease in U/T levels causes sterility
in cdd-1/2 DKO worms

Next, we further tested the hypothesis that cytR+ and
cytR− E. coli strains represent diets that contain low and
high levels of U/T, respectively, and that deficiency in
U/T is the cause of cdd-1/2 DKO sterility. We first

Table 1. cdd-1/2 DKO worms fed OP50 bacteria are sterile,
and the fertility is recovered by expressing either cdd-1 or cdd-2
in somatic tissues or mutating the cytR gene in the bacteria

Worm genotype
Feeding
bacteria

Percent fertile
animals (number)

Wild type OP50 100% (733)
cdd-1(−) OP50 100% (402)
cdd-2(−) OP50 89.2% (378)
cdd-1/2 DKO OP50 0% (856)
cdd-1/2 DKO;Ex[ges-
1p::cdd-1(+)]

OP50 100% (95)

cdd-1/2 DKO;Ex[lim-
7p::cdd-1(+)]

OP50 100% (108)

cdd-1/2 DKO;Ex[ges-
1p::cdd-2(+)]

OP50 98.9% (90)

cdd-1/2 DKO;Ex[lim-
7p::cdd-2(+)]

OP50 100% (90)

Wild type HT115 100% (510)
cdd-1/2 DKO HT115 99.8% (595)
Wild type OP50/rnc− 100% (577)
cdd-1/2 DKO OP50/rnc− 0.1% (685)
Wild type OP50/cytR− 100% (775)
cdd-1/2 DKO OP50/cytR− 100% (801)
Wild type HT115/crp− 99.6% (690)
cdd-1/2 DKO HT115/crp− 0% (792)

Shown are the percentages of fertile worms of the indicated ge-
notypes fed the indicated E. coli strains. “Ex[…]” indicates a
transgene expressing the cdd-1 or cdd-2 gene behind an intes-
tine-specific (ges-1) or somatic gonad-specific (lim-7) promoter.
The OP50 strain is the commonly used laboratory food for
C. elegans. HT115, commonly used as an RNAi feeding strain,
was determined to contain a cytR− mutation (Fig. 1).
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examined the endogenous nucleoside levels in worms by
HPLC-UV profiling. cdd-1/2 DKO worms fed OP50 E.
coli showed a dramatic decrease in uridine levels relative
to the levels of cytidine and deoxycytidine, compared
with wild-type worms fed OP50 (Fig. 1E).
To test whether this low uridine level is the cause of the

sterility, we then grew cdd-1/2 DKO worms on OP50-
seeded plates supplemented with different nucleosides.
We found that dietary supplementation of uridine, thymi-
dine, or cytidine, but not other nucleosides, fully restored
the fertility of cdd-1/2 DKO worms (Table 2). The rescue
effect of uridine (product of CDD enzymes) or thymidine
(derivative of uridine) (Lee et al. 2009) is consistent with
the previous finding that both CDD-1 and CDD-2 are au-
thentic CDDs (Thompson et al. 2002).
The rescue effect of cytidine (the substrate of CDD en-

zymes) supplementation was surprising at first but was
then determined to be consistent with the hypothesis.
Previous studies on the CRP–CytR transcriptional regula-
tion complex in E. coli has shown that cytidine is a tran-
scription inducer that dissociates the repressor CytR
from the activator CRP, which results in transcriptional
activation of downstream genes (Fig. 1C; Pedersen et al.
1991). Therefore, the rescue effect of cytidine supple-

mentation could be due to this inducer function in
OP50 E. coli that led to increased uptake of uridine or its
derivatives in the bacteria. To test this, we performed
the supplementation tests using UV-killed OP50 E. coli.
Strikingly, cytidine supplementation with UV-killed
OP50 E. coli did not rescue, whereas the rescue effect
from uridine or thymidine supplementation remained un-
affected (Table 2). Thus, cytidine supplementation in live
OP50 E. coli likely mimics the high U/T condition ren-
dered by the cytR− mutation in E. coli.
Taken together, these findings demonstrate that defi-

ciency inU/T production is themajor cause of the sterility
in cdd-1/2 DKO worms and that cytR− E. coli provides a
U/T-rich diet for C. elegans. These genetic alterations in
worms and their food provide a unique model system for
us to analyze animals’ response to a major class of nutri-
ents: nucleotides.

Mitotic germline proliferation is arrested in cdd-1/2DKO
worms fed low-U/T food

Wenext examined gonad development to characterize the
sterile phenotype. Starting from the second larval stage
(L2), gonad growth was delayed and eventually arrested

Figure 1. Uridine level inC. elegans is impacted by theCRP–CytR complex in E. coli (dietary bacteria) and twoCDDs inC. elegans. (A,B)
Cartoon illustrations of the IS2 insertion (and a 5-nucleotied [nt] target site duplication [nucleotides 530–534]) identified in the cytR gene
of the HT115 E. coli strain and the 15-nt deletion identified in the crp gene of the HT115/crp− E. coli strain. The number 1 in the cartoon
indicates the nucleotide of the start codon. (C ) Cartoon illustration of the established role of cytidine as an inducer of the CRP–CytR com-
plex in E. coli. Binding of cellular cytidine to CytR dissociates CytR from the complex, resulting in transcriptional activation of CRP-reg-
ulated genes (Pedersen et al. 1991). The CRP–CytR-regulated genes are listed by functional categories (adapted from the EcoCyc E. coli
Database). (D) Uridine levels in OP50 and OP50/cytR− E. coli strains measured by high-performance liquid chromatography (HPLC)-
UV analysis. The bars represent the mean of three independent experiments and are expressed on the Y-axis as area counts of uridine
UV absorption peaks (identified by Analyst software) per OD600 of the starting bacterial cultures. (E) HPLC-UV analysis graphs of small
nucleosides extracted from wild-type and cdd-1/2 DKO worms. The identities of the peaks are indicated.
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in cdd-1/2DKOmutants, resulting in dramatically short-
er gonads with far fewer germ cells than in wild type (Fig.
2A,B,E), unlike the cdd single mutants or cdd-1/2 DKO
mutants containing either the cdd-1(+) or cdd-2(+) trans-
gene (Fig. 2C–G). Meiosis appeared to be severely disrupt-
ed in the cdd-1/2 DKO animals; no meiotic nuclei were
observed at the L3 stage (n = 65), whereas only 16.1% of
L4 (n = 87) and 37.4% of adult (n = 115) animals contained
germ cells that reached pachytene stage. Moreover, no
sperm, oocytes, or embryos were observed at adult stages.
These germline development phenotypes are well corre-
lated with the general fertility phenotypes observed in
the above analyses of cdd-1/2DKOmutants fed with var-
ious E. coli strains or nucleoside supplements (Tables 1,2;
Fig. 2H–M).

