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SUMMARY
Coenzyme A (CoA) is essential for metabolism and protein acetylation. Current knowledge holds that each
cell obtains CoA exclusively through biosynthesis via the canonical five-step pathway, starting with panto-
thenate uptake. However, recent studies have suggested the presence of additional CoA-generating mech-
anisms, indicating a more complex system for CoA homeostasis. Here, we uncovered pathways for CoA
generation through inter-organismal flows of CoA precursors. Using traceable compounds and fruit flies
with a genetic block in CoA biosynthesis, we demonstrate that progeny survive embryonal and early larval
development by obtaining CoA precursors from maternal sources. Later in life, the microbiome can provide
the essential CoA building blocks to the host, enabling continuation of normal development. A flow of stable,
long-lasting CoA precursors between living organisms is revealed. This indicates the presence of complex
strategies to maintain CoA homeostasis.
INTRODUCTION

Coenzyme A (CoA) is an essential cofactor for all organisms (Lip-

mann and Kaplan, 1947). CoA, via its acyl group transfer capac-

ity, is required for energy-generating metabolic reactions, fatty

acid metabolism, and post-translational modifications, including

protein acetylation (Leonardi et al., 2005b; Strauss, 2010; Yu

et al., 2021). How most cells and organisms obtain sufficient

levels of CoA has been known for over 60 years. Pantothenate

(vitamin B5) is taken up by cells and is converted into CoA by

the action of five enzymes—pantothenate kinase (PanK), phos-

phopantothenoylcysteine synthetase (PPCS), phosphopanto-

thenoylcysteine decarboxylase (PPCDC), phosphopantetheine

adenylyltransferase (PPAT), and dephospho-CoA kinase

(DPCK) (Figure 1A) (Leonardi et al., 2005b; Strauss, 2010). In

several organisms including zebrafish, fruit flies, mice, and
2650 Molecular Cell 82, 2650–2665, July 21, 2022 ª 2022 Elsevier In
humans, the PPAT and DPCK enzyme activities are combined

into a single bifunctional protein, which is known as CoA syn-

thase or COASY (Aghajanian and Worrall, 2002; Daugherty

et al., 2002; Zhyvoloup et al., 2002). Strong evolutionary conser-

vation of the genes encoding the enzymes of CoA synthesis un-

derscores the central role of this canonical pathway used by

each cell to generate its own CoA.

In addition to pantothenate, themolecule pantetheine can also

serve as an extracellular substrate for CoA biosynthesis (Craig

and Snell, 1951; Strauss et al., 2010; Ward et al., 1955), thereby

bypassing the PPCS- and PPCDC-catalyzed steps (Figure 1A).

Pantetheine is the reduced form of the disulfide pantethine,

and the reduction of pantethine to pantetheine can occur non-

enzymatically (Durr and Cortas, 1964). Regardless of whether

pantothenate or pantetheine serves as the initial substrate,

pantothenate kinase is thought to be a key regulatory enzyme
c.
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of the CoA biosynthesis pathway. Importantly, three different

types of pantothenate kinases have been identified and charac-

terized. Type-I PanK (PanKI) and type-II PanK (PanKII) enzymes

are promiscuous and are able to phosphorylate pantetheine in

addition to its natural substrate pantothenate, forming 40-phos-
phopantetheine directly (Figure 1A) (Balibar et al., 2011; Craig

and Snell, 1951; Leonardi et al., 2005a; Vallari and Rock,

1987). A distinctive type-III PanK (PanKIII) occurs in bacterial

species such as Acetobacter; this type is highly specific and

can phosphorylate pantothenate but not pantetheine (Brand

and Strauss, 2005; Yang et al., 2006).

Errors in the CoA biosynthesis process are detrimental, and

defects in genes encoding CoA biosynthesis enzymes cause

inherited human diseases, including pantothenate kinase-asso-

ciated neurodegeneration (PKAN) (Zhou et al., 2001), COASY

protein-associated neurodegeneration (CoPAN) (Dusi et al.,

2014), and PPCS deficiency, a cardiac disease (Iuso et al.,

2018), further underscoring the importance of the canonical

CoA biosynthesis pathway, essential for organisms to survive.

However, a growing set of observations clearly indicate that ex-

ceptions to this single-known source of CoA must exist. Several

unicellular organisms, including pathogens, lack one or more

genes coding for the CoA biosynthesis enzymes, suggesting

that they obtain their CoA through salvage from pathway inter-

mediates (Hutchison et al., 2016; Ras et al., 2021; Steinman

et al., 1954). For multicellular complex organisms as well, evi-

dence indicates that CoA can be obtained via means other

than the canonical pathway. dPANK/fbl is the Drosophila (fruit

fly) PANK ortholog, and homozygous dPANK/fblnull mutants

proceed normally through embryogenesis and early larval devel-

opment despite lacking an intact CoA synthesis pathway. They

survive until the second instar larval stage and, at that stage, still

contain a fully 30% of normal CoA levels compared with controls

(Srinivasan et al., 2015). Moreover, early human fetal develop-
Figure 1. Homozygous dPANK/fblnull/null mutants show early L2 instar l

(A) Canonical CoA biosynthesis pathway depicted in blue. Pantothenate is taken

breviations of enzyme names are indicated in purple. A salvage CoA pathway ex

which is phosphorylated by PanK activity into 40-phosphopantetheine, hereby byp
and COASY are associated with three human diseases: pantothenate-kinase-as

COASY protein-associated neurodegeneration (CoPAN), respectively. The diseas

of pantothenate, pantetheine, 40-phosphopantetheine, and CoA are provided in

(B) Western blot analysis of dPANK/Fbl protein expression levels in dPANK/fblnull

control.

(C) Levels of CoA and 40-phosphopantetheine were measured by HPLC in the

represent mean ± SEM (n = 4, biological replicates), two-tailed unpaired Stude

significant difference with the control: *p % 0.05, **p % 0.01.

(D and D0) Schematic depiction of the development of dPANK/fblnull/+(as a contr

tethine. Representative images of thematching developmental stages are shown i

mutants lack GFP. dPANK/fblnull/nullmutants show early L2 larval lethality. Supplem

of late pupae revealed advanced development of adult structures. Scale bars, 5

(E) The percentage of dPANK/fblnull/null pupae was calculated after treatment with

SEM (n R 6, technical replicates), one-way ANOVA was used for statistical ana

****p % 0.0001. Ns = not significant.

(F) Western blot analysis of dPANK/Fbl protein levels in serial dilutions of total prot

after treatment with pantethine. a-tubulin was used as a loading control.

(G) Relative CoA levels of dPANK/fblnull/+ (as control) and dPANK/fblnull/null pupae

the controls without treatment were normalized to ‘‘1.’’ Data represent mean ±

analysis. Asterisk represents a statistically significant difference: *p % 0.05.

(H) Percentage of dPANK/fblnull/null pupae after treatment with pantethine, pantot

(n R 3, biological replicates). *p % 0.05.
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ment occurs in PKAN-, CoPAN-, and PPCS-deficient patients,

even in individuals who have CoPAN with no functional COASY

enzyme activity (Iuso et al., 2018; van Dijk et al., 2018). Early

development of these compromised organisms can only be ex-

plained if CoA is obtained from alternative sources. However, our

understanding regarding the mechanisms and physiological

relevance of these alternative routes for sourcing CoA is lacking.

Additional evidence supports the presence of alternative

means for unicellular and multicellular organisms to obtain or

generate sufficient amounts of CoA. Organisms that have been

engineered to serve as models for human disorders of CoA syn-

thesis can be rescued by supplementation of CoA pathway inter-

mediates downstream of 40-phosphopantothenate (the PanK

reaction product). For example, zebrafish lacking COASY,

PANK2-depleted human neurons, Pank2 knockout mice,

Drosophila dPANK/fbl1 homozygous mutants, and Drosophila

PPCS homozygous mutants are all rescued by addition of pan-

tethine, 40-phosphopantetheine, or CoA to the food (Brunetti

et al., 2014; Iuso et al., 2018; Jeong et al., 2019; Khatri et al.,

2016; Orellana et al., 2016; Rana et al., 2010).

One possible explanation for the rescue by pantethine is the

presence of additional undiscovered PanKs that can phosphor-

ylate pantetheine for synthesis of CoA via the shortened salvage

pathway (Figure 1A). This possibility arose following the experi-

ments in Drosophila melanogaster. In fruit flies, only one panto-

thenate kinase is identified, referred to as dPANK/Fbl, a

PANKII. Drosophila homozygous dPANK/fbl1 mutants show a

decreased lifespan and reduced climbing activity. Interestingly,

the mutant phenotype is rescued by the addition to the food of

pantethine but not pantothenate (Rana et al., 2010). This rescue

could not be explained because the only known Drosophila

PANK gene was mutated, and therefore, dPANK/Fbl could not

phosphorylate pantetheine (Figure 1A). Similarly, Escherichia

coli (E. coli) mutants lacking PPCS and PPCDC could be rescued
arval lethality, which can be rescued to pupal stages with pantethine

up by cells and intracellularly converted into CoA through five enzymes; ab-

ists (depicted in black), starting with the uptake of pantethine or pantetheine,

assing PPCS and PPCDC. Mutations in three genes encoding PANK2, PPCS,

sociated neurodegeneration (PKAN), PPCS deficiency (cardiac disease), and

es and disease-related genes are indicated in gray (right). Molecular structures

gray (left).
/+(as a control) and dPANK/fblnull/null L2 larvae. a-tubulin was used as a loading

extracts of dPANK/fblnull/+(as a control) and dPANK/fblnull/null L2 larvae. Data

nt’s t test was used for statistical analysis. Asterisks represent a statistically

ol) and dPANK/fblnull/null mutants with or without the supplementation of pan-

n (D0 ). Controls are identified by the presence of GFP, although dPANK/fblnull/null

entation of pantethine extended development to late pupal stages. Dissection

00 mm.

pantethine, 40-phosphopantetheine, or pantothenate. Data represent mean ±

lysis. Asterisks represent a statistically significant difference with the control:

ein loading of dPANK/fblnull/+ (as control) and surviving dPANK/fblnull/null pupae

with or without pantethine treatment, analyzed by HPLC analysis. CoA levels in

SEM (n = 5, biological replicates), one-way ANOVA was used for statistical

henate, cysteamine, and N-acetylcysteine (NAC). Data represent mean ± SEM
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by addition of pantethine (Balibar et al., 2011), but mutants lack-

ing PanK activity could not. As such, rescue with pantethine can

only be explained by invoking either residual PanK activity in the

mutants or by the presence of an alternative kinase inDrosophila

capable of phosphorylating pantetheine but not pantothenate

(referred to as kinase X, Figure 1A). However, no such kinase X

has been identified yet.

These observations conflict with the current state of knowl-

edge and reveal our limited insight into alternate ways to synthe-

size CoA. Addressing these knowledge gaps is important to our

understanding of metabolism, which may also open new ave-

nues for treating diseases caused by CoA dyshomeostasis.

Moreover, understanding alternate pathways to CoA formation

may also enable targeting pathogens that depend on such

routes for their CoA homeostasis. To address these gaps, we

sought to answer the following questions: (1) what is the identity

of kinase X? and (2) what might be alternate sources of CoA to

enable early development of multicellular organisms that are

defective in endogenous biosynthesis of CoA?

Here, we demonstrate that the elusive kinase X is not part of

the Drosophila genome but is in fact present in microorgan-

isms in the fly gut that express PANKI. These organisms

take up pantetheine from the food and convert it into 40-phos-
phopantetheine, which is detected in the medium, and

thereby, it could be available for use by the dPANK/Fbl ki-

nase-deficient host.

Independent from the microbiome, maternal supply of CoA

precursors allow survival of early developmental stages in fruit

flies with impaired CoA biosynthesis. These precursors are sta-

ble, long lasting, and sufficient to allow apparently normal devel-

opment of a complex multicellular organism in the absence of

endogenous CoA biosynthesis. Together, our data demonstrate

the presence of alternate mechanisms to maintain CoA homeo-

stasis. These routes enable a flow of CoA precursors from

mother to her progeny and from gut microbiome to the host.

