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SUMMARY

Metabolic perturbations can affect gene expression, for instance to rewire meta-
bolism. While numerous efforts have measured gene expression in response to
individual metabolic perturbations, methods that determine all metabolic pertur-
bations that affect the expression for a given gene or set of genes have not been
available. Here, we use a gene-centered approach to derive a first-pass metabolic
regulatory network for Caenorhabditis elegans by performing RNAi of more than
1,400 metabolic genes with a set of 19 promoter reporter strains that express a
fluorescent protein in the animal’s intestine. We find that metabolic perturbations
generally increase promoter activity, which contrasts with transcription factor
(TF) RNAI, which tends to repress promoter activity. We identify several TFs
that modulate promoter activity in response to perturbations of the electron
transport chain and explore complex genetic interactions among metabolic path-
ways. This work provides a blueprint for a systems-level understanding of how
metabolism affects gene expression.

INTRODUCTION

Metabolism, broadly defined as the combination of reactions that digest nutrients and produce biomass
and energy, is central to most if not all biological processes. Therefore, metabolic perturbations, whether
genetic, environmental, or nutritional, can affect these processes not only at the level of overall physiology
but also molecularly, for instance by modulating gene expression. Numerous studies in model organisms
and humans have identified gene expression changes in response to metabolic perturbations and studied
the transcriptional mechanisms involved. Classical examples in microbes include the changes in gene
expression upon a shift in carbon source, which serves to rewire metabolism as needed. For instance,
when shifted from glucose to lactose, the Escherichia coli transcription factor (TF) Lacl is removed from
the Lac operon, allowing Lac gene expression (Gilbert and Muller-Hill, 1966; Jacob and Monod, 1961). Simi-
larly, the yeast Saccharomyces cerevisiae uses the TF Galdp to activate a specific gene expression program
when galactose is introduced as a carbon source (Johnston, 1987). Metabolic perturbations also affect
gene expression in metazoan organisms and humans. One of the best-known examples is the activation
of cholesterol biosynthesis genes by the TF SREBP, which translocates to the nucleus when cholesterol
levels are low (Wang et al., 1994; Yokoyama et al., 1993).

With the advent of expression profiling techniques such as RNA sequencing (RNA-seq), it has become
feasible to rapidly and comprehensively identify gene expression changes in response to different nutri-
tional, environmental, or genetic conditions. As a result, an enormous amount of gene expression profiling
data is available for many model organisms and humans. Moreover, gene expression profiles can be
measured with increasing depth at the level of single cells. Therefore, it has become feasible to measure
gene expression changes in response to specific metabolic and genetic perturbations. For instance, an
early landmark study in yeast used a highly integrated experimental and modeling approach to study per-
turbations in the GAL pathway (Ideker et al., 2001). However, complementary methods with which one can
comprehensively identify the perturbations that affect a gene, or set of genes, of interest, have notyet been
available. Here, we use such a “gene-centered” approach to comprehensively study the metabolic pertur-
bations that affect the activity of each of 19 promoters in the nematode Caenorhabditis elegans.

C. elegans is a powerful model system to study numerous biological processes, including development,
behavior, and aging (Nigon and Felix, 2017). Many RNA-seq datasets are available for C. elegans, and
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the animal has been used in pioneering single-cell expression profiling studies (Cao et al., 2017; Packer
etal., 2019). More recently, C. elegans has been established as a premier model to study metabolism (Wat-
son and Walhout, 2014; Watts and Ristow, 2017). The C. elegans intestine is a highly metabolic tissue that
breaks down ingested nutrients and delivers these to other tissues (McGhee, 2007). A genome-scale meta-
bolic network model has been constructed and multiple metabolic pathways have been carefully anno-
tated and visualized (Walker et al., 2021; Yilmaz et al., 2020; Yilmaz and Walhout, 2016). There are several
examples of gene expression changes that occur in response to metabolic perturbations in C. elegans. One
example in the intestine is the transcriptional activation of a propionate shunt when the canonical, vitamin
B12-dependent breakdown pathway of this short chain fatty acid is nutritionally or genetically perturbed
(Watson et al., 2014, 2016). The first gene of the propionate shunt, the acyl-CoA dehydrogenase acdh-1,
is activated by low vitamin B1, diets via two transcriptional mechanisms. Low B, mechanism-| involves
the nuclear hormone receptors (NHRs) nhr-10 and nhr-68 that together act as a transcriptional persistence
detector in response to the sustained accumulation of propionate (Bulcha et al., 2019). Low B4, mechanism-
Il'is activated in response to low activity of the vitamin B12-dependent methionine/S-adenosylmethionine
(Met/SAM) cycle and involves another NHR, nhr-114, which responds to low SAM levels (Giese et al., 2020).
However, for other metabolic perturbations that activate acdh-1, the underlying transcriptional mecha-
nisms remain unknown (Watson et al., 2013).

We previously developed a gene-centered method to delineate a gene regulatory network (GRN) in which
we used a set of 19 promoter reporters that express a fluorescent protein in the C. elegans intestine (Mac-
Neil et al., 2015). By performing systematic RNAi of almost all ~1,000 TFs (Reece-Hoyes et al., 2005), we
identified those that, when knocked down, resulted in a visible change in fluorescent protein levels in
this tissue. Surprisingly, by analyzing this GRN, we found that many TFs affect promoter activity indirectly,
i.e., because they were not found to physically interact with the promoter either by ChIP or by yeast one-
hybrid assays (Fuxman Bass et al., 2016; Gerstein et al., 2010; MacNeil et al., 2015; Van Nostrand and Kim,
2013).

Here, we delineated the first intestinal “metabolic regulatory network” (MRN) for an animal. Specifically, we
performed systematic RNAI of more than 1,400 metabolic genes to identify those whose function affects
the activity of the same 19 reporters we used previously. We found that metabolic perturbations affect
each promoter, albeit to a different extent and that changes in promoter activity occur with perturbations
in lipid, amino acid, and energy metabolism, but much less with perturbations in carbohydrate metabolism.
Remarkably, metabolic perturbations predominantly increase promoter activity, which is in contrast to
RNAi of TFs, which tends to repress promoter activity (MacNeil et al., 2015). We identified several TFs
that mediate the response to perturbations in the electron transport chain (ETC), including the activation
of acdh-1 by ETC complex Il inhibition, and the activation of nhr-178 by ETC complex IIl inhibition. Finally,
we explored complex interactions among metabolic pathways in regulating acdh-1 promoter activity. Our
study provides a blueprint for understanding the intricate relationships between metabolism and gene
expression at a network, or systems, level.

RESULTS

A C. elegans intestinal metabolic regulatory network

To examine how perturbations in C. elegans metabolism affect promoter activity, we first constructed an
updated RNAI library of metabolic genes. We previously generated an RNAI library of 836 metabolic genes
that were curated based on Kyoto Encyclopedia of Genes and Genomes (KEGG) and WormBase descrip-
tions (Watson et al., 2016). We removed genes that were not directly relevant to metabolic reactions (e.g.,
DNA and RNA polymerases), added known metabolic genes absent from the original library, and removed

duplicates, transposons, and pseudogenes for a total of 1,495 unique metabolic genes referred to as
met-2.0 (Table S1).

We performed RNAI with this metabolic gene library and the same 19 intestinal reporter strains we previ-
ously used to identify regulating TFs (MacNeil et al., 2015) (Table S2; Figure 1A). These promoters drive the
expression of a protein or a microRNA in the animal’s intestine and other tissues. Protein-coding gene pro-
moters include those corresponding to metabolic genes (acdh-1, acdh-2, acs-19, and gpd-3), stress-related
genes (gst-4, bli-3, sod-3, hsp-3, hsp-4, and irg-5), and TFs (sbp-1, nhr-178, and mdl-1). MicroRNA pro-
moters include mir-63, let-7, and mir-71. Each reporter was visually screened in triplicate for changes in
fluorescent protein levels in the intestine, which amounts to more than 85,000 visual assessments. Screens
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Figure 1. A C. elegans intestinal metabolic regulatory network

(A) Outline of RNAi screen with 19 intestinal reporter strains using the met-2.0 library containing 1,495 metabolic genes. The primary screen was performed in
triplicate, and hits were retested with all strains in duplicate. Related to Tables ST and S2.