While multiple mechanismsmay underlie the multiple
defects observed in cdd-1/2 DKO animals, we focused on
the germ cell number phenotype for this study. The dra-
matic decrease in germ cell numbers observed in cdd-1/2
DKO gonads (Fig. 2A) could be due to either (1) a dramatic
increase in apoptosis or (2) proliferation arrest. To distin-
guish this, we first used a nucleic acid dye that specifically
stains dying germ cells, SYTO-12 (Gumienny et al. 1999),
to visualize cell death in the gonad. Inwild-type animals, a
subset of germ cells undergoes apoptosis when it exits the
pachytene stage of meiotic prophase during oogenesis, re-
sulting in a background level of approximately five SYTO-
12-positive germ cells per gonad arm (Gumienny et al.
1999). However, we never observed any SYTO-12-positive
cells in the germline of cdd-1/2 DKO animals (Fig. 2N).

Furthermore, when we generated cdd-1/2 DKO worms
with an lfmutation in the proapoptotic gene ced-4 to pre-
vent the germ cells fromundergoing apoptosis (Gumienny
et al. 1999), we did not observe any significant increase in
germ cell number (Fig. 2O–Q). Taken together, these data
indicate no increase or impact of apoptosis in this
phenotype.

As shown in Figures 2H and 3A, the number of germ
cells in the distal region that is normally the mitotic
zone between the distal tip and transition zone in wild
type is dramatically decreased in the cdd-1/2 DKO mu-
tants. We next carried out tests to confirm that most of
these cells are undifferentiatedmitotic cells by immunos-
taining using antibodies against the mitotic cell marker
REC-8 (Hansen et al. 2004) and the meiotic cell marker
HIM-3 (Zetka et al. 1999). Positive REC-8 staining and
negative HIM-3 staining indicated that the vast majority
of these germ cells in the distal region of cdd-1/2 DKO
germline were mitotic germ cells (Fig. 3A,B; Supplemen-
tal Fig. S2A,B,D,E).

To further support the theory that mitotic proliferation
arrest accounts for the defect under low U/T conditions,
we carried out food switch experiments for the sterile
cdd-1/2 DKO worms. A 24-h switch of cdd-1/2
DKO young adult worms from U/T-poor food (OP50) to
U/T-rich food (OP50/cytR−) significantly restored the
number of REC-8-positive germ cells (Fig. 3C; Supplemen-
tal Fig. S2F,G). Taken together, these data indicate that
the decreased germ cell numbers in cdd-1/2 DKO worms
is due to mitotic proliferation arrest.

Table 2. Low U/T level is the key cause of sterility of cdd-1/2 DKO worms fed OP50 bacteria

Supplement Concentration Culture condition Feeding bacteria Percent fertile animals (number)

Adenosine 100 mM Solid NGM OP50 (live) 0% (150)
Guanosine 100 mM OP50 (live) 0% (126)
Cytidine 20 mM OP50 (live) 100% (173)
Uridine 20 mM OP50 (live) 33.1% (275)
Thymidine 20 mM OP50 (live) 36.9% (241)
Cytidine 100 mM OP50 (live) N.A.
Uridine 100 mM OP50 (live) 100% (196)
Thymidine 100 mM OP50 (live) 100% (182)
Cytidine 20 mM OP50 (UV-killed) 1.0% (209)
Uridine 20 mM OP50 (UV-killed) 37.3% (201)
Thymidine 20 mM OP50 (UV-killed) 30.2% (305)
Cytidine 100 mM OP50 (UV-killed) N.A.
Uridine 100 mM OP50 (UV-killed) 100 (203)
Thymidine 100 mM OP50 (UV-killed) 100% (185)
Adenosine 20 mM Liquid culture OP50 (live) 0% (85)
Guanosine 20 mM OP50 (live) 0% (98)
Cytidine 20 mM OP50 (live) 100% (65)
Uridine 20 mM OP50 (live) 100% (102)
Thymidine 20 mM OP50 (live) 97.5% (118)
Cytidine 20 mM OP50 (UV-killed) 0% (108)
Uridine 20 mM OP50 (UV-killed) 97.7% (88)
Thymidine 20 mM OP50 (UV-killed) 100% (74)

The percentages of fertile cdd-1/2 DKO worms under the indicated feeding conditions are shown. The efficiency of fully rescuing fer-
tility at a relatively higher concentration (100 mM) of uridine and thymidine in solid NGM plates compared with that in liquid
culture condition (20 mM) is attributed to the increased accessibility of the nucleoside supplement for worms in liquid culture condi-
tions. However, for the cytidine supplementation, there is no accessibility issue for the bacteria to consume it under either culture
condition. (N.A.) Not applicable due to toxicity of the supplement at the given concentration.
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Hyperactivation of GLP-1/Notch suppresses low
U/T-induced mitotic germline proliferation arrest

