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Abstract

Momilactone B is a natural product with dual biological activities, including antimicrobial and allelopathic properties, and plays a major
role in plant chemical defense against competitive plants and pathogens. The pharmacological effects of momilactone B on mammalian
cells have also been reported. However, little is known about the molecular and cellular mechanisms underlying its broad bioactivity. In
this study, the genetic determinants of momilactone B sensitivity in yeast were explored to gain insight into its mode of action. We
screened fission yeast mutants resistant to momilactone B from a pooled culture containing genome-wide gene-overexpressing strains in a
drug-hypersensitive genetic background. Overexpression of pmd1, bfr1, pap1, arp9, or SPAC9E9.06c conferred resistance to momilactone
B. In addition, a drug-hypersensitive, barcoded deletion library was newly constructed and the genes that imparted altered sensitivity to
momilactone B upon deletion were identified. Gene Ontology and fission yeast phenotype ontology enrichment analyses predicted the bi-
ological pathways related to the mode of action of momilactone B. The validation of predictions revealed that momilactone B induced ab-
normal phenotypes such as multiseptated cells and disrupted organization of the microtubule structure. This is the first investigation of the
mechanism underlying the antifungal activity of momilactone B against yeast. The results and datasets obtained in this study narrow the
possible targets of momilactone B and facilitate further studies regarding its mode of action.
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Introduction
Momilactone B, originally isolated from the hull of rice (Oryza sat-
iva) (Kato et al. 1973), is produced by some species of the genus
Oryza and the moss Calohypnum plumiforme (formerly Hypnum plu-
maeforme) (Nozaki et al. 2007; Miyamoto et al. 2016). It is known as
an allelopathic and antimicrobial agent and has the potential to
inhibit the growth of other plants and microorganisms, thus serv-
ing as a chemical defense agent against pathogens and competi-
tive plants (Kato-Noguchi et al. 2010; Toyomasu et al. 2014; Okada
et al. 2016). Momilactone B inhibits the growth of Magnaporthe ory-
zae, the causative agent of rice blast—one of the most serious
fungal diseases worldwide (Cartwright et al. 1977). In addition to
its intrinsic ecological roles, momilactone B has been reported to
exhibit unique functions against mammalian cells, including
antitumor, anti-ketotic, and anti-melanogenic properties (Kim
et al. 2007; Lee et al. 2012; Kang et al. 2016). These beneficial

activities of momilactone B have attracted attention of research-
ers to exploit this molecule as an herbicide, antimicrobial agent,
and pharmaceutical product (Zhao et al. 2018). However, little is
known about the actual mechanisms underlying its bioactivity,
especially at the cellular and molecular levels.

Two yeast species, the budding yeast Saccharomyces cerevisiae
and the fission yeast Schizosaccharomyces pombe, have many favor-
able features applicable for the identification of targets for bioac-
tive compounds. Notably, there are well-developed collections of
deletion and overexpression strains available for these two yeast
species (Giaever et al. 2002; Sopko et al. 2006; Matsuyama et al.
2006; Kim et al. 2010). These tools allow a comparative analysis of
chemical–genetic interactions to provide reliable information
about the mode of action of bioactive compounds (Butcher et al.
2006; Ho et al. 2009; Arita et al. 2011; Piotrowski et al. 2017). To
identify the cellular target of small molecules, drug-hypersensitive
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fission yeast strains are advantageous because they require only a
relatively small amount of the test compound. Membrane trans-
porters, including ATP-binding cassette (ABC) transporters and
major facilitator superfamily transporters, have been shown to be
involved in the transport of xenobiotics (Lage 2003). Among the 11
ABC transporters in S. pombe, Bfr1 or Pmd1 are known to be non-
essential for viability and a bfr1 pmd1 double-deletion strain was
shown to be dramatically more sensitive to a wide variety of drugs
(Arita et al. 2011). Therefore, this strain is feasible for screening for
the targets of bioactive compounds, especially rare natural prod-
ucts.

Here, we screened for genes that upon overexpression or deletion
confer altered sensitivity to momilactone B in drug-hypersensitive
fission yeast, which showed higher sensitivity to momilactone B
than budding yeast, to gain insight into the underlying mode of ac-
tion. From the screening, a list of genetic determinants of momi-
lactone B sensitivity was successfully obtained. Gene Ontology
(GO) and fission yeast phenotype ontology (FYPO) enrichment
analysis enabled us to predict the cellular processes related to
momilactone B. Among them, we validated that momilactone B
perturbed proper formation of the septum and the microtubule cy-
toskeleton.