(B) Examples of interactions between metabolic genes and intestinal gene promoters. Throughout the paper fluorescence images are shown with bright field
images as insets. We used scale bar = 250um, throughout the study.

(C) Graph outlining potential information flow in combined MRN and GRN.

(D) krefers to degree, or number of interactions. The in-degree (k-in) distribution of the MRN, which is defined as the number of metabolic gene knockdowns
that increase or decrease promoter activity in the intestine. Related to Table S3.

(E) The percentage of TFs (top, black) versus metabolic genes (bottom, green) that regulate each intestinal promoter. Data are shown as the percent of RNAI
knockdowns causing a change in promoter activity relative to the number of RNAI clones in the TF (top) or metabolic gene (bottom) RNAI library.

(F) Two types of wiring in the combined MRN and GRN.

(G) The out-degree (k-out) distribution of the MRN, which is defined as the number of intestinal gene promoters affected by each metabolic gene
knockdown. Related to Table S3.

(H) Detection of each of eight possible feedforward loops involving metabolic genes (M), the TF SBP-1 (S), and downstream promoters (P). The numbers in
red are according to numbering by Alon and colleagues (Mangan and Alon, 2003). Numbers and percentages below each circuit indicate total numbers and
percentage of possible circuits, i.e., which of the M- > S- > P are confirmed by detection of M- > P in the MRN, between brackets.

(I) Diagram of potential information flow of interactions involving the TF SBP-1.

were carried out manually because 18 of the 19 reporters also drive expression in at least one other tissue
(MacNeil et al., 2015). We focused on the fourth larval (L4) stage, as described previously (MacNeil et al.,
2015). All hits found in two or three of the replicates were retested twice with all 19 intestinal reporters, us-
ing larger plates and more animals. Interactions received a confidence score based on how frequently the
effect was observed relative to the number of tests and only interactions observed at least twice were kept
in the final network (Table S3). Examples of metabolic genes that regulate intestinal promoter activity are
shown in Figure 1B.

The intestinal MRN contains 1,251 regulatory interactions between 19 promoters and 512 metabolic genes
(Table S3). Interestingly, most of the interactions involving metabolic genes were repressing (increased
fluorescence after RNAI). This is in contrast to the intestinal GRN, where we found that most TF knockdowns
resulted in a decrease in fluorescence (Figure 1C) (MacNeil et al., 2015). This observation suggests that
metabolic perturbations tend to activate gene expression through TFs that activate expression of their
target genes.

Large-scale visual screens like the one presented here are error prone, especially when many conditions are
screened versus many genes in triplicate, in part because the human eye gets tired and due to variability in
RNAi knockdown. Additionally, some reporters (Pirg-5:GFP and Phsp-4:GFP) have fainter GFP expression
making it easier to score for increased GFP upon RNAI as compared to decreased GFP. Conversely,
Pacdh-2:GFP expresses GFP strongly in other tissues, making it more difficult to screen for increased
GFP in the intestine. Furthermore, reporters that are tagged with mCherry (Phsp-3:GFP, Peft-3:GFP, and
Ptrap-2:GFP) and are nuclear localized, are harder to screen because mCherry is relatively faint. This vari-
ation in brightness of the reporters could contribute to false negatives (missed interactions). Additionally,
some reporter transgenes are not integrated into the genome, i.e., are present as a multi-copy array
(Pbli-3:GFP and Psbp-1:GFP), which results in mosaicism that may be interpreted as a change in fluores-
cence due to the RNAI. To estimate the noise in the primary screen, we compared the regulatory interac-
tions found for the acdh-1 promoter in our primary screen to our previous data from a whole genome RNAi
screen for Pacdh-1:GFP (Watson et al., 2013). In our previous study, we used the ORFeome RNAI library
(Rual et al., 2004) and screened for genes that increased and decreased fluorescence in Pacdh-1:GFP an-
imals. Of the 50 genes that were previously found to regulate Pacdh-1:GFP and that were also included in
the updated metabolic RNAI library, 25 were detected (Table S4) (Watson et al., 2013). This illustrates the
noise in large-scale, visual RNAi screens (see Discussion).

The number of metabolic genes affecting a promoter (the in-degree, or k-in) ranged from 10 to 176, with an
average and median number of 66 and 51 metabolic genes, respectively (Figure 1D). Seven of the intestinal
promoters drive the expression of a metabolic enzyme (acdh-1, acdh-2, gst-4, bli-3, acs-19, gpd-3, and
sod-3) (Walkeretal., 2021) and changes in their activity in response to metabolic gene knockdown may indi-
cate transcriptional rewiring of metabolism. Next, we asked whether promoter connectivity (i.e., k-in) in the
MRN correlates with connectivity in the GRN. Overall, we did not observe a clear correlation, with the
exception of the promoters of acdh-1 and acdh-2, which are highly connected in both networks (Figure 1E
and Table S3). Overall, these observations suggest that there are distinct types of interactions involved in
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the metabolic control of gene expression. Promoters that are affected by many metabolic perturbations
and many TFs may use distinct TFs to respond to different types of metabolic perturbations, while pro-
moters that are highly connected only in the MRN may respond to metabolic perturbations via the
same, or a limited set of TF(s) (Figure 1F).

Finally, we examined the connectivity of different metabolic genes in the MRN (the out-degree, or k-out)
and found that 73% of metabolic genes in the MRN tested affect only one or two promoters when knocked
down (Figure 1G). This is highly similar to the out-degree of the GRN we previously delineated, where 77%
of TFs in the GRN regulated only one or two promoters (MacNeil et al., 2015). Together, these data show
that the GRN and MRN exhibit a similar organization, with one major difference: TF knockdown tends to
repress promoter activity, while RNAi of metabolic genes activates the same set of promoters.

SBP-1isa TF and the sbp-1promoter is also part of the set of 19 reporter strains (MacNeil et al., 2015). In the
GRN, we found that SBP-1 regulates 12 of the 19 promoters, including its own. This observation allowed us
to ask a simple question: how often does RNAI of a metabolic gene that activates or represses the sbp-1
promoter affect other promoters that are affected by the SBP TF? To answer this question, we used the
concept of feedforward loops (FFLs), which capture this type of sequential regulation and allows us to
assess our dataset. Briefly, in FFLs, a regulator affects another regulator, and both affect the same down-
stream gene. In coherent FFLs, each arm has the same regulatory effect; i.e. both arms either repress or
activate the downstream gene. In incoherent FFLs, the arms have opposite effects on the downstream
gene, i.e., one arm represses and the other activates (Bulcha et al., 2019; Mangan and Alon, 2003). Here,
we specifically examine metabolic genes that affect both the sbp-7 promoter and each of the 18 other
promoters and ask for each combination whether SBP-1 was found to regulate the same promoter in
our previous dataset (MacNeil et al., 2015). There are eight possible FFLs, where the different interactions
are activating or repressing. For each of these, we determined the possible configurations that could have
been detected and then calculated the proportion actually detected in the combined MRN/GRN dataset
(Figure TH). Overall, we found that of all possible type 1 FFLs, 46% were detected in the dataset, while the
proportion of other types of FFLs was detected with much lower frequency. This observation indicates that
metabolic perturbations that repress sbp-1 expression most frequently translate to a repression of down-
stream promoter activity. An example includes RNAJ of fasn-1, which represses the acs-19 and sbp-1
promoter (Table S3), and RNAI of sbp-1, which represses the acs-19 promoter (MacNeil et al., 2015). It is
important to note that such FFLs are not direct, but rather indicate structure in the GRN/MRN datasets.
Specifically, the concept of FFLs was used here to investigate concordance between the TF RNAi and meta-
bolic gene RNAI datasets. In reality, these FFLs may function as indicated, may function as simple linear
cascades, or may be more indirect by involving additional regulators.