The proliferation arrest could be (1) the consequence of
the lack of neededmaterials (U/T in this case) for essential

cellular processes and/or (2) due to a “checkpoint-like”
signaling mechanism that actively shuts down prolifera-
tion in response to low U/T levels as a protective mecha-
nism. If the latter mechanism plays a dominant role,
hyperactivation of this sensing system may potentially

Figure 2. Germ cell number is dramatically reduced in an apoptosis-independent manner in cdd-1/2DKO worms fed low-uridine food.
(A) Bar graph representing the total germ cell counts per gonad arm for worms of the indicated genotypes/developmental stages/feeding
conditions. The number above each bar represents the average of total germ cells number per gonadal arm from the indicated number of
gonad arms (n) counted in each group. (B–M ) DAPI-stained images of young adult hermaphrodites. An asteriskmarks the distal end of the
gonad, a dashed line outlines the germline and the somatic gonadal cells, and an arrowmarks themature sperm. Bar, 20 µm. In this figure
and all subsequent figures, thinwhite lineswere applied to indicatewhere two photographs of the same animal have beenmerged. InB–G,
worms of the indicated genotypes were fed OP50 E. coli. InH–M, cdd-1/2DKOworms were fed the indicated E. coli strains or nucleotide
supplements (see Tables 1, 2 for fertility statistics). (N) Bar graph representing the number of SYTO-12-positive germ cells per gonad arm in
young adult hermaphrodites. (n) Total number of gonad arms examined in each group. (O–Q) Blocking apoptosis by a ced-4(lf) mutation
did not significantly suppress the germline proliferation arrest seen in cdd-1/2DKOworms.DAPI-stained images of young adult hermaph-
rodites of the indicated genotypes are shown. Asterisk marks the distal end of the gonad; a dashed line outlines the germline. Bar, 20 µm.
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override the low U/T signal and promote germline prolif-
eration in the cdd-1/2 DKO. To test this hypothesis and
identify the potential U/T-sensing system, we analyzed
the IIS, TORC1, and GLP-1/Notch signaling pathways
that are known to regulate germline proliferation (Austin
and Kimble 1987; Fukuyama et al. 2006; Michaelson et al.
2010; Korta et al. 2012). Our analyses of the IIS and
TORC1 pathways suggested that each alone is unlikely
to play a major role in mediating the impact of U/T levels
on mitotic germline proliferation (Supplemental Fig. S3).
However, our analysis of the GLP-1/ Notch signaling
pathway revealed a strong connection. The GLP-1/Notch
pathway is known to critically promote mitotic prolifera-
tion of the germline; low activity of this pathway in the
gonad dramatically reduces germ cell number (Austin
and Kimble 1987). A temperature-sensitive glp-1 gain-of-
function (gf) mutation, glp-1(ar202), has been shown to

constitutively activate Notch signaling at 25°C and cause
hyperproliferation of the germline (Pepper et al. 2003). We
crossed this mutation into the cdd-1/2 DKO worms and
found that, strikingly, the mitotic germline proliferation
is effectively recovered in the glp-1(gf);cdd-1/2 DKO tri-
ple mutant at 25°C, albeit not fully comparable with
that in glp-1(gf) alone (Fig. 3D,E,H; Supplemental Fig.
S2P). The prominent recovery of germline proliferation
in the triple mutants suggested a pivotal role of GLP-1
in a potential U/T-sensing mechanism, as the hyperacti-
vation of the GLP-1/Notch pathway may override the sig-
naling system that normally shuts down proliferation in
response to low U/T levels.

The incomplete restoration of germ cell proliferation in
the adult glp-1(gf);cdd-1/2 DKO triple mutant compared
with glp-1(gf) alone suggests that the low U/T level also
impacts the germline in a glp-1-independent manner,

Figure 3. Germ cell proliferation arrest in cdd-1/2DKOworms fed low-U/T food is suppressed by hyperactivation of GLP-1 or mutating
genes essential for themitosis-to-meiosis transition. (A) Bar graph indicating the number of total germ cells within themitotic zone (from
distal tip to prior to the transition zone) per gonad arm in the indicated genotypes. (n) Number of gonad arms examined. (B,C) Bar graph
representing the number of REC-8-positive germ cells per gonad arm in the indicated genotypes/food switch conditions. (Representative
images of dissected gonads after staining are shown in Supplemental Fig. S2A,B,F,G.) (n) Number of gonad arms examined. (D–G,J,K )
DAPI-stained images of young adult hermaphrodites of the indicated genotypes. An asterisk marks the distal end of the gonad, a dashed
line outlines the germline and the somatic gonadal cells, and arrowheads in K indicate the regions of tumorous growth. In J and K, the
percentages of worms showing the presented phenotype and the total number of worms (n) scored for each group are indicated. Bar,
20 µm. (H,I ) Bar graph representing the number of total germ cells per gonad arm in the indicated genotypes/developmental stages.
(n) Number of gonad arms examined.
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possibly through another regulatory pathway. A highly
plausible explanation for at least one aspect of this glp-1-
independent impact is that the germline size of the glp-1
(gf);cdd-1/2 DKO triple mutant is also limited by the
U/T pool needed for fundamental cellular functions
such as DNA/RNA synthesis and other roles. Supporting
this idea, the difference in the level of germline prolifera-
tion between the glp-1(gf);cdd-1/2DKO triplemutant and
the glp-1(gf) single mutant is much smaller at the L4 lar-
val stage—when the U/T pool may not be totally con-
sumed in the glp-1(gf);cdd-1/2 DKO triple worms—than
that in adults (Fig. 3H,I; Supplemental Fig. S2H–J). Also
consistent with this explanation, the germline size of
glp-1(gf);cdd-1/2 DKO triple mutants increased when
extra uridine was supplemented in a dosage-dependent
manner (Supplemental Fig. S2K–P). Unlike epistasis
analysis of two factors in the same signaling pathway,
where full suppression is often observed, the full suppres-
sion of a phenotype that arises from lacking essential nu-
trients, as in this case of lacking U/T in cdd-1/2 DKO, is
typically not expected (Baugh and Sternberg 2006; Zhu
et al. 2013). The partial suppression is consistent with a
“checkpoint” mechanism that serves to prevent the
depletion of key nutrients and detrimental effects under
unfavorable conditions.
We further analyzed the role of GLP-1 by knocking