Materials and methods
Yeast strains and media
S. cerevisiae and S. pombe strains used in this study are listed in
Table 1. S. cerevisiae cultures were grown in YPD medium (2% glu-
cose, 2% BactoTM peptone, and 1% yeast extract). S. pombe cul-
tures were grown in YE medium (0.5% yeast extract, 3% glucose)
or YES medium (0.5% yeast extract, 3% glucose, 225 mg/L of ade-
nine, histidine, leucine, lysine, and uracil). Edinburgh minimal
medium (EMM, Forsburg and Rhind 2006), which does not contain
thiamine, was used to induce gene expression driven by the thia-
mine-repressible nmt1 promoter. Adenine, leucine, and uracil
were added to the medium if needed. Solid media were prepared
using 2% purified agar powder (Nacalai Tesque, Kyoto, Japan) for
plate cultures.

Extraction and purification of momilactone B
Rice husks were extracted twice with methanol for 1 day at room
temperature. The methanolic extract was filtered through a filter
paper and evaporated. The resulting oily residue was suspended
in water and extracted with ethyl acetate. The ethyl acetate ex-
tract was washed with a saturated solution of sodium chloride
(NaCl) and dried in vacuo to yield a residue. The residue was sepa-
rated by several rounds of column chromatography on a silica gel
(63–210 mesh, Wakogel 60N; FUJIFILM Wako Pure Chemical,
Osaka, Japan) with an elution of ethyl acetate/n-hexane or

dichloromethane/ethyl acetate. Fractions containing momilac-
tone B were identified using liquid chromatography coupled with
electrospray ionization tandem mass spectrometry as previously
described (Shimizu et al. 2008). Momilactone B-containing frac-
tions were combined and dried in vacuo. The residue was dis-
solved in acetonitrile and purified using high-pressure liquid
chromatography on an octadecyl silyl (ODS) column (10 mm i.d.
� 25 cm, PEGASIL ODS; Senshu Scientific, Tokyo, Japan) and
eluted at a flow rate of 3 mL/min in 70% aqueous acetonitrile.
The 13C nuclear magnetic resonance (NMR) spectrum of the com-
pound (CDCl3) showed d values of 180.45, 148.81, 146.68, 113.99,
110.22, 96.58, 73.73, 72.71, 50.32, 47.40, 44.68, 42.96, 39.98, 37.21,
30.73, 28.80, 26.42, 24.78, 21.85, and 18.98. Momilactone A was
purified following the procedure described above. The 13C NMR
spectrum (CDCl3) showed d values of 205.14, 174.28, 148.94,
148.00, 114.04, 110.17, 73.15, 53.56, 50.18, 47.52, 46.47, 40.12,
37.23, 34.87, 32.45, 31.22, 23.99, 21.95, 21.79, and 21.46. Based on
comparison with previous literature (Kato et al. 1973), the two
compounds were confirmed to be momilactone A and B.

Momilactone sensitivity test
Log-phase yeast cells were subjected to a sensitivity test. In the
liquid culture test, cells were diluted in fresh medium to obtain
an optical density at 600 nm (OD600) of 0.01. The cells were then
cultured in the presence of momilactone B at 30�C for 18 h (YES
or YPD medium) or 24 h (EMM medium). After incubation, the
OD600 was measured using an EnSpireTM Multimode Plate Reader
(PerkinElmer, Waltham, MA, USA). Momilactone sensitivity was
evaluated by growth (%), which was calculated by dividing the
OD600 measured after growth with momilactone treatment by
the OD600 measured after growth without momilactone treat-
ment and multiplying by 100. The median effective dose (ED50) of
momilactones was calculated using ED50 Calculator (AAT
Bioquest, Inc.). In the plate culture test, log-phase inoculum of
the cells was diluted to the cell density of 107 cells/mL and seri-
ally diluted by 10-fold. Aliquots of each dilution were spotted
onto agar plates with or without momilactone B. The plates were
photographed after incubation for 4 days at 30�C.