RESULTS

Homozygous dPANK/fblnull mutants are rescued by
pantethine
We sought to explain the pantethine-mediated rescue of homo-

zygous hypomorphic Drosophila dPANK/fbl1 mutants (Rana

et al., 2010). One possibility is that residual PanK activity persists

in the mutants. Indeed, dPANK/Fbl protein is not completely ab-

sent, and low levels of full-length protein are present in the ho-

mozygous hypomorphic mutants (Srinivasan et al., 2015). To

investigate this further, we made use of a dPANK/fblnull mutant

(Srinivasan et al., 2015) in which the enzyme activity is

completely ablated. Compared with the hypomorphic dPANK/

fbl1 mutant, homozygous dPANK/fblnull mutants displayed a

more severe phenotype: no homozygous pupae or adults were

observed, death occurred during early L2 larval stages, and no

dPANK/Fbl protein could be detected in the homozygous larvae

(Figures 1B, 1D, and 1D0). Consistent with the findings of Sriniva-

san et al. (2015), homozygous dPANK/fblnull L2 larvae have

reduced levels of 40-phosphopantetheine and CoA compared

with controls at the same developmental stage (Figure 1C). Addi-

tion of pantethine to the food also extended development of
homozygous dPANK/fblnull mutants from L2 larvae to late pupal

stages (Figures 1D, 1D0, and 1E). Although no eclosed adult ho-

mozygous dPANK/fblnull survivors were observed, the rescue by

pantethine allowed significant continuation of the developmental

program with the formation of distinct adult body structures

evident in the dissected pupae (Figure 1D0). The development

of these adult structures requires morphogenesis, differentia-

tion, growth, numerous cell divisions, and metabolic reactions.

In the surviving homozygous pupae, no dPANK/Fbl protein could

be detected, further excluding the possibility that residual

endogenous PanK activity in themutants is mediating the rescue

by pantethine (Figure 1F). To investigate this further, CoA levels

were determined. Compared with heterozygous late pupal

stages, homozygous dPANK/fblnull pupae, obtained after pante-

thine feeding, showed increased CoA levels (Figure 1G). To

examine the basis for the rescue potential of pantethine, we

tested its constituent parts, i.e., pantothenate, cysteamine, a

combination of both, as well as other thiol-containing molecules.

None of these produced a rescue (Figure 1H). Addition of

40-phosphopantetheine resulted in a significant rescue, compa-

rable with rescue by pantethine (Figure 1E). This indicated that

pantethine, not its degradation products or other thiol-containing

compounds, was responsible for the rescue. These results

further confirmed that the Drosophila strain we used is a bona

fide dPANK/fblnull and suggest the presence of a separate kinase

X, which is able to efficiently phosphorylate pantetheine into

40-phosphopantetheine and thereby enables CoA biosynthesis

to occur.

Rescue of homozygous dPANK/fblnull mutants by
pantethine depends on the microbiome
Despite in-depth in silico investigations (see STARMethods), we

were unable to identify a candidate gene encoding such a kinase

X in the D. melanogaster genome. Although not absolute, this

suggested that there is no kinase X gene present in the

Drosophila genome.

Next, we investigated whether the rescue could be mediated

by external factors such as the microbiome. The microbiome

consists of a community of microorganisms, including bacteria,

fungi, archaea, and more, living in symbiosis with their host (Gu-

rung et al., 2019). In humans as well as in Drosophila, there is

growing evidence that the microbiome has a large impact on

themetabolism, diseases, and the behavior of the host (Douglas,

2018; Douglas, 2020; Heintz and Mair, 2014; Henriques et al.,

2020; Huttenhower et al., 2014; Kolodny et al., 2020; Ludington

and Ja, 2020; Plichta et al., 2019; Sharon et al., 2016). To test

whether the rescue by pantethine was dependent on the micro-

biome, embryos were dechorionated and allowed to develop on

sterile food containing a cocktail of three antibiotics (strepto-

mycin, tetracycline, and rifampicin) (Figure 2A). Depletion of

the microbiome was confirmed by demonstrating the absence

of the 16S rRNA gene (Figure S1). In contrast to standard

culturing conditions, rescue by pantethine was diminished under

microbiome-free conditions (Figure 2B). Interestingly, significant

rescue under microbiome-free conditions was observed by

addition of 40-phosphopantetheine (Figure 2C). These data

suggest that certain species of the microbiome are able to effi-

ciently metabolize pantethine, but not pantothenate, into
Molecular Cell 82, 2650–2665, July 21, 2022 2653
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Figure 2. Supplementation of pantethine extends development of dPANK/fblnull/nullmutants on standard fly food, but not under microbiome-

free conditions

(A) Schematic of the pantethine rescue experiment under standard or microbiome-free culturing conditions. dPANK/fblnull/+ male and female flies were kept in a

cage on grape juice agar plates to collect homozygous and heterozygous eggs/embryos. Under standard conditions (steps 3A and 4A), embryos were randomly

transferred from the agar plate onto fly food supplemented with various compounds (8-mM pantethine, 16-mM pantothenate, and 16-mM 40-phosphopante-
theine). Under microbiome-free conditions (steps 3B and 4B), embryos were dechorionated and transferred to fly food treated with antibiotics (50 mg/mL tetra-

cycline, 200 mg/mL rifampicin, and 100 mg/mL streptomycin) and contained the indicated compounds as supplements.

(B) Percentage of dPANK/fblnull/null pupae after treatment with either pantethine or pantothenate under regular or microbiome-free conditions. Data represent

mean ± SEM (n R 3, biological replicates), one-way ANOVA was used for statistical analysis. Asterisks represent a statistically significant difference with the

control: ****p % 0.0001.

(C) Percentage of dPANK/fblnull/null pupae after treatment with 40-phosphopantetheine under microbiome-free conditions. Data represent mean ± SEM (n R 8,

technical replicates), one-way ANOVA was used for statistical analysis. Asterisks represent a statistically significant difference with the control: ****p % 0.0001.

(D) Percentage of dCOASY�/� pupae after treatment with pantethine and 40-phosphopantetheine under standard conditions.
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40-phosphopantetheine (Figures 1E, 2B, and 2C). This molecule

could be transferred to the host to serve as substrate for CoA

synthesis in the homozygous dPANK/fblnull mutants by the ac-
2654 Molecular Cell 82, 2650–2665, July 21, 2022
tion of the host’s COASY enzyme (Figure 1A). Consistent with

this hypothesis,Drosophila homozygousCOASYmutants, which

also show early L2 larval lethality (Srinivasan et al., 2015), could
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not be rescued with pantethine or 40-phosphopantetheine (Fig-

ure 2D). Together, these data suggest that the elusive kinase X

gene is not encoded by the genome of Drosophila but instead

is present in its microbiome. This hypothesis also explains

the increased levels of CoA in pantethine-fed homozygous

dPANK/fblnull pupae compared with control pupae (Figure 1F).

PanK enzyme activity is inhibited by CoA and CoA esters (Kotz-

bauer et al., 2005; Leonardi et al., 2007; Zhang et al., 2006). In

contrast to control pupae, homozygous mutant pupae lack

endogenous PanK activity, and therefore, the negative feedback

mechanism on CoA biosynthesis is absent. This may result in

increased CoA levels in the host.

PanKI (and not PanKIII)-containing microbiome species
form 40-phosphopantetheine from pantetheine and
more efficiently than from pantothenate
We aimed to identify bacterial species, responsible for the pante-

thine-mediated rescue, (Figure S2). MALDI-TOF analysis and 16S

rRNA sequence analysis established that among others, the spe-

cies Acetobacter indonesiensis (A. indonesiensis), Acetobacter

persici (A. persici), and Lactococcus lactis (L. lactis) from the gut

or feces of the dPANK/fblnull strain could be isolated and amplified

in vitro (Tables S1 and S2). Importantly, Acetobacter and Lacto-

coccus have different types of PanK enzymes: the former has a

type-III PanK (PanKIII) that is highly selective and only acts on

pantothenate, whereas the latter has a type-I PanK (PanKI) that

acts on both pantothenate and pantetheine (Table S3) (de Villiers

et al., 2014). To demonstrate this specificity, isotopically labeled

pantethine or pantothenate was added to cultures of the individ-

ual species, and the bacteria were pelleted, washed thoroughly,

and their lysates were analyzed by mass spectrometry

(Figures 3A and 3A0). Labeled pantethine and labeled pantothe-

nate, when added to the medium, were detected in all three bac-

terial species, indicating that both compounds permeate into or

are actively taken up by all three species (Figures 3B–3G). After

addition of labeled pantethine, labeled 40-phosphopantetheine
was detected only in L. lactis and not in either of the Acetobacter

species (Figures 3H–3J). These results are consistent with the

presence of PanKI in L. lactis and PanKIII in Acetobacter. After

addition of labeled pantothenate, labeled 40-phosphopantetheine
could also be detected in the L. lactis lysates (but not in lysates of

Acetobacter). In L. lactis, 40-phosphopantetheine levels were

10-fold higher after the addition of pantethine compared with

pantothenate (Figures 3H–3J). These results indicate that in

L. lactis, but not inAcetobacter, pantethine is efficiently converted

into 40-phosphopantetheine.
Figure 3. Lactococcus lactis converts pantethine to 40-phosphopant
persici do not

(A) Experimental workflow of treating bacteria with isotopically labeled pantethin

medium or in medium supplemented with 100-mM isotopically labeled pante

collected and analyzed by liquid chromatography-mass spectrometry (LC-M

40-phosphopantetheine.
(A0) Shows the chemical structures of isotopically labeled pantothenate and isoto

(B–D) Analyte peak areas (counts) of labeled pantothenate from cell lysates of L.

(E–G) Analyte peak areas (counts) of labeled pantetheine from cell lysates of L. la

(H–J) Analyte peak areas (counts) of labeled 40-phosphopantetheine from cell lys

peaks below background noise in LC-MS/MS are indicated as ‘‘BB’’ (below bac

represent mean ±SEM. (n R 4, technical replicates).
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Increased levels of extracellular 40-phosphopantetheine
are presentwhenpantethine is added to L. lactis cultures
The next question we addressed was how the source of 40-phos-
phopantetheine is transferred from themicrobiome to the host to

mediate the rescue. It is most likely that L. lactis excretes

40-phosphopantetheine in a manner similar to that previously

demonstrated for E. coli (Jackowski and Rock, 1984a). To inves-

tigate this possibility, a surplus of pantethine (or pantothenate, as

a control) was added to L. lactis cultures for 24 h after which bac-

teria were pelleted, washed, and incubated in PBS without

added compounds for another 24 h. The PBS and bacteria

were collected and analyzed by high-performance liquid chro-

matography (HPLC) (Srinivasan et al., 2015) (Figure 4A).

Increased levels of 40-phosphopantetheine were detected in

the lysates and in PBS of cultured L. lactis after pantethine addi-

tion compared with addition of pantothenate or with no added

compounds (Figures 4B and 4C). Together, our results suggest

that L. lactis excretes 40-phosphopantetheine and that the excre-

tion is increased under conditions of surplus pantethine in the

extracellular environment.