down the gld-1 tumor suppressor gene that has been
shown to encode a translational repressor of glp-1
mRNA. GLD-1 is present at a high level in the proximal
gonad region to repress glp-1 and promote the transition
from mitosis to meiosis. Knocking down gld-1 by RNAi
increases theGLP-1 expression level, leading to the hyper-
proliferation phenotype (Marin and Evans 2003). We
found that gld-1(RNAi) also resulted in partial tumorous
growth of the germline (overcoming the proliferation ar-
rest) in the proximal region of the cdd-1/2 DKO gonads
(Fig. 3J,K). Therefore, an increase in GLP-1 protein level
may also override the low U/T signal, consistent with
the idea that the GLP-1 pathway is critically involved in
U/T level sensing.

Blocking the mitosis-to-meiosis transition suppresses
germ cell proliferation arrest caused by low U/T level

U/T level change could potentially affect germline prolif-
eration by blocking cell division or affecting the mitosis-
to-meiosis transition. Given that the GLP-1/Notch path-
way promotes mitotic germline proliferation mainly by
preventing the mitosis-to-meiosis transition (Austin and
Kimble 1987), if GLP-1 plays a major role in mediating
the impact of U/T level change on germline proliferation
(as suggested by the above data), then blocking the mito-
sis-to-meiosis transition by other means would also sup-
press the proliferation arrest in cdd-1/2 DKO worms.
gld-1 and gld-2 encode two regulators that act down-
stream from glp-1 (repressed by glp-1) to promote meiosis
in the transition zone; knocking down both genes resulted
in overproliferation even in the absence of GLP-1 function
(Supplemental Fig. S2Q; Jones and Schedl 1995; Kadyk
and Kimble 1998). We thus constructed and tested a gld-

2(−),gld-1(−);glp-1(−);cdd-2(−);cdd-1(−) strain (termed
“quintuple mutant” hereafter) to determine whether dis-
rupting gld-1 and gld-2 would also suppress the prolifera-
tion arrest as does glp-1(gf). We found that the germ cell
number dramatically increased in this quintuple mutant
compared with the control glp-1(−);cdd-1/2 DKO triple
and cdd-1/2 DKO animals (Fig. 3F–H). The size of the
germline in this quintuple mutant is similar to that of
the glp-1(gf);cdd-1/2 DKO triple mutant (Fig. 3E,G), sup-
porting the idea that glp-1(gf) also suppressed the prolifer-
ation arrest of the cdd-1/2 DKO germline by blocking the
mitosis-to-meiosis transition. This result provides a
strong support for the model that the GLP-1/Notch path-
way, and not the TORC1 or IIS pathway, plays a critical
role in mediating the impact of U/T level changes on
the mitotic germline proliferation.

GLP-1 expression in the distal gonad region is repressed
by low U/T level

The above result suggested that the U/T levels impact
germline proliferation by modulating glp-1 activity or ex-
pression. To test this idea, we first asked whether expres-
sion of lag-2, which encodes the ligand of the GLP-1
receptor for its germline function (Henderson et al.
1994) in the distal tip cells (DTCs) of the somatic gonad,
is altered by low U/T level. When analyzing the expres-
sion of a lag-2p::GFP transcriptional reporter (Gao and
Kimble 1995), we observed no obvious difference between
wild-type and cdd-1/2DKOworms at all larval and young
adult stages (Supplemental Fig. S4A–D), suggesting that
the signal input for the GLP-1/Notch signaling pathway
may not be significantly altered by cdd-1/2 DKO.
We then asked whether the expression of GLP-1 is af-

fected by the low U/T level. Antibody staining against
GLP-1 (Crittenden et al. 1994) showed that the protein
level of GLP-1 was sharply reduced, although not elimi-
nated, in the germline of cdd-1/2 DKO fed OP50 com-
pared with wild type, and this reduction was fully
suppressed by dietary uridine supplementation to cdd-1/
2 DKO worms (Fig. 4A–J). We then further confirmed
that this decreased GLP-1 protein level under low U/T
conditions was not due to a disruption of overall protein
expression by observing relatively unchanged or increased
expression of several other proteins in the cdd-1/2 DKO
germlines (Supplemental Figs. S2A–C, S4E–K). Since the
germ cells in the distal region were determined to be un-
differentiatedmitotic cells (above; Fig. 3A–C; Supplemen-
tal Fig. S2A–G), the reduction of GLP-1 expression is
unlikely to be an indirect consequence of differentiation.
Driven by GLP-1/Notch signaling, germ cells prolifer-

ate rapidly during later larval stages (L3 and L4) (Fig. 2A;
Kimble andWhite 1981). To better understand the impact
of U/T level changes on GLP-1 expression, we carried out
another food switch experiment for cdd-1/2 DKO worms
at the L3 or L4 stage when GLP-1 is indispensible. After a
12-h switch fromU/T-rich food (OP50/cytR−) toU/T-poor
food (OP50) for both the L3 and L4 stages, the expression
of GLP-1 was significantly decreased in the germline of
cdd-1/2 DKO worms (Fig. 4K). Taken together, these
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data suggest that changes in U/T levels modulate the ex-
pression of the Notch receptor GLP-1, but not its ligand,
so that the proliferation of germ cells can better accommo-
date U/T availability.