In the simplest FFLs, SBP-1 directly binds a promoter and regulates its activity. However, we could not
examine this because there are no available datasets for physical protein-DNA interactions involving
SBP-1, either by chromatin immunoprecipitation (Gerstein et al., 2010) or by yeast one-hybrid assays (Fux-
man Bass et al., 2016). This is likely because SBP-1 is localized to membranes and needs to be cleaved and
translocated to the nucleus upon receiving a (metabolic) stimulus, and therefore is likely not detected in
yeast one-hybrid assays (Wang et al., 1994). Furthermore, our previous study indicated that SBP-1 functions
high in the regulatory hierarchy and may affect promoter activity indirectly, for instance by repressing or
activating the expression of other TFs (MacNeil et al., 2015). Given that SBP-1 acts high in the regulatory
hierarchy (MacNeil et al., 2015), this suggests that repression of sbp- T expression results in downregulation
of a TF that activates promoter activity (Figure 11).

Pathway-level MRN integration

Metabolism is organized into different pathways and complexes that together form the metabolic network.
Previously, we constructed a C. elegans genome-scale metabolic network based on enzyme homology and
annotations available in various databases such as KEGG and BRENDA (Yilmaz and Walhout, 2016). We
recently updated this model to the current version, iCEL1314, which includes additional gene and reaction
annotations (Yilmaz et al., 2020), and carefully annotated 85 C. elegans metabolic pathways and categories
to generate 62 pathway maps that can be found on the WormFlux website (http://wormflux.umassmed.
edu/) (Walker et al., 2021; Yilmaz and Walhout, 2016). Pathways indicate connected metabolic reactions
(e.g., leucine degradation) and categories include complexes and groups of functionally related proteins
(e.g., ETC complex ). For simplicity, we refer to both pathways and categories as pathways. Pathways were
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Figure 2. Metabolic pathway enrichment

(A) MRN of enriched metabolic pathways (p < 0.05 by hypergeometric distribution) and the 19 intestinal promoters. Promoters are represented as gray
rectangles, and enriched pathways as color-coded ovals. Orange edges indicate repressing interactions (fluorescence up), blue edges indicate activating
interactions (fluorescence down), and black edges indicate mixed fluorescence. K-out indicates the number of promoters regulated by each pathway.
Related to Table S5.

(B) Examples of four promoter-pathway networks. The connected rings start at level 1 (smaller ring) and go inward to level 4 (larger ring, closest to the
promoter). Within the levels, the same pathways use the same color code. Enriched pathways (p < 0.05 by hypergeometric distribution) are indicated by filled
ovals and non-enriched pathways (p > 0.05) are indicated by empty ovals. Related to Figure S1 for additional promoter networks.

(C) Examples of two pathway-promoter networks. Pathways are colored as in (B). Related to Figure S2 for additional enriched pathway networks.

annotated atincreasing levels of resolution (Walker et al., 2021). Briefly, level 1 metabolic gene annotations
are broad and are refined and narrowed to specific metabolic pathways all the way to level 4. For
example, genes involved in the glycine cleavage system are first defined in the level 1 category of amino
acids, then level 2 glycine, serine, and threonine metabolism, level 3 glycine and threonine metabolism,
and level 4 glycine cleavage system. Since not all levels can be subdivided, redundancies exist at levels
3and 4.

We previously found that perturbation of genes in the canonical, vitamin B12-dependent propionate
breakdown pathway activates a propionate shunt, the first gene of which is acdh-1, whose promoter
is included in this study (Watson et al., 2013, 2016). Here, we extend this concept by asking whether
there was enrichment for particular metabolic pathways regulating each of the 19 promoters in the
MRN. For pathway enrichment analysis, we used the pathway assignments from the iCEL1314 network
model (Walker et al., 2021). At level 4, we found that 27 of the 85 metabolic pathways are enriched in
the network (Figure 2A; Table S5). Thus, a large fraction of metabolic pathways regulates gene expression
when perturbed.

For each promoter, we visualized enriched pathways as sequentially connected circles starting with level 1
moving down to level 4 (Figure 2B). Four examples of promoter networks are shown in Figure 2B: Pgst-4 and
Phsp-3 are intermediately connected promoter networks that are enriched for seven and eight level 4 path-
ways, respectively; Psod-3 and Pirg-5 are lowly connected promoter networks with two and four level 4
pathways enriched, respectively. Promoter-pathway networks not featured in the main figures are provided
in Figure S1.

All 19 promoters are linked by shared pathways, showing the high degree of connectivity in the intestinal
MRN. Most pathways are enriched for only one or two promoters, while others are enriched for many pro-
moters (Table S5). Among the most highly connected pathways are vacuolar-ATPase (v-ATPase) and ETC
complex V (Figure 2C). In addition, aminoacyl-tRNA-synthetase RNAi affects many promoters, and most
reporters are downregulated (Figure S2; Table S3). Aminoacyl-tRNA-synthetases link amino acids to their
cognate tRNAs and are, therefore, critical for mRNA translation (Rubio Gomez and Ibba, 2020). Thus, the
observation that most reporters used in our screen are repressed by knockdown of aminoacyl-tRNA synthe-
tases is not surprising since the readout is based on fluorescent protein expression in the intestine. The
irg-5 promoter, however, is activated when aminoacyl-tRNA synthetases are knocked down, which agrees
with previous observations (Melo and Ruvkun, 2012) (Table S3). It is interesting to note that, even though
carbohydrate metabolism is a fundamental biochemical process for energy generation, knockdown of
genes annotated to carbohydrate metabolism did not have a strong impact on promoter activity. Pathway
networks visualizations for level 4 enriched pathways not shown in the main figures are provided in
Figure S2.

Broad effects of ETC perturbation on promoter activity

Many of the intestinal promoters respond to perturbation of members of the ETC, which carries out
oxidative phosphorylation in the mitochondria (Table S3). When we obtained this result, we realized
that only members of ETC complexes |, Il, and V (ATP-synthase) were included in our primary metabolic
gene RNAI library. To test the effects of ETC perturbation more comprehensively, we carefully annotated
the five ETC complexes, generated a mini-library of all available RNAi clones, and used it to screen all 19
intestinal promoter strains (Table S6). We included only ETC complex components that are encoded by
the nuclear genome, i.e., the 12 members encoded by the mitochondrial genome were not tested.
Example images of both repressing and activating interactions are shown in Figure 3A. Of interactions
tested in both the primary and the mini-library screen, 100 interactions were detected by both, 64
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Figure 3. Electron transport chain perturbation differentially affects intestinal promoter activity

(A) Examples of C. elegans promoter reporter strains subjected to RNAi from different ETC complex members.
(B) Overview of all ETC complex RNAI on the intestinal activity of the 19 target promoters. Related to Table Sé.
(C) Diagram of the ETC complex-promoter regulatory network.

(D) Examples of C. elegans promoter reporter strains treated with ETC complex inhibitor drugs.

(E) Overview of the effect of ETC complex drug treatment on the intestinal activity of the 19 target promoters.

were only found in the primary screen, and 226 only with the mini-library (Table S7). This modest overlap
further illustrates the challenge of large-scale visual experiments and the need for replicate experiments.
However, even with relatively noisy data, a clear picture emerged. Promoters exhibited different degrees
of responses to ETC perturbation; more than half of the 19 promoters showed consistent changes in ac-
tivity and most of these were activated, while some, most notably Pacdh-1 and Pacdh-2, were mostly
repressed (Figures 3B and 3C). Remarkably, these two promoters were activated by RNAi of ETC-com-
plex Il members, which has a dual function in both the ETC and the TCA cycle (Figure 3B, see below).
Further, the gst-4 promoter was activated by knockdown of ETC complexes | and Il but repressed by
ETC complex V (ATP synthase) RNAI (Figure 3B). These observations indicate that different ETC com-
plexes can have distinct effects on promoter activity, showing that these promoters do not simply
respond to changes in energy metabolism.