Inoculation of a single PanKI-harboring microbial spe-
cies is sufficient to mediate pantethine rescue in ho-
mozygous dPANK/fblnull microbiome-depleted mutants
Next, we investigated whether the addition of isolated bacteria of

a single PanKI-containing species are able to mediate a rescue

by pantethine in an otherwise microbiome-compromised homo-

zygous dPANK/fblnull background. Microbiome-free embryos

were harvested and allowed to hatch on food containing ampi-

cillin. An ampicillin-resistant strain was generated from an

L. lactis strain isolated from the Drosophila microbiome (Fig-

ure S3). The addition of this ampicillin-resistant strain to micro-

biome-depleted embryos and larvae grown on ampicillin-con-

taining food was able to induce significant rescue by

pantethine (Figure 5A). In the absence of pantethine, or after

the addition of pantothenate, no rescue was observed. A lesser

degree of rescue was observed when only pantethine was

added or when the nonresistant L. lactis parental strain was

added together with pantethine (Figures 5A and S3E). Most

likely, the antibiotic conditions used for this experiment were

not as stringent as those presented in Figure 2 (note that only

ampicillin could be used), likely allowing survival of additional mi-

crobial species that were able to convert pantethine. To

strengthen these findings, an ampicillin-resistant E. coli strain

(Figure S3C) was added to the microbiome-depleted homozy-

gous dPANK/fblnull embryos, and as expected for a bacterial
etheine and CoA, but Acetobacter indonesiensis and Acetobacter

e or isotopically labeled pantothenate. Bacteria were cultured either in control

thine or 200-mM isotopically labeled pantothenate. Bacterial pellets were

S/MS) to detect labeled pantothenate, labeled pantetheine, and labeled

pically labeled pantethine (disulfide form of pantetheine).

lactis (B), A. indonesiensis (C), and A. persici (D).

ctis (E), A. indonesiensis (F), and A. persici (G).

ates of L. lactis (H), A. indonesiensis (I), and A. persici (J). For (B–J), the target

kground); * indicates isotopically labeled compound. All indicated error bars
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Figure 4. After supplementation of pantethine, 40-phosphopantetheine accumulates in Lactococcus lactis and in the medium

(A) Experimental workflow to detect intracellular and exctracellular 40-phosphopantetheine from L. lactis in the presence of pantethine or pantothenate. L. lactis

was cultured either in control medium or in medium supplemented with 8-mM pantethine or 16-mM pantothenate. L. lactis cells were collected, and cell lysates

were analyzed by HPLC to detect levels of intracellular 40-phosphopantetheine (steps 3A–5A). Freeze-dried supernatant was used to measure extracellular

40-phosphopantetheine by HPLC (steps 3B–5B).

(B) Relative levels of 40-phosphopantetheine in L. lactis cell lysates at three culturing conditions (control, 8-mM pantethine or 16-mM pantothenate). Levels of

40-phosphopantetheine were normalized, and control was set to ‘‘1.’’ Data represent mean ± SEM (n R 4, biological replicates), one-way ANOVA was used for

statistical analysis. Asterisks represent a statistically significant difference with the control: **p % 0.01.

(C) Relative levels of 40-phosphopantetheine in freeze-dried supernatant of L. lactis. Data analysis was performed as described in Figure 4B. **p % 0.01,

***p % 0.001.
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species with a PanKI enzyme, pantethine induced significant

rescue compared with controls (Figure 5B). Consistently, addi-

tion of ampicillin-resistant Acetobacter species with a PanKIII

enzyme (Figure S3D) resulted in decreased rescue compared

with the ampicillin-resistant PanKI harboring species (Fig-

ure S3E). In the medium supplemented with pantethine (but
not with pantothenate) of exponentially growing E. coli, 40-phos-
phopantetheine accumulated over time (Figures S4A and S4B).

In contrast, dephospoCoA (the next CoA precursor in the

pathway) and bacterial genomic DNA did not accumulate (Fig-

ure S4B), suggesting that the accumulation of 40-phosphopante-
theine in the medium is not from lysis of the bacteria.
Molecular Cell 82, 2650–2665, July 21, 2022 2657
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(containing 20 mg/mL ampicillin). Inoculation of the embryos onmicrobiome-free fly food, supplemented with pantethine or pantothenate occurred with regular or

ampicillin-resistant L. lactis (L. lactis [res]), after which the embryos were allowed to develop, and the percentage of dPANK/fblnull/null pupaewas determined. Data

represent mean ± SEM (n R 6, biological replicates), one-way ANOVA was used for statistical analysis. Asterisks represent a statistically significant difference:

*p % 0.05, ****p % 0.0001.

(B) As in (A), except that inoculation occurred with regular or ampicillin-resistant Escherichia coli (E. coli [res]). Data represent mean ± SEM (n = 4, biological

replicates), one-way ANOVA was used for statistical analysis. Asterisks represent a statistically significant difference: ***p % 0.001.
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Altogether, our data indicate that the elusive kinase X, required

for pantethine-mediated rescue, is not encoded by the

Drosophila genome but rather derives from PanKI-containing

bacterial species of its microbiome. Upon pantethine addition,

these bacteria generate a surplus of intracellular and extracel-

lular 40-phosphopantetheine available for their host.

Maternal supply of CoA precursors allows development
of homozygous dPANK/fblnull embryos to second instar
larvae, independent from pantethine and the
microbiome
On food without pantethine, early homozygous dPANK/fblnull

development arrests at the second larval stage (Figure 1D). At

this stage in these mutants, levels of CoA and 40-phosphopante-
theine are 30%–50% of those of heterozygous controls (Fig-

ure 1C), and no maternal or zygotic dPANK/Fbl protein could

be detected (Figures 1B and 1F) (Srinivasan et al., 2015). This

observation raised an intriguing question: what is the origin of

this CoA and 40-phosphopantetheine in the early developmental

stages? We reasoned that the origin must be an external source

and that the starting material must be 40-phosphopantothenate
or another CoA precursor that does not require PanK for trans-

formation. First, we investigated whether food as source for

these precursors could be excluded. We used a holidic fly me-

dium, which consists of well-defined, chemically synthesized

compounds only. Thus, individual food compounds can be

investigated using Drosophila assays of choice (Piper et al.,

2014). Holidic food without any CoA precursors was prepared

by omitting pantothenate from the standard recipe (STAR

Methods). Egg lays of heterozygous dPANK/fblnull males and fe-

males were placed on control and holidic food (+ and – pantothe-
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nate), and progeny were quantified. All conditions allowed devel-

opment of homozygous dPANK/fblnull mutant 2nd instar larval

progeny (Figure 6A). 40-Phosphopantetheine and CoA were de-

tected in all conditions (Figures S5A and S5B). Importantly,

even under microbiome-free conditions, homozygous dPANK/

fblnull mutants fed on holidic food without pantothenate devel-

oped until the 2nd instar larval stage, with significant levels of

CoA and 40-phosphopantetheine (Figures 6A, S5A, and S5B).

These experiments excluded that the source of CoA and

40-phosphopantetheine in these homozygous dPANK/fblnull

larvae is from the food or the microbiome.

One of the few remaining sources was a maternal supply. In

Drosophila, but also in other species including mammals, early

development depends on maternal mRNAs and proteins, sup-

plied to the developing offspring (Atallah and Lott, 2018; Vasten-

houw et al., 2019). The contribution to the developing zygote of

maternally provided metabolites is less well studied, although it

is evident that the diet of the mother greatly influences the meta-

bolism of her progeny (Brookheart and Duncan, 2016a, 2016b).

A possible flow of CoA or CoA precursors from mother to

progeny was further explored.When heterozygous dPANK/fblnull

males and females were kept under restrictive conditions by

feeding the CoA biosynthesis inhibitor hopantenate (HoPan)

(Zhang et al., 2007) (Figure 6B), the amount of CoA and 40-phos-
phopantetheine decreased in the treated males and females

(Figure 6C), and the number of L2 progeny was greatly reduced

in a concentration-dependent manner (Figure 6D). Next, isotopi-

cally labeled pantothenate was added to the food for three gen-

erations in wild-type or heterozygous dPANK/fblnull mutant flies

to load the mothers with traceable CoA precursors (Figure 7A).

After three generations, the flies were transferred to the holidic
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Figure 6. dPANK/fblnull/null mutants develop to

L2 larval stage in the absence of a microbiome

and/or food-derived CoA precursors

(A) Microbiome-free egg lays (consisting of a mixed

population of homozygous and heterozygous prog-

eny) of heterozygous dPANK/fblnull/+ adults were

collected and placed on various food conditions

(standard food, holidic food + pantothenate, holidic

food – pantothenate, holidic food + antibiotics +

pantothenate, holidic food + antibiotics -pantothe-

nate). Percentages of homozygous dPANK/fblnull/null

2nd instar larvae (out of total) were determined. Indi-

cated error bars represent mean ±SEM.

(B) Experimental workflow representing HoPan treat-

ment on dPANK/fblnull/+ flies. Newly eclosed flies were

kept on standard food supplemented with 2-mM Ho-

Pan for 8 days, after which the flies were sacrificed

and CoA and 40-phosphopantetheine levels measured

by HPLC (steps 1 and 2B). Flies were raised on fly food

supplemented with various concentrations of HoPan

(0.5, 1, 2, and 4 mM). After 4 days, flies were trans-

ferred to pantothenate-deprived holidic food and al-

lowed to lay eggs. The parental flies were discarded,

and after an additional 48 h of development the

numbers of early L2 larvae were quantified (steps 1–4).

(C) Levels of CoA and 40-phosphopantetheine
measured by HPLC in extracts of dPANK/fblnull/+ flies

treated with 2-mM HoPan for 8 days. Data represent

mean ± SEM (n = 4, biological replicates), two-tailed

unpaired Student’s t test was used for statistical anal-

ysis. Asterisks represent a statistically significant dif-

ference with the control: **p % 0.01. ****p % 0.0001.

(D) Relative count of larvae derived from HoPan-

treated dPANK/fblnull/+ parents. The larval survival

rate on control food was set as 100%. Larval survival

rate = numbers of living larvae/numbers of embryos.

Data represent mean ± SEM (n R 3, biological repli-

cates), one-way ANOVA was used for statistical

analysis. Asterisks represent a statistically significant

difference with the control: *p% 0.05. ****p% 0.0001.
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food without pantothenate or other CoA precursors. Ovaries

were dissected, and extracts analyzed by liquid chromatog-

raphy-tandemmass spectrometry (LC-MS/MS). Ovaries derived

from wild-type females and heterozygous dPANK/fblnull mutant

females contained labeled pantothenate, labeled 40-phospho-
pantetheine, and labeled CoA (Figures 7B–7G). When cultured

in the presence of unlabeled pantothenate, no labeled com-

pounds were detected, demonstrating the specificity of the

detection method. Labeled pantothenate was detected in equal

amounts in wild-type ovaries and dPANK/fblnull heterozygous

ovaries, as expected (Figures 7B and 7E). In contrast, levels of

labeled 40-phosphopantetheine and CoA were decreased in

the heterozygous mutant ovaries compared with those from

wild-type flies (Figures 7C, 7D, 7F, and 7G). To further explore

a possible transfer of CoA precursors from mother to zygote,

heterozygous and homozygous dPANK/fblnull embryos were

collected, allowed to develop to 2nd instar larvae, and analyzed

by LC-MS/MS (Figure 7A). Wild-type, dPANK/fblnull heterozy-

gous, and dPANK/fblnull homozygous larvae all contained

labeled pantothenate, labeled 40-phosphopantetheine, and

labeled CoA (Figures 7H–7J). The amount of labeled pantothe-

nate that accumulated in the homozygous dPANK/fblnull mutant

larvae exceeded levels in control and heterozygous dPANK/

fblnull larvae, consistent with the absence of dPANK/Fbl, the con-

verting enzyme (Figures 7H–7J). Since the homozygous dPANK/

fblnull embryos lack endogenous dPANK/Fbl protein and a

contribution from the microbiome or the food can be excluded

at this stage, we hypothesize that mothers transfer to their prog-

eny CoA precursors downstream of the PanK enzymatic step.

These maternal factors are stable, long-lasting, and distributed

widely to individual embryonic cells enabling continuation of

the developmental program up to the L2 larval stage and

compensating for any defect in endogenous CoA biosynthesis.

DISCUSSION

Our results show that organisms are not entirely dependent on

endogenous de novo CoA biosynthesis and that at least two

additional mechanisms contribute to CoA homeostasis. They

include the transfer of CoA precursors through maternal provi-

sioning and through species of the microbiome.

Microbiome-derived CoA precursors
Increasing knowledge of the microbiome and its far-reaching in-

fluence inspired us to investigate whether the microbiome might

be contributing to the pantethine-mediated rescue. In fact, the

combined published data from flies, mice, and bacteria can be
Figure 7. Maternal-sourcedCoAprecursors downstreamof phosphopa

(A) Schematic of the experimental design. Adult flies (w1118, as a wild-type

pantothenate or isotopically labeled pantothenate for three generations. Ovarie

derived from the F3 females were allowed to develop for 48 h until early L2 larv

analyzed by LC-MS/MS. F1–4 = generations 1–4.