The glp-1 3′ untranslated region (UTR) may mediate the
impact of U/T level on glp-1 expression

Aprevious study has shown that glp-1mRNA is present in
thewhole germline, but the protein is restricted to themi-
totic zone due to tight translational regulation through
the 3′ UTR of this gene (Marin and Evans 2003). To test
whether a similar translational regulation mechanism is
involved in repressing the expression of GLP-1 under
low U/T conditions, we examined the expression of a
3′ UTR GFP reporter for glp-1 (Merritt et al. 2008). We
found that the expression of this reporter is significantly
lower in cdd-1/2 DKO worms than in the wild-type con-
trol (Fig. 4L–O,R). Moreover, the expression was drasti-
cally increased to a level even higher than that in wild
type when uridine was supplemented to cdd-1/2 DKO
(Fig. 4P–R). This decreased expression of the GFP reporter
under the low U/T conditions was not likely due to a ge-
neral post-transcriptional defect in the mitotic germline
of cdd-1/2 DKO animals, as we showed that the expres-
sion of a ubiquitously expressed tbb-2 3′ UTRGFP report-
er (Merritt et al. 2008) was unchanged under the same
conditions (Supplemental Fig. S4L–P). This finding indi-
cates that a potential post-transcriptional regulation is in-

volved in the modulation of GLP-1 expression by U/T
level changes.

MPK-1 is activated in the distal gonad in cdd-1/2 DKO
worms fed low-U/T food

A previous study has shown that the GLP-1/Notch signal-
ing pathway blocks the mitosis-to-meiosis transition at
least in part by inhibiting the activity of MAP kinase
MPK-1 (Lee et al. 2006). We thus decided to examine
MPK-1 activation by immunostaining of phosphorylated
MPK-1 to obtain further evidence for the connection be-
tweenU/T level change andGLP-1/Notch signaling. Con-
sistent with previous reports (Hajnal and Berset 2002; Lee
et al. 2006), no activated MPK-1 was observed in the mi-
totic zone of wild-type germlines (Fig. 5A–C). However,
strong ectopic activation of MPK-1 was observed in the
entire mitotic zone of cdd-1/2 DKO germlines (Fig.
5D–G). Since we determined above that these cells in the
distal region are undifferentiated mitotic cells (Fig. 3A–

C; Supplemental Fig. S2A–G), this activation should not
be an indicator of these cells being at the meiotic stage.
Rather, this activation in the distal region could be one
of the causes of the decreased germ cell number pheno-
type that we observed in cdd-1/2 DKO germlines based
on the known role of MPK-1 in inhibiting germline prolif-
eration (Lee et al. 2006; Cha et al. 2012). To confirm this,
we found that reducingmpk-1 activity by RNAi in cdd-1/
2DKO animals increased germ cell number in themitotic

Figure 4. GLP-1/Notch expression is modulated by U/T levels. (A–I ) Representative bright-field (BF) (A,D,G), DAPI staining (DNA) (B,E,
H), and anti-GLP-1 staining (GLP-1) (C,F,I ) images of dissected gonads from worms of the indicated genotypes/feeding conditions. Bar,
5 µm. (J) Bar graphs representing the pixel intensity quantification of anti-GLP-1 staining within the whole mitotic zone (from distal
tip to prior to the transition zone). Worm genotypes/feeding conditions are indicated. (n) Number of gonad arms examined. (K ) Quanti-
fication of anti-GLP-1 staining within the whole mitotic zone of cdd-1/2 DKO worms at L3 and L4 larval stages (as indicated) when
the foodwas switched fromOP50/cytR− (U/T-rich) to eitherOP50 (U/T-poor) orOP50/cytR− (see theMaterials andMethods). (n) Number
of gonad arms examined. (L–Q) Representative bright-field (L,N,P) and GFP fluorescence (M,O,Q) images of worms of the indicated geno-
types/feeding conditions with a glp-1 3′ untranslated region (UTR) GFP reporter (Merritt et al. 2008). An asterisk marks the distal end of
the gonad. Bar, 5 µm. (R) Bar graph representing the pixel intensity quantification of GFP from individual germ cells within the distal-most
germline of worms with the indicated genotypes/feeding conditions. (n) Number of gonad arms examined.
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zone (Fig. 5H–L). Moreover, no activated MPK-1 was de-
tected in the germline of glp-1(gf);cdd-1/2 DKO triple an-
imals with restored germline proliferation (Fig. 5M,N).
Together, these data strongly support that GLP-1/Notch
signaling plays a critical role in mediating the impact of
nucleotide availability on mitotic germ cell proliferation
and does so at least in part by modulating MPK-1 activity.

Discussion

This work explores the impact of changes in U/T levels on
germline proliferation and, consequently, reproductivity
in C. elegans. By using mutations that perturb nucleotide
metabolism in both C. elegans and its food (E. coli), we
established a model system to effectively analyze the
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Figure 5. MAPkinaseMPK-1 is activated in themitotic zone of cdd-1/2DKOworms fed low-U/T food. (A–F ) Representative bright-field
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totic zone. (n) Number of gonad arms examined. (H–K ) Representative bright-field (BF) (H,J) and DAPI staining (DNA) (I,K ) images of dis-
sected gonads from worms of the indicated genotypes, showing that reduction of MPK-1 activity by RNAi partially and significantly
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CRP–CytR complex in food (bacteria) and CDD-1/2 in worms have a great impact on U/T levels; the GLP-1/Notch receptor, a known
germline proliferation master regulator, is one critical factor that mediates this protective regulatory system.
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mechanism of such an impact. We identified that the
GLP-1/Notch receptor and MPK-1/MAPK, known to crit-
ically control germline proliferation by regulating the mi-
tosis-to-meiosis transition, play key roles in this
regulatory process (Fig. 5O). We also showed that the ex-
pression of GLP-1, possibly through post-transcriptional
regulation, is modulated by U/T levels. These findings
may present an important advance in the nutrient-sensing
field, as this study marks the first report, to our knowl-
edge, of a signaling system that senses the nucleotide level
for developmental control. Moreover, this might also be
the first demonstration that the GLP-1/Notch signaling
pathway functions as a nutrient sensor under specific
physiological conditions. The initial U/T-sensing mecha-
nism presumably acting upstream of GLP-1/Notch and
MPK-1 is currently unknown.