To validate the effects of ETC inhibition by RNAi on promoter activity, we treated animals with drugs that
specifically affect different ETC complexes to each of the 19 intestinal reporter strains, including rotenone
(complex ) (Palmer et al., 1968), 2-thenoyltrifluoroacetone (TTFA) (complex Il) (Armson et al., 1995), antimy-
cin A (complex IIl) (Slater, 1973), and sodium azide (complex IV) (Stannard and Horecker, 1947). With these
drugs, we observed robust modulation of promoter activity, which, with one notable exception discussed
below, largely agreed with the RNAi data (Figures 3D and 3E). We also tested oligomycin A (complex V)
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(Hong and Pedersen, 2008) but did not see any changes in fluorescence at any dose in any of the strains
tested.

Complex metabolic regulation of the acdh-1 and acdh-2 promoters

Two of the 19 intestinal promoters used in this study control the expression of two highly homologous acyl-
CoA dehydrogenases, acdh-1 and acdh-2. Because genes are associated with metabolic reactions based
on homology with enzymes known to catalyze particular reactions, acdh-1 and acdh-2 are annotated to an
overlapping set of metabolic reactions involved in amino acid and fatty acid degradation in the genome-
scale metabolic network model (Yilmaz et al., 2020; Yilmaz and Walhout, 2016). However, we have
previously shown that ACDH-1 catalyzes the first reaction in the propionate shunt, which is activated
when flux through the canonical, vitamin B12-dependent propionate breakdown pathway is impaired (Wat-
son et al., 2014, 2016). We did not find any supporting evidence that acdh-2 also functions in this pathway
(data not shown), and therefore, the biochemical function of this acyl-CoA dehydrogenase remains
unknown.

In the MRN, the acdh-1 and acdh-2 promoters are each enriched for several metabolic pathways,
including propionate degradation, the glycine cleavage system, and the methionine/S-adenosylmethio-
nine (Met/SAM) cycle, which we have found previously to affect acdh-1 expression (Giese et al., 2020;
Watson et al., 2013) (Figure 4A). Additional enriched pathways include pyruvate metabolism, the ETC,
and the tricarboxylic acid (TCA) cycle (Figure 4A). The acdh-1 and acdh-2 promoters are in fact the
most highly connected in both the MRN and GRN, and most metabolic genes and TFs that regulate
acdh-1 also regulate acdh-2 (Figure 4B). These include another acyl-CoA dehydrogenase, acdh-3,
RNAI of which activates both promoters (Table S3). Remarkably, however, a small fraction of metabolic
genes and TFs have opposite effects on these two promoters when knocked down: RNAI of five meta-
bolic genes activates acdh-1 but represses acdh-2 promoter activity and perturbation of three TFs re-
presses acdh-1 but activates acdh-2 (Figure 4C). Interestingly, while the proteins encoded by acdh-1
and acdh-2 share a high degree of homology (Figure S3), their promoters do not share obvious similar-
ities and the two genes are located on different chromosomes. The observation that the acdh-1 and
acdh-2 promoters respond to many of the same metabolic perturbations and many of the same TFs sug-
gests that much of the regulatory wiring and non-coding elements such as TF-binding sites are shared
between the two promoters.

The ETC complex Il inhibitors TTFA and 3-nitropropionate have distinct effects on acdh-2
expression and block RNAi

Since perturbation of the ETC had widespread effects on promoter activity, we wondered which TFs
mediate these effects. We reasoned we could answer this question by performing RNAi against an ETC
component that activates intestinal promoter activity, and then screening the TF RNAI library (MacNeil
et al.,, 2015) to identify TFs required for this activation. However, performing RNAi with multiple genes in
the same sample in C. elegans is unreliable (Kamath et al., 2001). Therefore, we reasoned that ETC-inhibit-
ing drugs would present an opportunity to identify TFs that mediate promoter activation by combining
such drugs with TF RNAI. To test this, we first focused on promoter activation by knockdown of ETC com-
plex Il. However, we noticed that there was one clear disagreement between the ETC RNAi data and the
ETC inhibitory drugs discussed above: the acdh-2 promoter was robustly activated by ETC complex [l RNA]
but repressed by the supplementation of TTFA (Figures 3B and 3E). In contrast, the promoter of its paralog
acdh-1was induced both by ETC complex Il RNAi and by TTFA supplementation (Figures 3B and 3E). Sur-
prisingly, we found that addition of TTFA completely blocked RNAJ (Figure S4C). We tested another ETC
complex Il inhibitory drug, 3-nitropropionate (3-NP) (Alston et al., 1977), and found that its supplementa-
tion robustly activated the acdh-2 promoter (Figure 4D). This result shows that distinct ETC complex |l
inhibitory drugs have different effects on gene expression. However, like TTFA, addition of 3-NP also
blocked RNAJ and this effect likely occurs by interfering with bacterial growth (Figure S4B). Therefore, these
drugs could not be used together with TF RNAI to investigate the transcriptional mechanisms that respond
to ETC complex Il perturbations.

ETC complex Il inhibition activates the acdh-1 promoter via multiple TFs and is inhibited by
TCA cycle and pentose phosphate pathway perturbations

ETC complex Il, or succinate dehydrogenase (SDH), participates both in oxidative phosphorylation and in
the TCA cycle. It catalyzes a single reaction, the dehydrogenation of succinate to fumarate and the
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Figure 4. Comparison of regulation of acdh-1 and acdh-2 promoters

(A) Cartoons of enriched metabolic pathways regulating the Pacdh-1:GFP and Pacdh-2:GFP reporters.

(B) Venn diagrams of overlapping metabolic genes in the MRN (left) and TFs in the GRN (right) that regulate the acdh-1
and acdh-2 promoters.

(C) While many metabolic genes and TFs regulate both the acdh-1 and acdh-2 promoter, some have opposite effects.
(D) RNAj of ETC complex Il members in the Pacdh-2:GFP reporter strain (left), ETC complex Il inhibitory drug treatment
(right, 125 uM TTFA or 12.5 mM 3-NP), with or without GFP RNAi. The DMSO control relates to the TTFA panel. The
control for 3-NP is shown in the upper panel of column 1. Related to Figure S4.

reduction of FAD to FADH2, leading to the reduction of ubiquinone to ubiquinol in the mitochondrial
membrane (Bezawork-Geleta et al., 2017). SDH is a complex of four subunits, each of which is encoded
by a single gene in most organisms. C. elegans, however, has two close paralogs encoding the SDHA
subunit: sdha-1 and sdha-2 (Rea and Johnson, 2003; Tsang and Lemire, 2003). Most subunits of SDH
are essential for C. elegans development (Otero et al., 2019). However, there are viable mutants available
for sdha-2, and RNAI of either paralog sdha-1 or sdha-2 activates the acdh-1 promoter (Figure 3B). Since
ETC complex Il-inhibiting drugs are not compatible with RNAI (Figure 4D), we crossed the Pacdh-1:GFP
reporter into the sdha-2(tm1420) mutant to enable the identification of TFs that mediate the induction of
gene expression in response to SDH perturbation. In Pacdh-1:GFP;sdha-2(tm1420) mutants, GFP fluores-
cence was increased compared to the wild-type background, validating the RNAI result (Figures 5A and
5B). In Pacdh-1:GFP reporter animals, GFP is completely shut off by diets high in vitamin By, or by direct
vitamin By, supplementation (MacNeil et al., 2013; Watson et al., 2014) (Figure 5B). Interestingly, we
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Figure 5. Transcriptional activation of acdh-1 by ETC complex Il inhibition

(A) Pacdh-1:GFP animals exposed to sdha-2 RNAI (top) or crossed into an sdha-2(tm1420) mutant (bottom).