(B–D) Analyte peak areas (counts) of isotopically labeled pantothenate (B), isotopi

ovaries of F3 females, generated as described under (A). The target peaks below

(E–G) As in (B–D) for dPANK/fbl null/+ mutants.

(H) As in (B–D) for WT F4 larvae.

(I) As in (B–D) for dPANK/fblnull/+ mutant F4 larvae.

(J) As in (B–D) for dPANK/fblnull/null mutant F4 larvae. All indicated error bars repr
reinterpreted in light of our current results. Our work reveals

that in the fly digestive tract, pantethine can be converted into

40-phosphopantetheine by specific PanKI-containing micro-

biome species and becomes available to the host. 40-Phospho-
pantetheine is resistant to pantetheinases, can be taken up by

Drosophila cells (Srinivasan et al., 2015), and can subsequently

mediate rescue of CoA deficiencies of the host. The micro-

biome-based route also provides an explanation for the reported

improvement of the phenotype by oral pantethine in Pank2 ho-

mozygous knockout mice (Brunetti et al., 2014).

The question remains why pantethine (but not pantothenate)

induces rescue in the presence of an intact microbiome.

L. lactis is able to convert pantothenate into pantethine and

40-phosphopantetheine; however, levels of 40-phosphopante-
theine are lower than those when pantetheine is added. This

suggests that pantethine is more efficiently converted into

40-phosphopantetheine compared with pantothenate. For the

conversion of pantothenate into 40-phosphopantetheine, three
enzymatic steps are required (PanK, PPCS, and PPCDC),

whereas conversion of pantetheine into 40-phosphopantetheine
only requires PanK (Figure 1). It is possible that the difference

in flux in these two 40-phosphopantetheine-producing pathways

is such that using pantothenate does not lead to rescue. This

would likely be the case if the L. lactis PanKI shows a preference

for panthetheine as a substrate over pantothenate as was

recently reported for dPANK/Fbl (Mostert et al., 2021).

The microbiome-dependent extension of development by

pantethine in dPANK/Fbl-depleted flies that we observed is var-

iable. A possible explanation may be due to a difference in the

composition of the microbiome of the individual larvae used in

the studies. Even when larvae of the same genetic background

are raised under the same conditions, the composition of the mi-

crobiome differs (Figures S6 and S7). This suggests that the

extent of rescue by pantethine is a matter of chance, as some

larvae may possess a microbiome that is more optimized to effi-

ciently convert pantetheine. This is further underscored by our

findings that a more species-diverse microbiome is observed af-

ter feeding the larvae pantethine (Figures S6 and S7). Under the

conditions that create a more diverse microbiome, the probabil-

ity for developing an optimizedmicrobiome enabling pantethine-

mediated rescue may be increased.

A wealth of studies show associations between host health,

diet, and the composition of the microbiome. In Drosophila, in

which the microbiome and diet can be easily modified, causa-

tive studies demonstrate the influence of the composition of the

microbiome in combination with diet on certain traits (Consue-

gra et al., 2020; Storelli et al., 2018). Piper et al. demonstrated
ntothenate are transferred and detectable long term in the progenies

(WT) control and dPANK/fblnull/+) were raised on holidic fly food containing

s from F3 females were dissected and analyzed by LC-MS/MS. F4 embryos

al stage on pantothenate-deprived holidic fly food. After collection, they were

cally labeled 40-phosphopantetheine (C), and isotopically labeled CoA (D) in WT

background noise in LC-MS/MS are indicated as ‘‘BB’’ (below background).

esent mean ±SEM. (n R 2, technical replicates).
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that the requirement for folate can be circumvented in wild-type

Drosophila by providing PABA in the food, a compound that

can be converted to folate only by the microbiome (Piper

et al., 2014). We demonstrate rescue of early developmental ar-

rest in dPANK/fbl mutants by pantetheine, which is converted

by microbiome species possessing PanKI, an orthologous ki-

nase to the one that is defective in the host. This knowledge

may be used to optimize the pantethine metabolizing capacity

of the microbiome of PKAN patients. However, translation of

our results into a therapy for patients needs additional rigorous

research.

Maternally provided CoA precursors
Our results demonstrate that CoA precursors supplied by het-

erozygous mothers enable embryonal development of homozy-

gous dPANK/fblnull mutants from fertilization to the 2nd instar

larval stage. The observation that CoA precursors are transferred

via the oocyte is consistent with the reported transfer of mater-

nally provided mRNAs, proteins, and lipids to the oocyte

compartment by the supporting follicle cells and nurse cells of

the developing Drosophila egg chambers (Verheyen and Cooley,

1994). Here, we demonstrate that this established mechanism is

also active for the precursors of CoA. After fertilization of the

oocyte, Drosophila embryogenesis starts with a series of nuclear

divisions in the absence of cell divisions, with a syncytium being

formed in which all nuclei share the same cytoplasm. After divi-

sion 13, cellularization takes place, and individual cells are

formed. These cells form the later embryo and larval structures

(Verheyen and Cooley, 1994). We propose that a maternal pool

of CoA precursors enables the syncytial divisions in the early ho-

mozygous dPANK/fblnull embryos. However, it is more chal-

lenging to explain how after the syncytial stage all individually

cells of the embryo still possess enough CoA precursors to pro-

ceed through the many cell divisions, morphogenesis events,

and growth required to build a viable and motile 2nd instar larva.

This can only be explained by a hypothesis that CoA and/or CoA

precursors from the mother are stable, re-used, have a low turn-

over, and therefore last throughout development. Intriguing

questions remain, even if this hypothesis is correct: how do the

maternal CoA precursors reach all tissues and cells to support

timely normal development in the absence of new sources of

CoA precursors? Why does development in fruit flies stop at

the early 2nd instar larval stage? Does a specific high-demand

CoA process occur, and if so, what is it? For most CoA-requiring

metabolic reactions and for protein acetylation, CoA is recycled

and not consumed. Cycling occurs between free and acylated

forms, whereas the total level of CoA remains unaltered. One

exception is the post-translational modification of acyl carrier

proteins, which requires the transferral of the 40-phosphopante-
theine group of CoA, resulting in a net loss of CoA (Elovson and

Vagelos, 1968; Jackowski and Rock, 1984b; Lambrechts et al.,

2019; Powell et al., 1969). It may be that at the 2nd instar larval

stage relatively high amounts of carrier proteins are being

40-phosphopanetheinylated, leading to a consumption of CoA.

The results presented here expand our understanding of the

factors that contribute to CoA homeostasis. Specifically, we

demonstrate that cells rely not only on their own CoA supply

from canonical de novo CoA biosynthesis but that CoA precur-
2662 Molecular Cell 82, 2650–2665, July 21, 2022
sors can be shared between at least two generations and be-

tween symbiotic organisms.

Limitations of the study
Consistent with our hypothesis, we show that 40-phosphopante-
theine accumulates both intracellularly and extracellularly of

PanKI-expressing bacteria cultured with pantethine. Our results

suggest that this accumulation does not arise from cell lysis, yet

the mechanism of extracellular 40-phosphopantetheine accumu-

lation is unknown.

Inoculation of PanKI-containing ampicillin-resistant bacteria in

microbiome-compromised hosts mediates a pantetheine-

induced rescue. However, under the conditions used here, we

cannot exclude the presence of additional ampicillin-resistant

microorganisms. Therefore, part of the pantetheine-mediated

rescue that we observed could be due to the presence of addi-

tional microorganisms in combination with the inoculated ones.

Maternal supply of CoA precursors was demonstrated by

eliminating all other sources of CoA precursors except the

maternal one; however, this allowed development of homozy-

gous dPANK/fblnull larvae. In addition, reducing CoA biosyn-

thesis in the mothers reduced the number of progenies.

Moreover, labeled CoA precursors fed to heterozygous mothers

were detected in homozygous progenies. An elegant genetic

experiment would have been to demonstrate that homozygous

dPANK/fblnullmothers do not pass CoA precursors to their prog-

enies. However, since the homozygous dPANK/fblnull adults

were not viable, this experiment could not be performed.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Tubulin Sigma-Aldrich T5168; RRID: AB_477579

Rabbit polyclonal anti-dPANK/Fbl C-1919 Eurogentec， Bosveld et al., 2008 N/A

secondary HRP-conjugated anti-rabbit antibody Sigma-Aldrich GENA934; RRID: AB_2722659

secondary HRP-conjugated anti-mouse antibody Sigma-Aldrich GENXA931

Bacterial and virus strains

Lactococcus lactis this paper N/A

Ampicillin resistant Lactococcus lactis this paper N/A

Acetobacter persici this paper N/A

Acetobacter indonesiensis this paper N/A

Escherichia coli DH5a ATCC PTA-1798

Biological samples

Drosophila embryos this paper N/A

Drosophila larvae this paper N/A

Drosophila pupae this paper N/A

Chemicals, peptides, and recombinant proteins

Hopantenate (HoPan) Zhou Fang Pharm Chemical; 99% N/A

Calcium pantothenate-13C6,
15N2

(di-b-alanine-13C6,
15N2) (isotopically

labelled pantothenate, see Figure 3)

Sigma-Aldrich 705837

D-Pantothenic acid hemicalcium salt (Pantothenate) Sigma-Aldrich 21210

40-phosphopantetheine-d4 di-sodium salt

((2R)-2-hydroxy-N-(3-((2-mercaptoethyl-1,

1,2,2-d4)amino)-3-oxopropyl)- 3,3-dimethyl-

4-(phosphonooxy)butanamide di-sodium salt)

(custom synthesized)

Symeres (90% by HPLC) batch no. 30774

30-Dephosphocoenzyme A Sigma-Aldrich D3385

40-Phosphopantetheine (custom synthesized) Symeres (97% by HPLC/MS) batch no. 30808-2

D-Pantethine-d8 (custom synthesized)

(Isotopically labelled pantethine, see Figure 3)

Symeres (99,6% by HPLC/MS) batch no. 30774

D-Pantethine Chem Cruz sc-252658B

Coenzyme A Sigma-Aldrich 27593

1,4-Dithiothreitol (DTT) Sigma-Aldrich 10197777001

methyl 4-hydroxybenzoate (nipagen) BUFA 171513

Cysteamine Sigma-Aldrich 30070-10G

N-Acetyl-L-cysteine Sigma-Aldrich A9165

Tetracycline Sigma-Aldrich 87128-25G

Rifampicin Sigma-Aldrich R3501-1G

Streptomycin Sigma-Aldrich S6501

Ampicillin Sigma-Aldrich A1593-25G

nipagin Spruyt hillen BV 171513

Holidic Fly Food (see below ingredients

for holidic food)