In glp-1-null mutants, the germline stem cell (GSC)
pool is eliminated, resulting in nomitotic germ cells (Aus-
tin and Kimble 1987). In our cdd-1/2 DKO mutants fed
low-U/T food, GLP-1 expression is sharply reduced but
not eliminated in the mitotic zone. Consistent with this
reducedGLP-1 function,∼40mitotic cells were still found
in the mitotic zone that appeared to spread beyond the
GSC pool region into the transit-amplifying region (Fig.
3A; Jeong et al. 2011). This suggests that the GSC pool is
not severely disrupted in cdd-1/2 DKO mutants, and the
key defect would be the arrest of proliferation in the tran-
sit-amplifying region. A role of GLP-1 beyond its role in
regulatingGSCmaintenance is consistent with its expres-
sion outside of the GSC pool (Crittenden et al. 1994). This
decreased but not eliminated activity in germline prolifer-
ation would be consistent with the transit protection
model that the proliferation could be quickly recovered
once U/T availability is restored, which is supported by
our food switch experiment (Fig. 3C).

Studies on nutrient-sensing pathways, such as the
TORC1 and IIS pathways, have shown that animals use
specific “checkpoint” mechanisms to ensure proper de-
velopment under unfavorable conditions, including star-
vation (Laplante and Sabatini 2012; Dibble and Manning
2013; Schindler et al. 2014; Efeyan et al. 2015). With
such “checkpoint” mechanisms enabled, animals can
protect themselves from unnecessary damage by shutting
down or slowing down development until nutrient avail-
ability is improved. Previous studies have shown that
both the TORC1 and IIS pathways contribute to germ
cell proliferation (Michaelson et al. 2010; Korta et al.
2012). However, our genetic analyses of the cdd-1/2
DKO animals, including the suppression of mitotic arrest
by disrupting the mitosis-to-meiosis transition (Fig. 3D–I)
and the failure to suppress that defect by activation of the
TORC1 and IIS pathways (Supplemental Fig. S3), do not
support that these two pathways critically contribute to
themitotic germ cell proliferation arrest phenotype under
lowU/T conditions. However, our study does not exclude
the involvement of other signaling pathways in regulating
certain aspects of germline development in response to
changes in U/T levels.

CDDs are also known to function in RNA and DNA ed-
iting (Davidson and Shelness 2000;Wang et al. 2004; Bran-

steitter et al. 2006). Our conclusion that CDD-1 and
CDD-2 act on free nucleotides for the germline prolifera-
tion function is based on the following data: (1) A previous
study determined that CDD-1/2 deaminate free nucleo-
sides (Thompson et al. 2002). (2) Our HPLC-UV measure-
ments indicated a very low U/T:C ratio in the cdd-1/2
DKO worms (Fig. 1E). (3) The germ cell and fertility de-
fects in cdd-1/2 DKO animals can be fully suppressed by
an exogenousU/T supplement, which should compensate
for the U/T deficiency. (4) The rescue of the sterile pheno-
type by feeding OP50/cytR− E. coli also supports that the
deficiency inU/T levels is the primary cause of the pheno-
type. (5) The cdd-1/2 DKO sterile phenotype is fully res-
cued by expressing either one of the CDD genes in
somatic cells (intestine or somatic sheath cells) (Table
1), which is more consistent with their activities on free
nucleosides than RNA/DNA. We do not exclude the pos-
sibility that CDD-1/2 may also function as RNA/DNA-
editing enzymes for other unknown functions.

While the germline proliferation of cdd-1/2 DKO
worms fed low-U/T food is arrested, the somatic tissues
displayed no obvious defects, and the worms were able
to reach adulthood. Given that the de novo pyrimidine
biosynthesis pathway is intact in cdd-1/2 DKO worms
and the consumption of nucleotides, especially for DNA
production, is limited in the somatic tissues in larvae,
the lower levels of U/T are sufficient andmay preferential-
ly be used to support the mother’s survival under condi-
tions with poor/limited nutrition (nucleotides in this
case). In contrast to somatic tissues (∼1000 cells total)
(Sulston and Horvitz 1977), the hermaphrodite germline
will produce >2000 germ cells during development (Kim-
ble and White 1981; Gumienny et al. 1999). This number
could be an underestimation if the occurrence of germline
apoptosis during normal oogenesis is taken into account
(Gumienny et al. 1999). Both the de novo biosynthesis
pathway and the salvage pathway then become essential
to support germline expansion under such a “nucleotide
starvation” condition.

A previous study showed that the sterility of C. elegans
is also associated with an lfmutation in the nuclear recep-
tor gene nhr-114 and that the fertility is recovered when
the mutant is fed on HT115 or on OP50 supplemented
with tryptophan (Gracida and Eckmann 2013). We carried
out tests to exclude the possibility that the CDDs’ func-
tion revealed in this study is related to tryptophan metab-
olism. First, we found that nhr-114(lf) fed OP50/cytR−

were sterile (100%, n > 100), indicating that the rescue ef-
fect of feeding HT115 on nhr-114(lf)worms is not cytR re-
lated and is likely attributed to an unidentified mutation
in the HT115 genome. Second, cdd-1/2 DKO worms fed
OP50 supplemented with tryptophanwere also complete-
ly sterile (100%, n > 100). Therefore, CDD-1 and CDD-2
modulate germline development through a mechanism
that is distinct from the one involving NHR-114.