Screening for genes that upon overexpression
confer resistance to momilactone B
To screen for momilactone B-resistant strains, the glycerol stock
of pooled cultures of the drug-hypersensitive strain bfr1D pmd1D

(YA8) expressing the ORFeome was diluted in EMM liquid me-
dium and incubated for 15 h to induce the expression of the
inserted gene under the nmt1 promoter. The cells were trans-
ferred to an EMM agar plate containing 1 lM momilactone B and
incubated for 4 days at 30�C. Each ORF insert present in the
momilactone B-resistant colonies was amplified by polymerase chain

Table 1 Strains used in this study

Strain Genotype Source or reference

S. pombe
L972 h� Lab stock
JY265 h� leu1-32 Arita et al. (2011)
YA6 h� leu1-32 ura4-D18 bfr1::ura4þ Arita et al. (2011)
YA8 h� leu1-32 ura4-D18 pmd1::hisG bfr1::ura4þ Arita et al. (2011)
YA9 h� leu1þ�pDUAL-FFH1 ura4-D18 pmd1::hisG bfr1::ura4þ Arita et al. (2011)
YY576 h�mat1�natMX leu1-32 ura4-D18 pmd1::hph bfr1::ura4þ This study
YMP384 h� leu1-32 ura4-D18 kanMX6-nmt1-GFP-atb2 hht1-mRFP-natMX6 Lab stock
MBY6844 h� pAct1-Lifeact-mCherry::leu1þ ade6-M216 leu1-32 ura4-D18 Huang et al. (2012)

S. cerevisiae
BY4742 MATa his3D1 leu2D0 lys2D0 ura3D0 Lab stock
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reaction (PCR) using genomic DNA as the template or by direct col-
ony PCR. Genomic DNA was extracted as previously described (Arita
et al. 2011). The sequences of the common forward and reverse
primers were 5-GGGGACAAGTTTGTACAAAAAAGCAGGCT-30 and
5-CGTCTACATCCTCATCGTTATCGAC-30, respectively. The DNA
polymerase KOD FX Neo (Toyobo, Osaka, Japan) was used for amplifi-
cation. PCR products were purified and sequenced using the primers
described above. In the course of identifying genes overexpressed in
momilactone B-resistant strains, most of them were found to be caf5
or pmd1 overexpression strains. To identify colonies overexpressing
these two genes, the PCR products were blotted onto a Biodyne B ny-
lon membrane (Pall Corp., Port Washington, NY, USA) and subjected
to Southern hybridization analysis using caf5 and pmd1 probes la-
beled with digoxigenin (DIG). To prepare caf5 and pmd1 probes,
the partial fragment of each gene was PCR-amplified using the
genomic DNA of YA8 as the template and the following primer
pairs: 5-AAACCGTTTTCGGCGAATTG-30 and 5-CGGCTTCTCAG
TTTCAGACC-30 for caf5 and 5-CTGAACGTTGCTTCGCTGAG-30

and 5-AATGATGCGATTGCCGACTC-30 for pmd1. The DNA was la-
beled with DIG-High Prime (Roche Applied Science, Mannheim,
Germany), and DIG-labeled DNA was detected using anti-DIG-AP,
Fab fragments, and NBT/BCIP (Roche Applied Science).

Genome-wide fitness profiling using a gene
deletion library
A high-throughput chemical-genetic screening platform for S.
pombe was constructed based on a similar platform developed for
S. cerevisiae (Piotrowski et al. 2017). A hypersensitive, barcoded h-

deletion mutant library was prepared as follows. To construct
the drug-sensitive h- query strain (YY576), YA6 (Arita et al. 2011)
was used as the host. The pmd1þ gene of YA6 was disrupted by re-
placement with the hygromycin-resistant hph gene. The natMX
marker that provides resistance to the drug nourseothricin (NAT)
was inserted adjacent to the mat1 locus. YY576 was crossed with
the Bioneer barcoded hþ deletion library (version 1.0) and sporu-
lated on EMM þ Ade þ Ura þ Leu. The resultant spores were
transferred to EMM þ Leu and then to YE containing G418,
hygromycin, and NAT to select for the h� pmd1D bfr1D xxxD mei-
otic progeny. Our genome-wide drug-sensitive fission yeast dele-
tion collection contained 2,195 strains (Supplementary Table 1).
The pool of deletion mutants was created as previously described
(Piotrowski et al. 2017). The final concentration of the pool was
adjusted to 32 OD600/mL in YE þ Ade þ Ura þ Leu media contain-
ing 15% glycerol, and the stocks were stored at �80�C until re-
quired. Cells were thawed and diluted 1:100 (�150 cells/strain) in
200 lL of YE in a 96-well flat-bottom plate. Cultures were spiked
with different concentrations (0.6, 0.7, and 0.8 lM) of momilac-
tone B (n¼ 2 for each concentration) or a 1% dimethyl sulfoxide
control (n¼ 4) and grown for 48 h at 30�C. Genomic DNA was puri-
fied from harvested cells; PCR amplification of UPTAG barcodes
using the multiplex primers and gel purification of barcodes were
carried out as previously described (Piotrowski et al. 2017). The
barcodes from each sample were sequenced on an Illumina
MiSeq using MiSeq Reagent Kit v3 (150 cycles) (Illumina Inc., San
Diego, CA, USA). The barcode counts for each deletion mutant
were quantified using BEAN-counter software to generate chemi-
cal genetic interaction scores (Simpkins et al. 2019). Regarding the
deletion mutants of 6 genes (SPCC1827.07c, phb2, vps16,
SPAC1A6.01c, gcn20, and vms1), whose sensitivity to momilactone
B was individually tested, proper integration of KanMX cassettes
was confirmed by PCR and G418 resistance. Gene and phenotype
ontology enrichment analyses were performed using the AnGeLi
web tool (Bitton et al. 2015). P-values were adjusted based on false