Recipe from Piper et al., 2014 N/A

L-arginine HCl Sigma-Aldrich A5131-25G

L-alanine Sigma-Aldrich A7627-100G

L-asparagine Sigma-Aldrich A0884-25G

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

L-aspartic acid Sigma-Aldrich A6683-25G

L-cysteine HCl Sigma-Aldrich C7477-25G

L-glutamic acid monosodium salt monohydrate Sigma-Aldrich G5889-100G

L-glutamine Sigma-Aldrich G3126-100G

Glycine Sigma-Aldrich G7126

L-histidine Sigma-Aldrich H8000-25G

L-isoleucine Sigma-Aldrich I2752-25G

L-leucine Sigma-Aldrich L8912-25G

L-lysine HCl Sigma-Aldrich L5626-100G

L-methionine Sigma-Aldrich M9625-25G

L-phenylalanine Sigma-Aldrich P2126-100G

L-proline Sigma-Aldrich P0380-100G

L-serine Sigma-Aldrich S4500-100G

L-threonine Sigma-Aldrich T8625-25G

L-tryptophan Sigma-Aldrich T0254-25G

L-tyrosine Sigma-Aldrich T3754-50G

L-valine Sigma-Aldrich V0500-100G

Cholesterol Sigma-Aldrich C8667

Choline chlorideChloride Sigma-Aldrich C1879-500G

myo-Inositol Sigma-Aldrich I7508-50G

Inosine Sigma-Aldrich I4125-10G

Uridine Sigma-Aldrich U3750-25G

Acetic Acid Sigma-Aldrich 695092–500ML

KH2PO4 Sigma-Aldrich P9791

NaHCO3 Sigma-Aldrich S8875

CaCl2.2H2O Sigma-Aldrich C7902

CuSO4.5H2O Sigma-Aldrich C7631

FeSO4.7H2O Sigma-Aldrich F7002

MgSO4 (Anhydrous) Sigma-Aldrich M7506

MnCl2.4H2O Sigma-Aldrich M3634

Zn SO4.7H2O Sigma-Aldrich Z0251

Thiamine (Aneurin) Sigma-Aldrich T4625

Riboflavin Sigma-Aldrich R4500-5G

Nicotinic Acid Sigma-Aldrich N4126-5G

Pyridoxine-HCL Sigma-Aldrich P9755-25G

Biotin Sigma-Aldrich B4501-100MG

Folic Acid Sigma-Aldrich F7876-1G

Propionic Acid Sigma Aldrich P1386

Sodium Hypochlorite Jumbo Supermarket Dunne bleek oplossing

Tris(2-Carboxyethyl) Phosphine

Hydrochloride (TCEP)

Sigma Aldrich 75259–1 g

SDS biorad 161-0418

glycerol Sigma Aldrich G5516-1L

bromophenol blue Sigma Aldrich 114405-5G

Tris-HCl Sigma Aldrich T3253-250G

DC protein assay Bio-Rad (USA) 500-0116

PVDF Merck Millipore SLGV033RB

Tween-20 Sigma T7765-1MG

ammonium hydroxide Sigma Aldrich 338818

(Continued on next page)
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ammonium acetate Merck 1.01115.1000

acetic acid Merck 1.00063.1000

glucose Merck 1.08337.0250

trifluoro-acetic acid Sigma Aldrich 299537-100 g

formic acid Merck 2592941

NaOH Merck 1.06482.1000

3K filter unit Millipore UFC500324

0,22 um filter Millipore SLGV033RB

sodium acetate Sigma Aldrich S2889-250G

EDTA Invitrogen 15576-028

Mauripan High Activity Instant Dry Yeast AB Mauri Netherlands 309033

Critical commercial assays

DNeasy Power Soil kit QIAGEN, Hilden, Germany 12888-100

QIAquick Gel Extraction Kit QIAGEN, Hilden, Germany 28706

GenElute� Bacterial Genomic DNA Kit Sigma-Aldrich NA2100

Quant-iT PicoGreen dsDNA assay kit Invitrogen, Carlsbad, CA, USA P7589

SYBRGreen Bio-Rad 170-8885

KAPA HiFidelity Hot Start Polymerase KAPA Biosystems, Woburn,

MA, USA

KK1512

MiSeq 600 cycle v3 kit Illumina, San Diego, CA, USA MS-102-3003

Agencourt AMPure XP-Medium kit Beckman Coulter, California, USA A63881

Deposited data

16S rRNA gene sequencing data NCBI GenBank https://www.ncbi.nlm.nih.gov/nuccore/

?term=MW599826:MW599841[accn]

16S rRNA gene sequencing data NCBI SRA https://www.ncbi.nlm.nih.gov/sra/?

term=PRJNA702650

Bacterial whole genome sequencing data NCBI SRA https://www.ncbi.nlm.nih.gov/sra/?

term=PRJNA770008

Whole genome sequence batch NCBI GenBank https://www.ncbi.nlm.nih.gov/nuccore/

JAJAOC000000000, https://www.ncbi

.nlm.nih.gov/nuccore/JAJAOD000000000,

https://www.ncbi.nlm.nih.gov/nuccore/

JAJAOE000000000

Experimental models: Organisms/strains

D. melanogaster: dPANK/fblnull/TM3-GFP;y[1] w[*];

Mi{y[+mDint2]=MIC} fbl [MI04001]/TM3, Sb[1] Ser[1]

Bloomington Drosophila

Stock Center

BDSC 36941,

Re-balanced over TM3-GFP

D. melanogaster: Canton-S Obtained from J-C. Billeter,

University of Groningen

N/A

D. melanogaster: w[1118] Bloomington Drosophila

Stock Center

BDSC 3605

D. melanogaster: dCOASYe00492/ TM3-GFP; w[1118];

PBac{w[+mC]=RB}Ppat-Dpck[e00492]/TM6B, Tb[1]

Exelixis,

Bloomington Drosophila

Stock Center

BDSC 85528,

Re-balanced over TM3-GFP

Oligonucleotides

Primer: 16S rRNA (515F and 926R) Forward:

50-TGYCAGCMGCCGCGGTA-30

Reverse: 50-CCGYCAATTYMTTTRAG

TTT-30

This paper N/A

Primer: 16S rRNA (8F and 1492R) Forward:

50-AGAGTTTGATCCTGGCTCAG-30

Reverse: 50-GGTTACCTTGTTACGACTT-30

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: 16S rRNA (515F and 806R) Forward:

50-GTGCCAGCMGCCGCG

GTAA-30

Reverse: 50-GGACTACHVGGGTWT

CTAAT-3

Gohl et al., 2016 N/A

Primer: CAB1 Forward: 50- GTAGGC

GGTTCTTCACTGGG-30

Reverse: 50- TCACCCTCTTGTGCC

CAATC-30

This paper N/A

Primer: CoaA Forward: 50-ATTCCGCG

AAGGGGCTTTTA-30

Reverse: 50-GCGCTCACGAGTAGG

TAGAA-30

This paper N/A

Recombinant DNA

pUC19 Invitrogen, Carlsbad, CA, USA SD0061

pcDNA 5/FRT/TO Invitrogen, Carlsbad, CA, USA V652020

Software and algorithms

GraphPad Prism 8 GraphPad Software,

San Diego, CA, USA

https://www.graphpad.com/

scientific-software/prism/

Qiime2 Bolyen et al., 2019 https://qiime2.org/

R version 3.6.3 R Core Team, 2017 http://www.r-project.org/

Other

Clonemanager Suite 9 Sci Ed Software,

Westminster, CA, USA

https://scied.com

tblastn 2.10.1 https://usegalaxy.eu https://usegalaxy.eu/root?tool_

id=toolshed.g2.bx.psu.edu/repos/

devteam/ncbi_blast_plus/ncbi_

tblastn_wrapper/2.10.1+galaxy1

tblastn 2.12.0+ https://blast.ncbi.nlm.nih.gov/

Blast.cgi

https://blast.ncbi.nlm.nih.gov/

Blast.cgi?PROGRAM=tblastn&

PAGE_TYPE=BlastSearch&BLAST_

SPEC=&LINK_LOC=blasttab&LAST_

PAGE=tblastn

SPAdes Nurk et al., 2013 N/A

prokka 1.14.6 Seemann, 2014 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the lead contact, Ody C.M.

Sibon (o.c.m.sibon@umcg.nl).

Materials availability
Bacterial strains in this study are available from the lead contact without restriction.

Data and code availability
d One batch of 16S rRNA sequencing data have been deposited in NCBI’s GenBank with the accession number

MW599826:MW599841. Another batch of 16S rRNA sequencing data were deposited in Sequence Read Archive (SRA) of

the NCBI under BioProject ID PRJNA702650. Whole bacterial genome sequences have been deposited at GenBank. Acces-

sion numbers are listed in the key resources table. Raw FASTQ files of whole bacterial genomes were deposited at SRA at

BioProject ID PRJNA770008 under accession numbers: SRR17460031, SRR17460030, and SRR17460029.

d The code for comparing the composition of the bacterial community and relative abundance of bacteria in L3 larval stage

Drosophila can be found at GitHub: https://github.com/Jia-Xiu/collaborations/tree/main/Yu_Yi_2022.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila stocks and maintenance
Drosophila melanogaster stocks were maintained on standard fly food (containing 17 g/L agar, 54 g/L sugar, 26 g/L yeast extract and

1.3 g/L nipagin in water) at 25�C. All fly experiments were performed at 25�C.
The following fly lines were obtained from the Bloomington Drosophila Stock Center (BDSC; Indiana University, USA): dPANK/

fblnull/TM3-GFP (BDCS 36941), w1118 (as a wildtype control), Canton-S (as a wildtype control) and COASYe00492/TM3-GFP

(BDSC 85528). Where applicable (see Key resource table) the stocks were re-balanced over GFP-marked balancers for identification

of homozygous (GFP-negative) and heterozygous (GFP-positive) progeny (Srinivasan et al., 2015). For most experiments heterozy-

gous dPANK/fblnull/TM3-GFP samples/specimen were used as ‘‘control’’ and referred to as dPANK/fblnull/+, unless indicated other-

wise. Homozygous mutants are referred to as dPANK/fblnull/null, homozygous COASY mutants as COASY-/-.Where indicated

Canton-S or w1118 were used as control.

Bacterial culturing
Lactococcus lactis, Escherichia coli DH5a and ampicillin resistant E. coli DH5a strains were cultured in LB broth in a 37�C shaker.

Acetobacter persici and Acetobacter indonesiensis were isolated from fly guts and were cultured in MRS broth in a 37�C shaker.

Generation of ampicillin-resistant bacteria
L. lactis was cultured in LB medium with increasing concentrations of ampicillin over a course of 20 days. Selection started at a con-

centration of 1 mg/ml ampicillin and reached on day 20 a final concentration of 20 mg/ml. The E. coli strain used contains a plasmid

(either pcDNA 5/FRT/TO or pUC19) which carries the ampicillin resistance gene and it tolerates LB medium with 50 mg/ml ampicillin.

To determine the growth of the ampicillin resistant bacteria in LB+Ampmedium, the optical density wasmeasured at a wavelength of

600 nm (OD600) on a Nanophotometer (IMPLEN,Germany). L. lactis and ampicillin resistant L. lactiswere cultured in LBmediumwithout

and with 20 mg/ml ampicillin respectively and E. coli and ampicillin resistant E. coliwere cultured in LBmediumwithout or with 50 mg/ml

ampicillin, bothwith a starting point of OD600 0.05. At 24 and 48 hours a 1ml sample of each strainwas tested to determine their growth.

METHOD DETAILS

Chemical Rescue of dPANK/fblnull/null and COASY-/- mutants
Heterozygous flies (dPANK/fblnull/TM3-GFP or COASY-/TM3-GFP, 10 females and 5 males) were collected and transferred to stan-

dard fly food, or food supplemented with pantethine, pantothenate or 40-phosphopantetheine. Unless stated otherwise, pantethine

and 40-phosphopantetheine were used at a concentration of 8mM and pantothenate at 16 mM. The flies were kept at 25 �C and fe-

males were allowed to lay eggs for 6 days, after which all flies were discarded. The resulting offspring were allowed to develop for

another 9 days, after which the numbers of heterozygous dPANK/fblnull/TM3-GFP (GFP positive, as controls) and dPANK/fblnull/null or

COASY-/- (both GFP negative) pupae were counted. To determine the percentage of dPANK/fblnull/null or COASY-/- mutants devel-

oping into pupae the number of dPANK/fblnull/null or COASY-/- pupaewas divided by the total number of pupae and eclosed adults. At

least 4 separate vials per condition were counted.

Development under ‘‘Microbiome-free’’ and ‘‘Microbiome-compromised’’ conditions
‘‘Microbiome-free’’ or ‘‘microbiome-compromised’’ conditions were used to investigate the influence of the microbiome on the

development of dPANK/fblnull/null mutants. Under ‘‘microbiome-free’’ conditions flies were reared on autoclaved standard fly food

supplemented with a cocktail of antibiotics (50 mg/ml tetracycline, 200 mg/ml rifampicin and 100 mg/ml streptomycin). Under less

stringent ‘‘microbiome-compromised’’ conditions flies were reared on autoclaved standard fly food supplemented with ampicillin

at a concentration of either 20 or 30 mg/ml. Microbiome-compromised conditions were used for mono-inoculation experiments

with ampicillin resistant bacterial strains. The highest dose tolerated by the resistant bacteria was determined and used for the

studies. For mono-inoculation with ampicillin resistant L. lactis, 20 mg/ml ampicillin was used, for mono-inoculation with ampicillin

resistant E. coli, 30 mg/ml ampicillin was used.