(B) Pacdh-1:GFP (wild type) and Pacdh-1:GFP;sdha-2(tm1420) animals with and without vitamin B4, supplementation. Related to Figure S5.

(C) Quantification of GFP in Pacdh-1:GFP animals with or without an sdha-2 mutation and with or without vitamin B4, supplementation.

(D) gRT-PCR of endogenous acdh-1 mRNA in wild type and sdha-2 mutant animals with or without vitamin By, supplementation. Colors are as in (C). Data are
represented as mean + SD of three experimental repeats each containing three technical replicates. The mRNA fold changes were calculated with respect
to Pacdh-1:GFP with added vitamin By,.

(E) Pacdh-1:GFP;sdha-2(tm1420) animals exposed to TF RNAi as indicated.

(F) TF RNAI in Pacdh-1:GFP animals supplemented with vitamin B+, and with an sdha-2 mutation (left), exposed to propionate (low B1, mechanism-I, middle)
and with an nhr-10 deletion and mthf-1 mutation (low By, mechanism-II, right).

(G) At least, three different, partially overlapping transcriptional mechanisms activate acdh-1 expression in response to different metabolic perturbations.

found that vitamin Bq, supplementation did not fully repress GFP fluorescence either in the sdha-2
mutant background, or in the presence of TTFA (Figures 5B and S5). However, GFP expression in the
sdha-2 mutant background with vitamin By, supplementation is lower than in wild-type animals without
vitamin By,. We quantified GFP induction in the reporter strain and endogenous acdh-1 expression in the
sdha-2 mutant background, relative to the wild-type background, and both with and without supplemen-
tation of vitamin By, (Figures 5C and 5D). These results show that acdh-1 is robustly induced by pertur-
bations of ETC complex Il, even in the presence of vitamin Bq, and indicate that this induction is distinct
from acdh-1 activation by perturbations in propionate degradation or dysregulation of the Met/SAM cy-
cle, both of which can be suppressed by supplementation of vitamin By, (Bulcha et al., 2019; Giese et al.,
2020).

Next, we asked which TFs mediate the activation of acdh-1 expression in response to SDH perturbations.
We first tested whether the TFs that mediate the response to low B12 mechanisms | and Il are also involved
in the activation of the acdh-1 promoter by SDH perturbation and found that, while RNAi of nhr-114 (low
B12 mechanism-Il) only mildly affected GFP levels, knockdown of either nhr-10 or nhr-68 (low B12
mechanism-1) greatly reduced GFP expression (Figure 5E). This result shows that nhr-68 and nhr-10 mediate
the activation of acdh-1 not only in response to both excess propionate but also to SDH perturbation. As
noted above, these mechanisms are, at least in part, distinct, since vitamin B, supplementation represses
activation of acdh-1 by excess propionate but not (fully) by SDH perturbation (Figure 5B). Therefore, we
hypothesized that additional TFs may specifically be involved in the latter response. To test this hypothesis,
we screened the TF RNAI library (MacNeil et al., 2015) in Pacdh-1:GFP;sdha-2(tm1420), animals in the pres-
ence of vitamin By,. Altogether, we found multiple TFs that reduce GFP expression in these animals, some
of which also lowered reporter expression in Pacdh-1:GFP animals that express GFP animals in response to
low B, mechanism-I and, less frequently, low By, mechanism-Il (Figure 5F). However, approximately half a
dozen TFs are specific to SDH perturbations (Figure 5F). These results indicate that acdh-1 activation in
response to different metabolic perturbations is carried out by both overlapping and specific TFs
(Figure 5G).

How does reduced flux through the SDH reaction activate acdh-1 expression? We previously showed that
nhr-68 and nhr-10 mediate activation of acdh-1 expression in response to propionate accumulation (Bulcha
etal., 2019). However, since several additional TFs specifically mediate the response to SDH perturbation,
and because vitamin By, supplementation fails to fully repress the latter response, we hypothesized that
SDH perturbation mediates its effect via other metabolic mechanisms. To test this hypothesis, we asked
whether RNAI of other metabolic genes could specifically prevent the activation of acdh-1 expression
upon SDH perturbation. We performed RNAi of metabolic genes in Pacdh-1:GFP;sdha-2(tm1420) animals
supplemented with vitamin By, using an expanded metabolic gene RNAi library (met-3.0) that includes ETC
and other genes that were missed in the met-2.0 library (see STAR Methods). We screened for genes that
specifically reduce GFP expression when knocked down in this mutant, i.e., that have little or no effect on
the induction of acdh-1 by low By, mechanisms-I or II. We identified genes that predominantly function in
two metabolic pathways: the TCA cycle and the pentose phosphate pathway (PPP) (Figures 6A and 6B).
Interestingly, the TCA cycle genes all function upstream of the generation of succinate, the substrate of
the SDH complex, suggesting that succinate accumulation may result in acdh-1 activation (Figure 6B). How-
ever, direct supplementation of succinate failed to induce Pacdh-1:GFP, but it is unclear whether succinate
is taken up by the animal (data not shown). The contribution of the PPP to acdh-1 activation by SDH pertur-
bation also remains unclear. One intriguing possibility is that the generation of reducing agents NADPH by
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Figure 6. Inhibition of pentose phosphate pathway or TCA cycle flux suppresses activation of acdh-1 by ETC

complex Il inhibition

(A) Metabolic gene RNAI in Pacdh-1:GFP animals supplemented with vitamin B1, and with an sdha-2 mutation (left),
exposed to propionate (low By, mechanism-I, middle) and with an nhr-10 deletion and mthf-1 mutation (low By,
mechanism-Il, right).

(B) Model of complex interactions among metabolic pathways regulating acdh-1 expression.

iScience 25, 104688, August 19, 2022 13




¢? CellPress

OPEN ACCESS

the PPP and NADH by the TCA cycle contributes to acdh-1 activation, specifically in response to reduced
flux in the SDH reaction. Altogether, these results reveal complex genetic interactions among metabolic
pathways in the regulation of gene expression. Furthermore, the genetic analyses performed here show
that acdh-1 expression is modulated in response to additional metabolites in addition to propionate
and SAM.

Transcription factors mediating the response to ETC complex Il inhibition

Next, we explored the transcriptional mechanism that activates gene expression in response to another
ETC component, ETC complex Ill. In contrast to ETC complex Il inhibitors TTFA or 3-NP, both of which
inhibit RNAI, supplementation with the ETC complex Il inhibitor antimycin A did not interfere with
RNAI; the drug induced intestinal activity of the nhr-178 promoter and this induction was completely
blocked by GFP RNAI (Figure 7A). To identify TFs involved in the response to ETC complex Ill inhibition,
we screened the Pnhr-178:GFP reporter strain treated with antimycin A and found six TFs that, when
knocked down by RNAI, blocked the activation of Pnhr-178 promoter activity by antimycin A (Figure 7B).
Two of these, nhr-45 and znf-207, were found previously in the GRN and the proteins encoded by nhr-45
and sea-1 physically interact with the Pnhr-178 promoter (Arda et al., 2010; Fuxman Bass et al., 2016; Mac-
Neil et al., 2015).