Nucleotide homeostasis is closely related to human
health and pathological conditions such as cancer devel-
opment (Loffler et al. 2005; Chabosseau et al. 2011; Aird
and Zhang 2015; Zauri et al. 2015). Understanding how
cells respond to and cope with related metabolic changes

Chi et al.

316 GENES & DEVELOPMENT



may also facilitate the development of therapeutic meth-
ods to treat these diseases.

Materials and methods

Nematode culture and maintenance

Bristol strain N2 was used as wild-type control, and all experi-
ments were performed at 20°C under standard conditions (Bren-
ner 1974) unless otherwise indicated. The following mutant/
reporter strains were obtained from theCaenorhabditisGenetics
Center (CGC) or as indicated: cdd-1(ok390), cdd-2(tm742)
(Mitani Laboratory, National BioResource Project, Tokyo, Japan),
ced-4(n1162), glp-1(ar202), glp-1(q175), gld-1(q485), gld-2(q497),
pyr-1(cu8), daf-2(e1370), rsks-1(ok1255), nhr-114(gk849), JH2252
(glp-1 3′ UTR GFP reporter), JK2049 (lag-2p::GFP reporter), and
JH2297 (tbb-2 3′ UTRGFP reporter). The cdd-1/2DKOwasmain-
tained on NGM plates with OP50/cytR− E. coli as food. Gravid
cdd-1/2 DKO adults were then bleached and washed before ana-
lyzing the phenotypes in the following generation. Bleaching
and washes were performed according to the standard protocols
(Stiernagle 2006). nprl-3 RNAi by injection in cdd-1/2 DKO ani-
mals was performed as described (Zhu et al. 2013).

Generation of transgenic lines

ges-1 (Inoue et al. 2005) and lim-7 (Voutev et al. 2009) promoters
were amplified by PCR fromwormgenomicDNAbefore subclon-
ing into worm expression vector pPD95.77 (a gift from Andrew
Fire, Addgene plasmid no. 1495). Full-length wild-type cDNA
containing the coding region of cdd-1 (477 base pairs [bp]) or
cdd-2 (501 bp) was amplified by PCR froma cDNA library derived
from mixed-stage worm total RNA. cdd-1 or cdd-2 cDNA was
then placed under the control of the ges-1 or lim-7 promoter for
tissue-specific expression. The final construct (50 ng/µL) was mi-
croinjected into young adult worms with 50 ng/µL sur-5p::GFP
plasmid (Yochem et al. 1998) as a coinjectionmarker. The primer
sets used for cloning were as follows: ges-1p (5′-TGTGGTGC
ATGCGACATACTTGAAGATTGCAAAGAATACTCGTG-3′/
5′-AATATCGTCGACTGAATTCAAAGATAAGATATGTAAT
AGATTTTTGAAGCCT-3′), lim-7p (5′-ATTCACGCATGCGG
CAAACAAAAGAATCGGGG-3′/5′-TTAGATGTCGACCGAA
GGACCAGATGAAGTTATGCG-3′); cdd-1 (5′-GCATGCTC
TAGATGACTACAACAAAGGCAAACC-3′/5′-TCCTCCCCC
GGGCTATTCCTTATTGTTGTGATCATTGT-3′), and cdd-2
(5′-GCATGCTCTAGATGGCCGCGAATAGTCTTC-3′/5′-TC
CTCCCCCGGGTTAAGAGACGACTGTAACGTTATGC-3′)
The daf-15::rap-1(22) and rheb-1(Q71LQ72D) constructs were

kindly provided by H. Zhu, and the transgenic lines were generat-
ed as described (Zhu et al. 2013).

Recombineering in E. coli

Recombineering procedures were carried out by following the es-
tablished protocol (Sharan et al. 2009). Bacterial cells were trans-
formed with pSIM8 plasmid before using as hosts for
recombineering. Targeting substrateDNA fragmentswere ampli-
fied by PCR and subcloned into TOPO cloning vector using the
TOPO TA cloning kit (Life Technologies) for sequence verifica-
tion before being electroporated into the host bacterial cells.
The primer sets used for cloning targeting substrate DNAs were
as follows: OP50/rnc− (replace rnc+ with a kanamycin resistance
gene from the Tn5 transposon), 5′-AGGTCTGTTTCGTGTGCT
GAATTGTTGACGCATTTATTTATTGGTATCGCATGATTG

AACAAGATGGATTGC–3′/5′-GTTCGGACGTCCGACGATG
GCAATAAATCCGCAGTAACTTTTATCGATGCTCAGAAGA
ACTCGTCAAGAAGG–3′; and OP50/cytR− (replace cytR+ with
the cytR− mutation identified in HT115 strain), 5′- GCCAGGC
GAGGAGTGAGTGTG-3′/5′-AGCGGCGGGCCTTTGACC-3′.

Identification of the cytR mutation in HT115 E. coli

The cytR mutation in HT115 was discovered while screening an
HT115 Tn5 insertion library. The HT115 Tn5 insertion library
was generated using the EZ-Tn5 Transposase (Epicentre, catalog
no.TNP92110) and the EZ-Tn5 pMOD-6 <KAN-2/MCS> transpo-
son construction vector (Epicentre, catalog no. MOD7906). Dur-
ing the screening and sequencing process, an IS2 insertion was
identified and confirmed in the cytR gene.

Restoring CytR activity in HT115 E. coli

A DNA fragment containing a wild-type copy of the cytR gene
was amplified by PCR and subcloned into TOPO cloning vector
using the TOPO TA cloning kit (Life Technologies) before being
transformed into the HT115 E. coli strain. The primer sets used
for cloning were as follows: 5′-TCCCGTAAGGTGAAATGG-
3′/5′-CACAAGAACGGCGGCAGCAAT-3′.