Egg lays and collection
Egg lays were performed using fly cages positioned over grape juice agar plates, containing 25% v/v grape juice, 1.25 g/L sugar,

26.25 g/L agar and 2g/L Nipagin or 0.5% v/v propionic acid. To stimulate egg laying, yeast paste was added to the center of

each plate. Flies were added to the cages and proceeding egg collection, plates were changed every 4-6 hours. For the experiments,

the embryos laid for indicated periods on the grape juice plates were collected and processed further.

Generation of microbiome-free embryos
To study the influence of microbiome on the development of dPANK/fblnull/null mutants, ‘‘microbiome-free’’ embryos were obtained

by collecting embryos from grape juice plates, dechorionating them for 2.5minwith 5%sodium hypochlorite, followed by awashwith

70% ethanol for 30 sec and a wash with sterile water (5 times). Afterwards they were transferred onto microbiome-free food
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(containing 50 mg/ml tetracycline, 200 mg/ml rifampicin and 100 mg/ml streptomycin) in sterile 50 ml falcon tubes to study develop-

ment (protocol modified from (Sabat and Johnson, 2015)). When indicated, embryos were allowed to develop under microbiome

compromised conditions.

Confirmation of microbiome-free condition by RT-PCR
To verify the microbiome-free condition, detection of bacterial 16S rRNA genes was performed by RT-PCR under two different con-

ditions. In both cases dPANK/fblnull/+ and Canton-S (wild type, WT) embryos were dechorionated as described above after which

they were either raised on autoclaved standard fly food or on autoclaved standard fly food with a mix of antibiotics (50 mg/ml tetra-

cycline, 200 mg/ml rifampicin and 100 mg/ml streptomycin). For the RT-PCR, thirty L3 larvae were collected and genomic DNA was

extracted using the DNeasy Power Soil kit according to the manufacturer’s instructions. Afterwards the primer set 515F/926R (515F:

50-TGYCAGCMGCCGCGGTA-30; 926R: 50-CCGYCAATTYMTTTRAGTTT-30) was used to amplify bacterial 16S rRNA genes and PCR

products were visualized by agarose gel electrophoresis.

Holidic Fly Food
Standard holidic food was prepared as described previously, and ‘‘Yaa solution, 200N’’ was used as the original amino acid solution

(Piper et al., 2014). In short: Preparation of themedium is performed in below stages. Before autoclaving, for 1 liter solution, add com-

pounds and solutions in the order: sucrose 17.12 g, low solubility amino acids (isoleucine 1.16 g, leucine 1.64 g, tyrosine 0.84 g), and

1 ml of each metal ions stock solutions (CaCl2.6H2O 250 g/L, MgSO4 250 g/L, CuSO4.5H2O 2.5 g/L, FeSO4.7H2O 25 g/L,

MnCl2.4H2O 1 g/L, Zn SO4.7H2O 25 g/L). Add around 700 ml milliQ water at this stage, stir well and add cholesterol stock solution

(1g/50 ml with absolute ethanol). 7 g agar was added to this solution. Autoclave the solution at 120 �C for 15 min.

After autoclaving, the following steps should with constant stirring in a laminar flow cabinet. Allow solution to cool to �65 �C (until

can just hold hands on glass bottle). Add sterile stock solutions in the order: 100ml buffer base (10 times acetate buffer per liter: acetic

acid 30ml, KH2PO4 30 g, NaHCO3 10g), amino acids (60.51 ml essential amino acid stock solution (g/200 ml): L-phenylalanine 3.03,

L-histidine 2.24, L-lysine 5.74, L-methionine 1.12, L-arginine 4.7, L-threonine 4.28, L-valine 4.42, L-tryptophan 1.45; 60.51 ml non-

essential amino acid stock solution: L-alanine 5.25, L-aspartate 2.78, glycine 3.58, L-asparagine 2.78, L-proline 1.86, L-glutamine

6.02, L-serine 2.51); L-cysteine 50mg/ml stock solution, add 5.28 ml in 1 liter of medium; L-Na glutamate 100mg/ml stock solution,

add 18.21 ml in 1 liter of medium). Add 21 ml vitamin stock solutions (per liter: thiamine (aneurin) 0.067g, riboflavin 0.033 g, nicotinic

acid 0.399 g, Ca pantothenate 0.516 g, pyridoxine 0.083 g, biotin 0.007 g). Add 8ml nucleosides and lipids solutions (per liter: choline

chloride 6.25 g, myo-inositol 0.63 g, inosine 8.13 g, uridine 7.50 g). Add 1ml folic acid (0.5 g/L). Add preservatives (6 ml propionic acid

and 15ml nipagin (100 g/L in 95% ethonal)). Sterile tubing was used to dispense the solution into sterile vials. Either leave vials in flow

cabinet to cool or transfer to bench and cover with paper towel. Leave for 90min at room temperature and then store at 4 �C until use.

Ingredients are listed in the Key resource table. Pantothenate deprived holidic food and food with isotopically-labelled pantothe-

nate was prepared by either omitting pantothenate during food preparation or by replacing standard pantothenate with equal

amounts of isotopically labelled pantothenate (13C6,
15N2; Sigma-Aldrich).

Larval survival on different types of fly food
Five types of food were used to test the survival rate of Drosophila larvae: standard fly food, holidic food (without and with antibiotics

(50 mg/ml tetracycline, 200 mg/ml rifampicin and 100 mg/ml streptomycin)) and pantothenate-deprived holidic food (without and with

antibiotics (50 mg/ml tetracycline, 200 mg/ml rifampicin and 100 mg/ml streptomycin)). dPANK/fblnull/TM3-GFPmale and female flies

were selected and kept in vials on the five types of food for at least 8 hours. Flies were transferred onto the five different freshly pre-

pared foods and allowed to lay eggs for 2-6 hours. Adults were removed and eggs were counted and incubated for another 48 hours.

The developing larval progeny was collected by floating in 20% sucrose solution, and quantified. To determine the percentage of

surviving L2 larvae the number of larvae was divided by the number of eggs. To distinguish between heterozygous (GFP positive

dPANK/fblnull/TM3-GFP) and homozygous (GFP negative dPANK/fblnull/null) a Leica fluorescence dissection microscope (Leica

Microsystem, Germany) was used.

HoPan treatment assay
GFP positive dPANK/fblnull/TM3-GFP flies (1-2 days post eclosion) were raised on standard fly foodwith increasing concentrations of

the CoA biosynthesis inhibitor HoPan (0.5 mM, 1 mM, 2 mM and 4 mM) for either 4 days or 8 days. For the 4-day HoPan treatment

experiment, the flies were kept on HoPan for 4 days, after which they were transferred to pantothenate-deprived holidic fly food and

allowed to lay eggs for 4-6 hours. After discarding the parental flies, the eggs were cultured for another 48 hours and the number of

larvae were counted. The larval survival rate was determined as described above. For the 8-day HoPan treatment experiment, five

females and five males from each treatment were pooled and CoA and 40-phosphopantetheine levels were measured by HPLC

(method see below).

Tracing of isotopically labelled compounds in Drosophila

Heterozygous (dPANK/fblnull/TM3-GFP) and wild-type (w1118) flies were raised on holidic food containing isotopically labelled

pantothenate for 3 generations. Approximately 20 ovaries were dissected from either heterozygous dPANK/fblnull/TM3-GFPmutants
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or wild-type F3 females in cold PBS and homogenized for 15 seconds with a motorized pestle in 80 mL ice-cold milliQ (MQ) water

containing 50 mM Tris(2-carboxyethyl) phosphine hydrochloride (4 mL per ovary) for detection of labelled compound in the ovaries.

The remaining F3 flies were transferred to pantothenate-deprived holidic food and were allowed to lay eggs (F4) for 4-6 hours. Eggs

were collected and allowed to develop for another 48 hours. Approximately 30 early L2 larvae were collected, briefly washed in PBS

and homogenized for 15 seconds with a motorized pestle in 100 mL ice-cold milliQ (MQ) water containing 50mM Tris(2-carboxyethyl)

phosphine hydrochloride. Both ovary and larval samples were then sonicated (3x5 sec, 50 watts) and prepared as decribed below in

the LC/MS section. Levels of isotopically labelled pantothenate, 40-phosphopantetheine and CoA were determined by LC/MS

(method see below).

Western blot of Drosophila larval and pupal samples
For larval samples, 30 early L2 instar larvae per genotype were collected. For pupal detection, eight pupae from control and

dPANK/fblnull/null mutants treated with 8 mM pantethine were collected and briefly washed in PBS. 2x Laemmli buffer (2%

SDS, 10% glycerol, 0.004% bromophenol blue, 0.0625 M Tris-HCl (pH 6.8)) was added and the samples were homogenized

for 15s with a motorized pestle, followed by sonication (3 x 5 sec, 50 watts). The protein concentration was determined by

DC protein assay and the samples were further processed using 10% SDS-PAGE gel and transferred onto PVDF membranes.

The membranes were blocked with 5% milk in PBS + 0.1% Tween-20 and subsequently incubated with primary antibodies

overnight at 4�C. The primary antibodies used were rabbit-anti-dPANK/Fbl C-1919 (1:4000), and mouse-anti-a-Tubulin

(1:5000). Appropriate secondary HRP-conjugated antibody staining (1:5000 GENA934 (anti-rabbit) or GENXA931 (anti-mouse))

was carried out for 1 hour at RT. Detection was performed using ECL or super-ECL solution with the ChemiDoc Touch

(Bio-Rad).

HPLC sample preparation and parameter settings
High Performance Liquid Chromatography (HPLC) was used to analyze CoA and 40-phosphopantetheine levels in larval or pupal

samples. To collect larval samples, 3-4 day old heterozygous (dPANK/fblnull/TM3-GFP) flies (as controls) were transferred to cages

with grape juice agar plates + yeast for 4-hour egg lays. The eggs were allowed to develop for an additional 48 hours. 30 control

(dPANK/fblnull/TM3-GFP) and dPANK/fblnull/null mutant L2 larvae were collected for analysis. For pupal samples eight pupae were

collected for control and dPANK/fblnull/nullmutants treated with 8mMpantethine. Specific sample preparation and HPLC parameters

are provided below.

LC/MS sample preparation and analysis
Liquid Chromatography/Mass Spectrometry (LC/MS) was applied to analyze isotopically labelled pantothenate, pantetheine,

40-phosphopantetheine and CoA in Drosophila and bacterial samples. Specific information regarding sample preparation and anal-

ysis parameters per sample is provided. For MS analysis, the raw measure of intensities is provided in cps (counts per second). In-

tegrated peak area (counts) are provided per compound.

LC/MS of bacterial samples
Bacterial samples were sonicated in 100 mL ice-cold milliQ (MQ) water containing fresh 50mMTris(2-carboxyethyl) phosphine hydro-

chloride (TCEP) thoroughly for 4 times, each time for 5 seconds at 30 watts. Samples were centrifuged for 20 min at 4 �C 20,000 rcf,

and 80 mL supernatant was collected for each sample. Subsequently, equal amounts of saturated ammonium sulfate were added to

each sample after which they were centrifuged for 20 min at 10 �C 20,000 rcf to collect 150 mL supernatant. Next, 15 mL (10% of total

volume) of ammonium hydroxide (12.5%) was added into 150 mL of supernatant to extract total 40-phosphopantetheine and CoA.

Fifty microliters of the mixture were injected for LC/MS analysis.