We next focused on NHR-45 since it has been demonstrated to respond to mitochondrial dysfunction
and because it physically binds the nhr-178 promoter (Arda et al., 2010; Mao et al., 2019). We first
used gRT-PCR to verify that both ETC complex Ill RNAi and antimycin A supplementation induced
endogenous nhr-178 expression, and that nhr-45 is required for this induction (Figures 7C and 7D).
Next, we asked whether the activation of nhr-178 by nhr-45 in response to ETC complex Ill perturbation
had a functional consequence. Specifically, we asked whether nhr-178 mutant animals are sensitive to
antimycin A, as has been reported for nhr-45 mutant animals (Mao et al., 2019). We confirmed that
nhr-45 mutant animals are much more sensitive to antimycin A than wild-type animals (Figure 7E). How-
ever, we did not observe a significant change in nhr-178 mutant animals compared to wild-type animals;
if anything, nhr-178 mutant animals are slightly less sensitive to antimycin A (Figure 7E). Thus, the acti-
vation of nhr-178 expression by nhr-45 in response to ETC perturbation is not required to functionally
mitigate the response to mitochondrial dysfunction.

Because both nhr-45and nhr-178 are TFs (Reece-Hoyes et al., 2005), we wondered whether they share anti-
mycin A-responsive target genes. We performed RNA-seq to identify genes that are induced by antimycin
A and to determine which of those genes require nhr-45, nhr-178, both or neither. Because nhr-45 mutant
animals are very sensitive to antimycin A, we used a low dose of 0.3 uM. In wild-type animals, 203 genes
were differentially expressed by this dose of antimycin A; 163 were upregulated and 40 were downregu-
lated (Figures 7F and Sé; Tables S8 and S9). We used WormCat (Holdorf et al., 2020) and WormPaths
(Walker et al., 2021) to ask whether any particular types of genes were induced by antimycin A treatment.
We found an enrichment for genes involved in stress response and metabolism, specifically detoxification
genes such as ugt and cyp genes, and genes involved in lipid metabolism. Induced genes include cyp-
14A4, which was previously identified to be activated by antimycin A (Mao et al., 2019). Interestingly, we
did not find induction of nhr-178 by antimycin A, even though we could detect this activation by gRT-
PCR (Figures 7C and 7D). This is probably because this gene is expressed at very low levels (0-1 TPM in
wild-type animals) and/or due to the low dose of 0.3 uM antimycin A used in this experiment. We found
that of all 163 genes upregulated by antimycin A, 57 are dependent on nhr-45, 50 genes are dependent
on nhr-178, 22 are dependent on both TFs, and 34 are dependent on neither TF (Figures 7G and Sé;
Table S8). Taken together, multiple TFs mediate the transcriptional activation of nhr-178 by ETC complex
IIlinhibition (Figure 7H). While nhr-45 activates nhr-178, this is not required to mitigate lethality caused by
ETC complex lll inhibition, indicating that other nhr-45 targets are required for this response and that nhr-
178 and its targets influence other transcriptional programs.

DISCUSSION

In this study, we show broad changes in intestinal promoter activity in response to metabolic gene RNAI
and that certain types of metabolism, e.g., energy metabolism, more greatly affects promoter activity
than other types of metabolism, e.g., carbohydrate metabolism. However, our promoter set is relatively
small, and it remains to be determined whether this observation extends to the larger transcriptome.
Here, it is important to note that the promoters were selected for our initial GRN study (MacNeil et al.,
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Figure 7. nhr-45 and nhr-178 together and independently regulate gene expression in response to ETC complex Il inhibition

(A) Antimycin A (0.3uM) supplementation to Pnhr-178:GFP reporter animals.

(B) Examples of TFs that are required for the activation of the nhr-178 promoter by antimycin A.

(C) gRT-PCR of endogenous nhr-178 with and without cyc-17 RNAI in wild type and nhr-45 mutant animals. Data are represented as mean + SD of three
experimental repeats each containing three technical replicates. The mRNA fold changes were calculated with respect to wild type.

(D) gRT-PCR of endogenous nhr-178 with and without antimycin A supplementation in wild type and nhr-45 mutant animals. Data are represented as mean +
SD of three experimental repeats each containing three technical replicates. The mRNA fold changes were calculated with respect to untreated wild type.
(E) Dose-response curve of antimycin A supplementation in wild type, nhr-45 and nhr-178 mutant animals. Data are represented as mean + SD of three
experimental repeats each containing eight technical replicates.

(F) Volcano plot of genes affected by antimycin A supplementation in wild-type animals measured by RNA-seq. Related to Tables S8 and S9.

(G) Venn diagram of genes induced by antimycin A in wild-type animals that are dependent on nhr-45, nhr-178, both or neither. Related to Figure Sé.
(H) Cartoon of complex interplay between ETC complex Il inhibition and transcriptional regulation.

2015) based on the fact that they drive expression in the C. elegans intestine, and that these promoters are
not associated with any particular type of gene.

One of the main insights of this study is that metabolic gene knockdowns tend to activate gene expression.
This contrasts with the RNAI of TFs, which tends to repress promoter activity (MacNeil et al., 2015). Alto-
gether, these observations suggest that metabolic perturbations result in changes that are sensed, directly
or indirectly, by TFs that induce promoter activity. Overall, we did not find great correlation between the
number of metabolic genes and TFs that regulate each promoter, with the exception of the acdh-1 and
acdh-2 promoters, which are affected by a large proportion of both metabolic gene and TF RNAI. For these
promoters, this suggests that distinct TFs respond to different metabolic perturbations. We previously
found that acdh-1 expression is induced by different TFs for the response to low flux in the canonical pro-
pionate breakdown and the Met/SAM cycle, respectively (Bulcha et al., 2019; Giese et al., 2020). Here, we
find that the acdh-1 induction caused by SDH perturbations requires both TFs already known to regulate
this gene in response to other perturbations, and TFs that are specific to this perturbation. We uncovered
several additional pathways and complexes that activate acdh-1 expression when perturbed, including py-
ruvate dehydrogenase (Table S3). We also found complex genetic interactions among metabolic pathways:
activation of acdh-T expression by SDH perturbation, but not by propionate or low SAM, is blocked by
simultaneous perturbation of genes that function upstream in the TCA cycle, or in the PPP. Future studies
will determine how and why each pathway interacts with acdh-1 expression and shed broader light on the
connections between the MRN and the GRN and the transcriptional circuits involved.

We found that inhibition of the ETC affected the activity of many promoters tested. Surprisingly, we found
different effects of different ETC complexes, indicating that the transcriptional response is not simply due
to altered energy production. Instead, this finding suggests that perturbation of each complex may result in
different metabolic changes that are sensed (directly or indirectly) by TFs that govern a transcriptional
response. The effects of ETC complex RNAi were largely confirmed using ETC complex-inhibiting drugs.
Remarkably, however, the two inhibitor drugs of ETC complex I, TTFA and 3-nitropropionate, show
opposite effects on the acdh-2 promoter, with 3-nitropropionate mimicking RNAi of most ETC complex
Il members. While these drugs have been reported to inhibit the same complex, they do not share the
same mechanism of action. 3-nitropropionate is an analog of succinate, while TTFA binds the ubiquinone
reaction site (Sun et al., 2005). Notably, 3-nitropropionate also inhibits isocitrate lyase, a key enzyme in the
glyoxylate shunt (Schloss and Cleland, 1982). The differences in mechanism of action also cause separate
changes in ETC complex Il activity; while 3-nitropropionate irreversibly inhibits the entire complex, TTFA
inhibits the succinate ubiquinone oxidoreductase activity of ETC complex Il while leaving succinate dehy-
drogenase activity relatively intact (Guo et al., 2016; Lemarie et al., 2011). Our results indicate that these
drugs induce non-overlapping metabolic changes that are sensed (directly or indirectly) by different TFs
and can result in non-overlapping transcriptional changes. Therefore, these drugs may provide a tool to
investigate the transcriptional mechanisms that respond to different mechanisms of ETC complex Il inhi-
bition in more detail, for instance using forward genetic screens and RNA-seq.