Generating a new feeding RNAi strain

Since cdd-1/2 DKO were fertile when fed on the standard RNAi
E. coli HT115 due to the cytR− mutation, we constructed a new
cytR+ E. coli strain, BL21/rnc−, for our feeding RNAi experiments
by replacing thewild-type copy of the rnc genewith a kanamycin
resistance gene from the Tn5 transposon using the recombineer-
ing technique mentioned above. Plasmids in bacterial clones
from the ORF-RNAi library (HT115 origin) (Open Biosystems)
were miniprepped and transformed into BL21/rnc− before being
applied to RNAi experiments. Feeding RNAi experiments were
carried out as described (Kamath et al. 2001).

Germ cell number counts

The developmental stages of mutant worms were determined by
both size andmorphological comparisonswith thewild-type con-
trols under the same culture conditions. Germ cell numberswere
counted as previously described (Crittenden et al. 2006). See the
figure legends for the specific regions being counted in each
experiment.

Nucleotide profiling by HPLC-UV

Nucleotide profiling for small nucleosides extracted from worms
was carried out as described (Klawitter et al. 2007). In brief, young
adult worms were harvested from plates after washing with M9
solution and centrifuged at least three times. The worm pellet
(∼1 mL for each sample) was frozen and ground in a cold mortar
and pestle under liquid nitrogen into a fine powder and then trans-
ferred to a cold 15-mL tube. The worm powder was homogenized
in 5 mL of methanol/chloroform (1:1) using an electronic tissue
homogenizer (three times for 10 sec on ice). The homogenate
was centrifuged at 1400g for 10 min at 4°C. The supernatant
was collected into a fresh tube after the centrifugation, and the
pellet was resuspended in 2 mL of water. After another centrifu-
gation, the supernatant was combined with the supernatant
from the first centrifugation, and the resulting solution was ly-
ophilized overnight. The resulting powder was then dissolved in
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water and filtered through a 0.2-µmmembrane filter (VWR) to re-
move any insoluble material. The extracted nucleotide solution
was diluted with HPLC-grade water after being normalized to
the total starting worm number before being subjected to
HPLC-UV detection. The samples were analyzed by a Shimadzu
Prominence modular HPLC system using a Supelcosil LC-18-T
HPLC column (25 cm × 4.6 mm, 5 µm particle size) (Sigma-Al-
drich) following the manufacturer’s instructions and detected
by an inline UV/Vis detector (SPD-10A, Shimadzu). The identity
of each small nucleoside peakwas determined by a retention time
comparison with the relative nucleotide standards (Sigma-
Aldrich).
For E. coli, nucleotides were extracted as described (Maslowska

et al. 2015). The resulting nucleotide samples were then analyzed
using the HPLC-UV profiling method mentioned above. Peak
identification and area count were performed in Analyst software
(AB Sciex).

Dietary nucleoside supplementation

All nucleosides were purchased from Sigma-Aldrich. Nucleoside
powder was directly dissolved in the standard NGM (liquid) just
before pouring into the plates, and these plates were seeded
with E. coli OP50. For UV-killed experiments, OP50-seeded
NGM plates were exposed to UV light in a Labconco Purifier Bi-
ological Safety Cabinet for at least 2 h. An overnight culture of
bacteria from each plate was tested to confirm there were no liv-
ing bacteria.
Nucleosides supplementation under worm liquid culture con-

dition was performed as described (Ahringer 2006) with the fol-
lowing modifications: Ninety-six-well plates were seeded with
the bacteria of interest and cultured overnight. The overnight cul-
ture was pelleted and resuspended in 60 µL of S Basal. Thirty mi-
croliters of bacteria was transferred to a fresh 96-well plate and
combined with nucleoside supplement (10 µL in M9) and syn-
chronized L1 worms (10 µL in M9). For UV-killed experiments,
bacteria culture in 96-well plates was exposed to UV light as de-
scribed above before addition of nucleoside supplement.

Immunocytochemistry

Whole-worm DAPI staining was carried out as described (Angelo
and VanGilst 2009). SYTO-12 (Life Technologies) staining for ap-
optotic cells was performed as described (Gumienny et al. 1999).
Antibody staining of dissected gonads was carried out as de-
scribed (Kershner et al. 2014). Primary antibodies were used at
the following dilutions: rabbit anti-GLP-1 (1:20) (Crittenden
et al. 1994), rabbit anti-REC-8 (1:500; SDIX), rabbit anti-HIM-3
(1:200) (Zetka et al. 1999), mouse anti-DAO-5 (1:200; Develop-
mental Studies Hybridoma Bank), and mouse anti-MPK-1(YT)
(1:400; Sigma). The secondary antibodies Alexa fluor 488 goat
anti-rabbit and goat anti-mouse (Molecular Probes) were used at
a dilution of 1:2000 and 1:1000, respectively. Images were cap-
tured with Nomarski optics using a Zeiss Axioplan2 microscope
and a Zeiss AxioCam MRm CCD camera. Identical microscope
and camera settingswere used to acquire images for both the con-
trol and experimental groups. Images were processed by Adobe
Photoshop, and the signal intensity was quantified using ImageJ.

Food switch

cdd-1/2 DKO worms were grown on E. coli-seeded plates until a
specific developmental stage, asmentioned in the text, before the
switch.Wormswerewashed off the plateswithM9 followed by at
least three additional washes and spins. Harvested worms were

then transferred to fresh OP50 or OP50/cytR− plates for 24 or
12 h, as mentioned in the text, before being subjected to analysis.

Statistics

All statistical analyseswere performed using two-tailed Student’s
t-tests, and P < 0.01 was considered a significant difference.
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