High-performance liquid chromatography (HPLC) was performed using a Shimadzu LC system (Shimadzu Corporation, Kyoto,

Japan), consisting of a SIL-20AC autosampler and two LC-20AD gradient pumps. Chromatographic separation was achieved at

30 �C on a Gemini NX C18 column (150x2 mm, 3 mm particles) (Phenomenex, Torrance, CA). Eluent A was water with 100 mM

ammonium acetate, adjusted to pH 4.5 with acetic acid; eluent B was acetonitrile. Elution was performed starting at 1% B for

1 min, followed by a linear gradient to 30% B in 4 min, to 50% in 1 min and then to 99% B in 1.1 min. Then, the column was washed

with 99% B for 2.9 min, after which it was returned to the starting conditions for 4 min. The flow rate was 0.5 mL/min. The injection

volume was 50 mL.

The HPLC system was coupled to an API 3000 triple-quadrupole mass spectrometer (Applied Biosystems/MDS SCIEX,

Carlsbad, CA) equipped with a TurboIonSpray source. The ionization was performed by electrospray in the positive mode,

at 5000 V. The TurboIonSpray temperature was 400�C. Nitrogen was used as the turbo heater gas, nebulizer gas

(setting 15), and curtain gas (setting 15), and collision gas (setting 3). Tune parameters for ion transmission were: DP 50,

FP 100, EP 7.

The table below list the SRM transitions of the compounds. These were optimized with standards, and transitions and collision

energy values of isotopically labelled forms were extrapolated from the unlabelled form. All compounds were measured with 2 tran-

sitions, with the first used as quantifier and the second as qualifier. Each transition was measured for 50 ms.
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Compound Q1 Q3 Collision energy (CE, V)

Pantothenate-1 220.2 90.2 20

Pantothenate-2 220.2 184.3 20

Pantothenate-labelled-1 224.3 93.9 22

Pantothenate-labelled-2 224.3 206.3 22

40-Phosphopantetheine-1 359.3 261.2 22

40-Phosphopantetheine-2 359.3 243.2 22

40-Phosphopantetheine-labelled-1 363.0 265.1 20

40-Phosphopantetheine-labelled-2 363.0 250.7 20

CoA-1 768.1 261.3 44

CoA-2 768.1 428.0 44

CoA-labelled-1 772.1 265.3 44

CoA-labelled-2 772.1 432.0 44

Pantetheine-1 279.2 261.0 24

Pantetheine-2 279.2 131.0 24

Pantetheine-labelled-1 283.2 265.0 24

Pantetheine-labelled-2 283.2 135.0 24
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Standard stocks were prepared in methanol and diluted 10 times in acetonitrile/water 1:1 (v/v) to 222 ng/mL for 40-phosphopante-
theine; 20 ng/mL for CoA, 21 ng/mL for pantothenate, 10 ng/mL for labelled pantothenate, 14 ng/mL for pantetheine. Calibration

mixtures were prepared as follows: 100 mL each of standard was taken, and 300 mL water/ACN 1:1 was added to a total volume

of 1 mL; this was dried and dissolved in 1 mL water. Calibration points were made with sequential dilutions of 5, 2, 2, 2, 2, 2, and

2 times in water. 100 mL of each calibration dilution was mixed with 100 mL 21 ng/mL labelled 40-phosphopantetheine in water. Cali-

bration curves between 0.05 and 2 ng/mL were measured at the start and end of each LC/MS analysis batch, and peak areas were

averaged. For labelled compounds without a standard, the corresponding calibration curves of unlabelled compounds were used.

Curve fitting for the calibration curves was linear, without weighting.

Peak areas of the lowest concentration (0,05 ng/ml) for the various standards were: pantothenate: 4090, 40-phosphopantetheine:
16700, and pantetheine: 581. In the occasion that the level of an analyte fell outside the standard curve the following criteria applied:

only when a distinct peak at the exact same retention time as its standard and above background noise was observed, analyte peak

areas were determined and indicated in the graphs. For all compounds, analyte peak areas below 200 were regarded as below back-

ground noise.

Data were collected and analyzed with Analyst 1.5.2 software (Applied Biosystems/MDS SCIEX).

LC/MS of fly samples
LC for ovary sample

Fly samples were first homogenized in 100 ml ice-cold milliQ (MQ) water containing fresh 50mM Tris(2-carboxyethyl) phosphine hy-

drochloride (TCEP) thoroughly for 20 seconds. Next, the homogenized samples were processed similarly as compared to the bac-

terial sample pretreatment procedures.

HPLC was performed using a Shimadzu LC system (Shimadzu Corporation, Kyoto, Japan), consisting of a SIL-20AC autosampler

and two LC-20AD gradient pumps. Chromatographic separation was achieved at 45 �C on a Gemini NX C18 column (150x4.6 mm,

3 mm particles) (Phenomenex, Torrance, CA). Eluent A was water with 100 mM ammonium acetate, adjusted to pH 4.5 with acetic

acid; eluent B was acetonitrile. Elution was performed starting at 0% B for 7 min, followed by a linear gradient to 20% B in

13 min, and to 90% B in 1 minute. Then, the column was washed with 90% B for 4 minutes, after which it was returned to the starting

conditions in 1 minute and kept there for 4 minutes. The flow rate was 0.8 mL/minute, which was split to 0.4 mL/minute to the mass

spectrometer source. The injection volume was 90 mL.

LC for larval samples

HPLC was performed using a Shimadzu LC system (Shimadzu Corporation, Kyoto, Japan), consisting of a SIL-20AC autosampler

and two LC-20AD gradient pumps. Chromatographic separation was achieved at 45 �C on a Gemini NX C18 column

(150x2.1 mm, 3 mm particles) (Phenomenex, Torrance, CA). Eluent A was water with 100 mM ammonium acetate, adjusted to

pH 4.5 with acetic acid; eluent B was acetonitrile. The elution was performed starting at 0% B for 5 minute, followed by a linear

gradient to 20% B in 7 minutes, held for 2 minutes at 20% B, followed by a linear gradient to 90% B in 2 minutes. Then, the column

was washed with 90% B for 3 minutes, after which it was returned to the starting conditions in 1 minute and kept there for 4 minutes.

The flow rate was 0.3 mL/minute. The injection volume was 50 mL.
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MS for fly samples

The HPLC system was coupled to an API 3000 triple-quadrupole mass spectrometer (Applied Biosystems/MDS SCIEX, Carlsbad,

CA) equipped with a TurboIonSpray source. The ionization was performed by electrospray in the positive mode, at 5000 V. The

TurboIonSpray temperature was 450�C. Nitrogen was used as the turbo heater gas, nebulizer gas (setting 13), and curtain gas

(setting 13), and collision gas (setting 3). Tune parameters for ion transmission were: DP 60, FP 220, EP 10.

The table below lists the SRM transitions of the compounds. These were optimized with standards, and transitions and CE values

of isotopically labelled forms were extrapolated from the unlabelled form. Each transition was measured for 100 msec.
Compound Q1 Q3 Collision energy (CE, V)

Pantothenate 220.2 184.3 19

Pantothenate-labelled 224.3 188.3 19

40-Phosphopantetheine 359.3 261.2 30

40-Phosphopantetheine-labelled 363.0 265.1 30

CoA 768.1 428.0 45

CoA-labelled 772.1 432.0 45
Amixture of unlabelled pantothenate, 40-phosphopantetheine, CoA was prepared and diluted in 20 mM ammonium acetate in wa-

ter to 1 mM, 200 nM, and 100 nM each. Limitations of detection for ovary and larvae samples per compoundwere determined: 100nM

pantothenate standard with an injection of 10 ul; 10nM 40-phosphopantetheine standard with an injection of 50 ul, 10 nM standard

CoA with an injection of 50 ul.

Peak areas for various compounds of the limitation of detection were pantothenate: 2280, 40-phosphopantetheine: 504, CoA: 882.
Analyte peak areas from each detected compound fall into the range of limitation of detection and the following exact concentration

of standards were used: for pantothenate 1 mM, for 40-phosphopantetheine 200 nM, and for CoA 100 nM). In the condition that the

level of a compound falls outside of the range, the same method was applied as bacterial LC/MS data analysis. Data were collected

and analyzed with Analyst 1.5.2 software (Applied Biosystems/MDS SCIEX).

Bacterial isolation from fly feces and identification by MALDI-TOF
Bacterial strains from heterozygous (dPANK/fblnull/TM3-GFP) flies, cultured on the various indicated food conditions, were isolated

from fly feces. Young control flies were transferred into a cage with a grape juice agar plate and additional yeast and cultured for

3 days; the grape juice plates were changed daily. Samples of fly feces, deposited on the inside surface of the cage, were picked

upwith a sterile wet cotton swab, and streaked on a blood agar (BA) plate, grown under aerobic conditions and streaked on aBrucella

blood agar plate (BBA), a Mann Rogosa Sharpe (MRS) plate with cysteine and a YGC plate (yeast extract, cysteine, fatty acids,

glucose, celloCFAGbiose agar) respectively at 37�C within two days until obvious colonies were found. The latter three plates

were incubated under anaerobic conditions. At least 8 single colonies were picked from each plate, either based on (difference in)

morphology or selected randomly, and further sub-cultured on the same type of plate they were originally raised on. Colonies

from these plates were tested by MALDI-TOF to identify bacterial species.

MALDI-TOF based bacterial identification was performed as previously described (Veloo et al., 2014; Veloo et al., 2018). Briefly, the

MALDI-TOFMS Biotyper (Bruker Daltonics, Bremen, Germany) was utilized to perform the analysis. Bacterial cells, grown within two

days, were spotted on a stainless target in duplicate using a toothpick. One spot was treated with 1 mL HCCA matrix (a-cyano-4-hy-

droxycinnamic acid in 50% acetonitrile, 47.5% HPLC-grade water and 2.5% trifluoro-acetic acid) and left to dry. The other spot was

treated with a target extraction method by adding first 1 mL 70% formic acid. Immediately after drying, the spot was treated with 1 mL

HCCA matrix. Standard settings were applied and obtained log scores were interpreted according to manufacturer’s instructions. A

log score of > 2 was considered an identification with high confidence, a log score of > 1.7 and < 2 as an identification with low con-

fidence and a log score of <1.7 as no reliable identification.

Bacterial isolation from fly guts and identification by sequencing and MALDI-TOF
Control flies were anesthetized on ice for 10 min. A single female gut was dissected in sterile PBS and the midgut was isolated. The

midgut was then homogenized with a sterile motorized pestle for 30 seconds in 250 mL PBS and homogenates with a serial dilution of

100 times, 10,000 times and 13106 times were obtained. A 100 mL sample from each dilution was streaked onto 1/5 Tryptic Soy Agar

poor medium (30g/L TSA and 15g/L agar in water, diluted 1:4), MRS andMannitol plates. The plates were cultured at 28�C for several

days until visible colonies appeared. Colonies were either selected by (difference in) morphology or selected randomly for colony

PCR to amplify the 16S rRNA gene.

For the colony PCR, genomic DNA from single colonies was extracted by incubation in 10 mL alkaline buffer (25 mM NaOH and

0.2 mM EDTA (Na) in water at pH 12) for 30 min at 95�C. The primer set 8F/1492R (8F: 50-AGAGTTTGATCCTGGCTCAG-30;
1492R: 50-GGTTACCTTGTTACGACTT-30) was used to amplify the bacterial 16S rRNA gene under standard PCR-conditions. PCR
e9 Molecular Cell 82, 2650–2665.e1–e12, July 21, 2022



ll
Article
products were visualized by agarose gel electrophoresis, sequenced commercially by Sanger sequencing (Eurofins, Germany). The

sequences obtained were classified in RDP Naive Bayesian rRNA Classifier Version 2.11 (Wang et al., 2007) and the Confidence

threshold (for classification to Root ONLY) was set to 80%. The resulting sequences were deposited in the database of the National

Center for Biotechnology Information with the accession numbers of MW599826, MW599827, MW599828, MW599829, MW599830,

MW599831, MW599832, MW599833, MW599834, MW599835, MW599836, MW599837, MW599838, MW599839, MW599840 and

MW599841. In parallel to the sequencing approach, the bacterial colonies were cultured and analyzed by MALDI-TOF to identify the

bacterial species.