In this study, we used a gene-centered method to identify metabolic gene perturbations that modulate the
activity of 19 promoters driving expression of a fluorescent protein in the C. elegans intestine. This method
provides a complement to more widely used methods that use individual (metabolic) perturbations to mea-
sure genome-wide changes in metabolic gene expression by RNA-seq. There are advantages and disad-
vantages to our approach. Advantages include the fact that we examine a single tissue (the intestine), the
ability to measure changes in promoters that drive the expression of lowly expressed genes for which
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changes in gene expression are hard to confidently measure by RNA-seq (e.g., nhr-178), the ability to trace
a regulatory effect to a specific genomic DNA element (the promoter), and the testing of genome-scale
perturbations of metabolism. Disadvantages include the relatively high level of noise in the primary screen,
and the fact that RNAi does not work equally well in all C. elegans tissues (Kamath et al., 2001; Timmons
et al.,, 2001). However, this is offset, at least in part, by the fact that metabolism can be analyzed at the level
of pathways, which provides a degree of confidence in the observations. However, a lack of pathway enrich-
ment does not necessarily mean the interactions are false. Overall, we strived to be stringent in the exper-
iments. Therefore, we suspect that we have missed more interactions (false negatives) than called wrong
interactions (false positives). Other disadvantages of our approach include the fact that our experiments
are qualitative rather than quantitative because we visually assess changes in promoter activity. Since we
only specifically aimed to identify changes in fluorescent protein levels in the intestine, and because 18
of the 19 reporter strains also express the fluorescent protein in other tissues, it was not feasible to auto-
mate the scoring using imaging or by a plate reader, both of which we have used previously (Bulcha et al.,
2019; Mori et al., 2017).

Taken together, our study provides a first glimpse in the complex interactions between GRNs and MRNs
and sets the stage for incorporating additional types of networks by performing RNAi with additional types
of genes, including those encoding transcriptional cofactors, RNA binding proteins, and signaling factors
to obtain an integrative view on promoter regulation in an animal.

Limitations of the study

Large-scale visual RNAi screens can be inefficient and noisy. For example, the variation in the brightness of
the reporters, some of which are relatively faint, can lead to false negatives. Additionally, the reporter con-
structs used in the study contain isolated promoter regions that have been taken out of their normal chro-
mosomal context and may not accurately represent endogenous gene expression.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
Escherichia coli OP50 Caenorhabditis Genetics N/A

N/A Center (CGC)
Escherichia coli HT115 CGC N/A
Escherichia coli HT115 Ahringer RNAI Library Kamath et al. (2003) N/A
Escherichia coli HT115 ORFeome RNAI Library Rual et al. (2004) N/A
Chemicals, peptides, and recombinant proteins
Propionic Acid Sigma Aldrich Cat#: P1386
Isopropyl b-D-1 thiogalactopyranoside (IPTG) US Biological Cat#: 18500
Levamisole Hydrochloride Sigma Aldrich Cat#: PHR1798
TRIzol Reagent Life Technologies Cat#: 15596-018
M-MuLV Reverse Transcriptase NEB Cat#: M0253
Direct-zol RNA Mini Prep Kit Zymo Research Cat#: R2050
DNase | NEB Cat#: M0303
Oligo(dT) 12-18 Primer Invitrogen Cat#: 18418012
RNaseOut Invitrogen Cat#: 10777019

Fast SYBR Green Master Mix

ThermoFisher Scientific

Cat#: 4385616

Antimycin A Sigma Aldrich Cat#: A8674
2-Thenoyltri-fluoroacetone (TTFA) Sigma Aldrich Cat#: T27006
Rotenone Sigma Aldrich Cat#: R8875
Sodium Azide Sigma Aldrich Cat#: 52002
DMSO Sigma Aldrich Cat#: D8418
Vitamin B, Sigma Aldrich Cati#: V2876
Deposited data

Raw and analyzed RNA-seq data This study GEO: GSE19433
Experimental models: Organisms/strains

Caenorhabditis elegans N2 (wild type) CGC/NBRP N/A

C. elegans (sdha-2 (tm1420) 1)

C. elegans, sdha-2(tm1420); wwlis24[Pacdh-1::
GFP; unc-119(+)]

C. elegans, (wwls24[Pacdh-1:: GFP; unc-119(+)];
nhr-10(tm4695); mthf- 1(ww50)

nhr-45(tm1307) X

nhr-45(tm1307), Pnhr-178::GFP

National Bioresource Worm
Base Project, Japan

This study

Giese et al. (2020)

Arda et al. (2010)
Arda et al. (2010)

Wormbase: WBVar00250413

Strain: VL1458

VL1199, WBStrain00049238

VL0484, WBStrain00040126
VL739, WBStrain00040154

nhr-178(gk1005) V Fuxman Bass et al. (2016) VL1135
Oligonucleotides
List of Oligonucleotides This study Table S11

Software and algorithms

Graphic

Bio-render

Graphic Pita Inc.

Biorender.com

Graphic.com

Biorender (RRID:SCR_018361)
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Graph Pad Prism 9 Graph Pad GraphPad Prism (RRID:SCR_002798)

VolcaNoseR Goedhart and Luijsterburg, 2020 https://huygens.science.uva.nl/VolcaNoseR

Step One Plus gPCR Software v2.3 Thermo Fisher Scientific Cat#: 4376600, RRID:SCR_014281

DESeq2 Bioconductor https://doi.org/10.18129/B9.bioc.DESeq2
DESeqg2 (RRID:SCR_015687)

MEGA11, MUSCLE algorithm Tamura et al. (2021), Edgar (2004) https://www.megasoftware.net/, MEGA
Software (RRID:SCR_000667), MUSCLE
(RRID:SCR_011812)

Cytoscape Cytoscape- 3.9,1 Cytoscape (RRID:SCR_003032)

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents may be directed to and will be fulfilled by the lead contact
Albertha J.M. Walhout (marian.walhout@umassmed.edu).

Materials availability

All new and unique reagents generated in this study will be made available by the Lead contact without
restriction.

Data and code availability

® The RNAseq data has been deposited in the National Center for Biotechnology Information Gene
Expression Omnibus database (GEO: GSE19433).

® This paper does not report original code

® Any additional information required to reanalyze the data reported in this paper is available from the
Lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans

N2 (Bristol) was used as the wild-type strain, and animals were maintained with E. coli OP50 as diet on Nem-
atode Growth Media (NGM), as previously described (Brenner, 1974). The 19 reporter strains are multi-copy
transgenes, some of which are integrated in the genome. Details are described in our previous study (Mac-
Neil et al., 2015). The nhr-178(gk1005) V and nhr-45(tm1307) X, mutants were provided by Caenorhabditis
Genetics Center (CGC), and the sdha-2 (tm1420) |, mutant was generously provided by Gustavo Salinas,
who received it from the National Bioresource Project, Japan. All mutant strains were backcrossed three
times to N2 animals. VL1199(wwis24[Pacdh-1:GFP;unc-119(+);nhr-10(tm4695);mthf-1(ww50) has been
described previously (Giese et al., 2020).

METHOD DETAILS

Metabolic gene RNA.: libraries

We previously generated an RNA| library of 836 metabolic genes that were curated based on KEGG and
Wormbase descriptions (Watson et al., 2016). We removed genes that were not relevant (e.g., polymerases)
and added metabolic genes defined by iCEL1273, our reconstructed genome-scale metabolic network
model (Yilmaz and Walhout, 2016). We also added 257 genes that have high homology with at least one
metabolic enzyme in other organisms, some of which are included in our more recent iCEL1314 model (Yil-
maz et al., 2020). We then removed duplicates, transposons, pseudogenes, and clones that sequenced
incorrectly for a final of 1,495 unique metabolic genes. Available RNAi clones were obtained from the
ORFeome (Rual et al., 2004) and Ahringer RNAI collections (Kamath et al., 2003), and arrayed in 96-well
plates. This library is referred to as met-2.0 and was used in the primary screen (Table S1). For the screen
with the Pacdh-1:GFP;sdha-2(tm1420) mutant, we expanded the library by adding ETC genes and
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additional genes that were missed in the met-2.0 library, and included vector, GFP, and mCherry RNAi con-
trols in all plates. This library is referred to as met-3.0 (Table S10). For both libraries, bacterial strains were
arrayed in 96-well plates and stored as glycerol stocks.