Culturing with and analysis of isotopically-labelled pantethine and isotopically-labelled pantothenate in bacteria
L. lactis, A. persici and A. indonesiensis were overnight cultured in standard LB medium (L. lactis) or MRS medium (A. persici and

A. indonesiensis) and cell pellets were obtained from 3 ml liquid culture by centrifugation at 6800 rcf for 5min. Pellets were re-sus-

pended andmaintained in 1ml PBS or PBSwith either 100 mM isotopically-labelled pantethine or 200 mM isotopically-labelled panto-

thenate for 24 hours in a 37�C shaker. Afterwards bacterial pellets were obtained by centrifugation, washed and analyzed by Liquid

Chromatography/Mass Spectrometry (LC/MS, method see above) to detect isotopically-labelled pantothenate, pantetheine,

40-phosphopantetheine and CoA.

Analysis of metabolized pantethine and pantothenate in bacteria
L. lactis was overnight cultured in 8 ml standard LB medium or in standard LB medium containing pantethine or pantothenate, and

cell pellets were obtained from 6.5 ml liquid culture by centrifugation at 6800 rcf for 5min. Cell pellets were washed with 5 ml sterile

PBS and then resuspended in 5ml PBS for 24 hours in a 37�Cshaker. Subsequently, bacterial pellets were again obtained from 3.5ml

liquid culture, washedwith PBS and theweight wasmeasured for each sample before further detection of pantothenate, pantetheine,

40-phosphopantetheine andCoA byHPLC. The 3.5ml supernatant was collected and freeze-dried, and analyzed as described for the

bacterial pellets.

E. coli Dh5a, were cultured in TB medium with 0,4 % glucose with or without pantethine (8 mM) or pantothenate (16 mM) for 11

hours. On each timepoint 200 ul medium was spun at 6800 rcf for 5 min and 100 ul was used for detection of 40-phosphopantetheine
and dephosphoCoA by HPLC. After TCEP treatment E.coli supernatant was filtered using a 3K filter unit. Sample preparation and

HPLC parameters were used as previously described (Srinivasan et al., 2015).

Detection of bacterial gDNA in medium
E. coli was cultured in TB medium with 0,4 % glucose with pantethine 8 mM for 11 hours. On each timepoint 2,5 ml medium was

taken, spun at 6800 rcf for 5 min and filtered over a 0,22 um filter. Subsequently, 250 ng yeast gDNA was spiked to 2 ml supernatant

as a internal isolation control. 2 ml 100% ethanol and 40 ul 3M sodium acetate was added, mixed by inversion and incubated for

20 minutes at -20�C. Samples were spun at 15000 rcf for 10 minutes at 4�C. Pellets were dried and resuspended in 500 ul TE buffer.

QPCR was performed using SYBRGreen and primers for yeast CAB1 (spiked control) and CoaA in a CFX-connect thermocycler

(Bio-Rad).

Yeast gDNA was isolated according to Hoffman (2001), using 3M sodium acetate. After addition of sodium acetate and ethanol,

samples were incubate at -20�C for 20 minutes.

Bacterial mono-inoculation assay
Dechorionated embryos (a mixture of heterozygous dPANK/fblnull/+ (as control) and homozygous dPANK/fblnull/null embryos (0-12

hours after egg deposition)) were transferred onto sterile microbiome free fly food containing 8 mM pantethine or 16 mM pantothe-

nate. For experiments with L. lactis, the sterile fly food also contained 20 mg/mL ampicillin, for experiments with E. coli, it contained

also 30 or 50 mg/mL ampicillin, while for A. persici, the fly food contained 50 mg/ml ampicillin. Ampicillin resistant L. lactis and E. coli

were cultured for 24 h in LB medium with 20 mg/ml ampicillin or 50 mg/ml ampicillin, respectively. The bacterial concentration was

adjusted to an OD600 value of 1 for further inoculation. For 6 consecutive days, 50 ml of either ampicillin resistant or non-resistant

bacteria in liquid medium were added to each vial and the embryos were allowed to develop into pupae.

The cumulative number of heterozygous dPANK/fblnull/+ and homozygous and dPANK/fblnull/null pupae was determined until day

16. Verification of mono-inoculation was performed. For this, after each experiment a food sample from each individual tube was

collected 18 days after the first bacterial inoculation and immersed in 250 ml sterile water. 100 ml of liquid sample was streaked on

specific agar plates to check bacterial or yeast growth. Samples from E. coli and ampicillin-resistant E. coli experiments were

cultured on LB plates or LB plates with 50 mg/mL ampicillin at 37 �C overnight. Samples from L. Lactis and ampicillin-resistant

L. Lactis experiments were cultured on GM17 plates (containing 5% glucose) (allowing faster growth for early detection of colonies)

at 37 �C overnight or GM17 (containing 5% glucose) with 20 mg/mL ampicillin for 2-3 days. In case contamination with yeast or bac-

teria, other than the specifically inoculated ones were detected on the plates, the matching falcon tubes with pupae were removed

from the analysis. Each experimental condition with additional pantethine contains 6 technical replicates. The blank control or exper-

imental condition with additional pantothenate contains 4 technical replicates. For all treatments, at least 3 validated technical rep-

licates were obtained and the dPANK/fblnull/null pupal rate was calculated by averaging the technical replicates.
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Bacterial community composition
Sample collection and DNA extraction

Drosophila L3 larvae were raised from embryos on control food or food containing 8 mM pantethine or 16 mM pantothenate with at

least 7 replicates per treatment. After a brief wash with 70% ethanol and sterile water, 20 larval guts (mainly midguts) were collected

from the larvae from each treatment to obtain a sufficient amount of DNA. Gut samples were homogenized by a sterile motorized

pestle after which genomic DNA was extracted using the DNeasy Power Soil kit according to the manufacturer’s instructions.

DNA was stored at -20 �C for further analysis.

16S rRNA gene sequencing

The V4 region of the 16S rRNA gene was amplified and sequenced using the 515F/806R primer set (515F: 50-GTGCC

AGCMGCCGCGGTAA-30 and 806R: 50-GGACTACHVGGGTWTCTAAT-30) on an Illumina MiSeq sequencer at the University of Min-

nesota Genomics Center according to the dual-indexing protocol by Gohl et al. (2016). In brief, the amplification of the V4 variable

region of the16S rRNA gene was performed using KAPA HiFidelity Hot Start Polymerase. Amplicons were quantified using the

PicoGreen dsDNA assay kit. Samples were normalized, pooled and concentrated using AMPureXP beads. Finally, 10 ml of

the 2 nM pooled amplicons was used for sequencing using a MiSeq 600 cycle v3 kit. The resulting sequences were deposited in

the database of the National Center for Biotechnology Information under BioProject ID PRJNA702650.

Sequence and bacterial composition analysis

The raw paired-end fastq files of 16S rRNA amplicon sequences were imported and analyzed using the QIIME2 pipeline (version

2019.10) (Bolyen et al., 2019). The DADA2 plugin was used for trimming (249 bp in forward and 204 bp in reverse reads) and denoising

analysis with default settings (Callahan et al., 2016). Chimeric sequences were removed using the pooled method with DADA2.

Representative sequences for each amplicon sequence variant (ASV) were taxonomically assigned using the SILVA 132 database

(Yilmaz et al., 2014). Archaea, eukaryote, mitochondria and chloroplasts were excluded in the final dataset. Singletons from the data-

set were discarded to minimize sequencing errors. Finally, the feature table was rarified at 1100 sequences per sample. Afterwards,

the feature and taxonomy tables were exported fromQIIME2 for further analysis in the R environment (R version 3.6.3) (R Core Team,

2017). Stacked bar plots and heatmaps of bacterial community composition at the genus level were obtained using the package

‘ggplot2’ (version 3.3.1) (Wickham, 2010).

Genomic DNA Isolation and Whole Genome Sequencing

A single colony from each bacterial strain was cultured in 5 mL GM17 broth (containing 5% glucose) for Lactococcus Lactis, 5 mL

MRS broth for Acetobacter spp. in a shaking incubator at 37�C overnight. Genomic DNAwas extracted from the culture broths using

a GenElute�Bacterial Genomic DNA Kit according to themanufacturer’s instructions. Genomic DNA concentration was determined

using a Implen nanophotometer and the DNA quality and integrity were checked by electrophoresis on an 0.8% agarose gel. After

DNA extraction, 1 mg genomic DNAwas randomly fragmented by Covaris (Massachusetts, USA), followed by fragments selection by

Agencourt AMPure XP-Medium kit to an average size of 200-400 bp. Selected fragments were end repaired and 3’adenylated, then

the adaptors were ligated to the ends of these 3’adenylated fragments. The products were amplified by PCR and purified by the

Agencourt AMPure XP-Medium kit. The purified double stranded PCR products were heat denatured to single strand, and then circu-

larized by the splint oligo sequence (Huang et al., 2017). The single strand circle DNA (ssCir DNA) were formatted as the final library

and qualified by QC. The final qualified libraries were sequenced on a BGISEQ-500 (BGI, Denmark). ssCir DNA molecule formed a

DNA nanoball (DNB) containing more than 300 copies through rolling-cycle replication. The DNBs were loaded into the patterned

nanoarray by using high density DNA nanochip technology. Finally, pair-end 100 bp reads were obtained by combinatorial Probe-

Anchor Synthesis (cPAS) and de novo assembled by SPAdes (Nurk et al., 2013). The parameters for SPAdes are "—isolate -k

77.’’ This Whole Genome Shotgun project has been deposited at GenBank under the accession JAJAOC000000000,

JAJAOD000000000, and JAJAOE000000000 in the BioProject PRJNA770008.

Gene Prediction and Comparison

The raw bacterial genome sequences were annotated through prokka 1.14.6 (Seemann, 2014). In order to identify the type of panto-

thenate kinase within these bacterial genome sequences, the obtained pantothenate kinase amino acid sequences (Table S3) were

used in a tblastn search (TBLASTN 2.12.0+) against the Type I pantothenate kinase containing Lactococcus lactis subsp. Lactis

(taxid:272623) and Type III pantothenate kinase containing Acetobacter persici (taxid:1076596) and indonesiensis (taxid:104101) ge-

nomes. This identified the pantothenate kinase in our Lactococcus lactis strain (UGLL01) as a bona fide Type I pantothenate kinase,

and the pantothenate kinases in ourAcetobacter persici (UGAP01) and Acetobacter indonesiensis (UGAI07) strains as bona fide Type

III pantothenate kinases (Table S3).

In silico search for potential kinase X candidates

Uniprot (https://www.uniprot.org) and NCBI blastp (https://blast.ncbi.nlm.nih.gov/Blast.cgi? PROGRAM=blastp&PAGE_TYPE=

BlastSearch&LINK_LOC=blasthome) were used to search for potential kinase X candidates in the proteome of Drosophila

melanogaster (Organism ID: 7227; Proteome ID: UP000000803). The following queries were used: for Type I Pantothenate kinases:

coaA from E. coli (strain K12, Unioprot: P0A6I3); coaA from L. lactis (strain MG1363, Uniprot: A2RK41). For Type II Pantothenate ki-

nases: coaW from S. aureus (strain MSSA476, Uniprot: Q6G7I0); CAB1 from S. cerevisiae (strain S288c, Uniprot: Q04430); fbl from

D. melanogaster (Uniprot: Q9NHN2). For Type III Pantothenate kinase: coaX from A. indonesiensis (strain NRIC 0313, Uniprot:

A0A6N3T615). To allow scoring alignments between evolutionary diverging protein sequences, gapped blasts were performed
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with progressively more lenient scoring matrices BLOSUM62, BLOSUM50, BLOSUM45, as well as PAM70, PAM250 and progres-

sively increasing E-Tresholds to 100. Results were filtered for low complexity regions.

Imaging

Flies at different developmental stages were imagedwith a Leica fluorescent microscope (LeicaM165FC, Germany) and Adobe Pho-

toshop and Adobe Illustrator were used for image assembly (Adobe, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean ± SEM of at least 3 independent experiments excluding specifically stated conditions. Statistics an-

alyses were performed by GraphPad Prism 8. Unpaired student’s t-tests or one-way ANOVA were used to determine statistical sig-

nificance. P values % 0.05 were considered significantly different.
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