C. elegans RNAi assays

Primary RNAI screens were performed as described previously (Conte et al., 2015; MacNeil et al., 2015).
Briefly, confluent cultures of E. coli HT115 harboring the metabolic gene RNAJ clones were seeded on to
96-well flat bottom plates containing NGM agar with 2 mM isopropyl B-D-thiogalactopyranoside (IPTG,
US Biological, 18500) and 50 pg/mL ampicillin (Sigma, A9518). Plates were kept overnight at room temper-
ature and seeded with about 15 L1-arrested transgenic animals per well. Animals were allowed to develop
for 48 h to reach the L4 stage, and visually screened for changes in intestinal GFP or mCherry fluorescence
relative to vector control RNAI. The primary screen was performed three times. All RNAi clones causing at
least one change in intestinal fluorescence with any promoter were retested in a matrix screen against all 19
transgenic animal strains in 35 mm plates as above, but with 30-40 animals per plate. RNAI clones causing a
change in intestinal fluorescence in at least two of five experiments were considered hits (Table S2). Some
plates or wells were not tested (NT) due to technical issues such as not having enough animals per well or
poor growth of the E. coliRNAi clone. Each hit was given a score of 1 and the total score was divided by the
total number of tests to indicate a confidence score of 0.4 (2 out of 5) to 1.0 (5 out of 5).

The transcription factor (TF) RNAI library was described previously (MacNeil et al., 2015). This library was
screened three times as described above using 25-30 Pacdh-1::GFP,sdha-2(tm1420) animals per well of
a 24-well plate containing NGM agar with 2 mM IPTG, 50 pg/mL ampicillin. The screen with Pnhr-
178::GFP animals was performed with supplementation of 0.3 uM antimycin A to the NGM agar. Any TF
RNAI that caused a reduction of GFP expression in the presence of antimycin A in two out of two trials
was called a hit.

Metabolic pathway enrichment analysis

The met-2.0 RNAI library contains 993 genes from iCEL1314 (Yilmaz et al., 2020), covering 85 metabolic
pathways and categories (Walker et al., 2021). Of the 1,251 primary screen hits, 80.8% are in the
iCEL1314 model (1011 hits, 383 unique genes), and function in 81 metabolic pathways and categories.
For each pathway or category, the number of genes from iCEL1314 that were detected as interacting
with each promoter out of total tested was determined. Hypergeometric distribution was used to deter-
mine statistically significant enrichment for each pathway or category.

Drug treatment

Stock solutions of 1M 2-thenoyltrifluoroacetone (TTFA) (Sigma, T27006) and 5 mM antimycin A (Sigma,
A8674) were dissolved in dimethyl sulfoxide (DMSO) (Sigma, D4540). Stock solutions of 10 mM rotenone
(Sigma, R8875) and 1 M sodium azide (Sigma, S2002), 1 M 3-nitropropionate (N5636-1G) were dissolved
in sterile water. All stock solutions were stored at —20°C. Stock solutions were freshly diluted to the final
concentration in NGM prior to plate pouring. All NGM/drug plates were made one day in advance of
each experiment and stored at 4°C.

Bacterial growth assays with TTFA

E. coliHT115 containing vector plasmid was grown overnight in LB containing 50 uM ampicillin at 37°C. The
following day a dilution series was spotted in technical duplicate onto NGM plates with and without 2 mM
IPTG and increasing doses of TTFA dissolved in 0.1% DMSO. Colonies were later counted by eye and
normalized to the number of colonies on the untreated condition. To test bacterial growth with TTFA in
liquid a 1/200 diluted bacterial subculture was treated with a titration of TTFA dissolved in 0.1% DMSO
and optical density measurements were taken every 10 min by a Spark multimode microplate reader
(Tecan) at 600 nm wavelength.

GFP quantification

The GFP fluorescence was quantified using a Tecan Infinite M1000Pro microplate reader as described (Bul-
chaetal., 2019). Briefly, five adult animals were put into wells with 35 pL buffer (M9 buffer, 1 mM levamisole
and 0.5% PEG) and GFP intensity was measured at 485nm/9nm excitation and 535nm/20nm emission.
Each experiment was performed in biological triplicate with three technical triplicates each, and the
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fluorescence intensity of each biological replicate was averaged. The average fluorescence intensity was
used to plot fold change with respect to control.

qRT-PCR

gRT-PCR was performed as described previously (Bulcha et al., 2019). cyc-1 RNAi was diluted 1:2 with vec-
tor RNAI to avoid developmental delays. Animals were washed in M9 buffer followed by RNA extraction
using the Direct-zol RNA Miniprep Kit (Zymo Research, R2050), followed by DNAse | treatment. cDNA
was prepared from RNA using Oligo(dT) 12-18 Primer (Thermo Fisher, 18418) and M-MuLV Reverse Tran-
scriptase (NEB, M0253S). gPCR was performed in biological triplicate with three technical triplicates each
per gene condition using the Applied Biosystems StepOnePlus Real-Time PCR system and Fast SYBR
Green Master Mix (Thermo Fisher, 4385617). Relative transcript abundance was determined by using the
AACt method (Livak and Schmittgen, 2001) and normalized to averaged ama-1 and act-1 mRNA expression
levels. Primer sequences are provided in Table S11.

Expression profiling by RNA-seq

RNA-seq was performed as described (Giese et al., 2020). Briefly, ~1,000 animals fed E. coli HT115 were
harvested at the gravid adult stage. Animals were washed in M9 buffer followed by RNA extraction using
the Direct-zol RNA Miniprep Kit (Zymo Research, R2050), followed by DNAse | treatment. Multiplexed
libraries were prepared using Cel-seq2 (Hashimshony et al., 2016). Three biological replicates were
sequenced by BGI DNB-seq platform. On average ~6.5 million reads were obtained per sample. The
libraries were demultiplexed and mapped as previously described (Giese et al., 2020). Differential gene
expression analysis was performed by DEseq2 package R. Differentially expressed genes were selected
based on a fold change >1.5-fold or < —1.5-fold and P-adjusted value of <0.05. The RNA-sequencing
data files were deposited in the NCBI Gene Expression Omnibus (GEO) under the following accession
number: GEO Submission (GSE199433).

Antimycin toxicity assay

Eggs were collected using buffered bleach (5-6% sodium hypochlorite in 500 MM NaOH, freshly prepared),
washed five times in M9 buffer, and allowed to hatch and synchronize to the L1 stage for 20 h in M9 buffer at
room temperature. Approximately 100 synchronized L1 animals were added to E. coli HT115 RNAi vector
control-seeded 48 well NGM agar plates containing various concentrations of antimycin A or DMSO as a
vehicle control. After 48 h, animals that had developed past the L1 stage were counted. Each experiment
was performed three independent times with eight technical replicates per experiment. Dose response
curves were plotted with non-linear regression curve fitting as previously described (Watson et al., 2016).

Sequence alignment

Protein sequences were obtained from Wormbase version WB284 and aligned using the MUSCLE
algorithm in MEGA11 (Edgar, 2004, Tamura et al., 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS

The error bars represent the standard deviation from the average of three biological experiments. Data
analysis & graph visualization was done with Prism 9 (GraphPad software). All fluorescent micrographs
images were taken at the same exposure for each experiment. Images were taken at 10X magpnification.
Differentially expressed genes were selected based on a fold change 1.5-fold or more and P-adjusted value
of <0.05. Differential gene expression analysis was performed by DEseq2 package R & the volcano plot was
generated using VolcaNoseR. All statistical analyses are indicated in the legends to the relevant figure and
in the corresponding STAR Methods section.
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