discovery rate. Enrichment analysis was conducted by comparing
the gene mutants that confer resistance or hypersensitivity to
momilactone B with the background distribution of gene mutants
for which the Z-score can be calculated in all experiments.

Microscopic observation
Log-phase cells were diluted in fresh medium to an OD600 of 0.1
and then incubated at 30�C with or without 10 mM momilactone
B. For septum staining, the cultured cells were treated with glu-
taraldehyde (25% in water) at a final concentration of 10% (v/v)
for 30 min at 4�C. The fixed cells were washed three times with
phosphate-buffered saline (PBS). The PBS-suspended cells were
mixed with the same volume of calcofluor white stain (Sigma
Aldrich, St. Louis, MO, USA) and observed under a microscope
BX51 (Olympus, Tokyo, Japan) or BZ-X800 (Keyence, Osaka,
Japan).

Results and discussion
Momilactone B inhibits the growth of S. cerevisiae
and S. pombe at micromolar concentrations
The growth-inhibitory effect of momilactone B, which structurally
belongs to a pimerane-type diterpene bearing a 9b-H (Figure 1), has
been reported in some species of phytopathogenic fungi (Fukuta et al.
2007). However, the fungicidal activity of momilactone B toward the
two yeast species, S. cerevisiae and S. pombe, has not been investigated.
Therefore, we first tested the effects of momilactone B on the growth
of these two yeasts. To assess the sensitivity of the yeast cells to
momilactone B, liquid cultures of log-phase yeast cells containing
various concentrations of momilactone B were incubated and cell
growth was assessed by measuring the culture density (OD600). Dose–
responses and ED50 values calculated from them showed that
S. pombe was more sensitive to momilactone B than S. cerevisiae
(Supplementary Figure 1 and Table 2). We also tested the inhibitory
effect of the other structurally related momilactone isoform, momi-
lactone A (Figure 1). Although the anti-proliferative activity of momi-
lactone A was weaker than that of momilactone B, momilactone A
also inhibited the growth of both yeast cells. This observation is con-
sistent with a previous report, wherein momilactone B exerted more
potent herbicidal and fungicidal activities than momilactone A
(Fukuta et al. 2007; Kato-Noguchi and Ota 2013). Therefore, we de-
cided to use S. pombe for the remainder of this study.

Identification of genes that upon overexpression
confer resistance to momilactone B
As the mechanism underlying the antifungal activity of momilac-
tones has not been investigated, we adopted a genome-wide
approach to comprehensively identify the genes related to momi-
lactone B sensitivity. A collection of �5,000 different fission yeast
ORFeome-expressing strains was previously constructed using a
drug-hypersensitive strain lacking two genes encoding drug efflux
pumps bfr1 and pmd1 as a background host (Arita et al. 2011). As
shown in Figure 2A, deletion of these two genes rendered the fis-
sion yeast cells more sensitive to momilactone B. The experimen-
tal procedure for screening is outlined in Figure 2B. Pooled cultures
of the ORFeome-expressing strains were incubated on EMM agar
plates containing 1mM momilactone B, and a total of 679 resistant
colonies were obtained by screening about 2,500,000 cells. As
shown in Table 3, five ORFs were integrated into the resistant colo-
nies. To confirm the results of the screening, we evaluated the
momilactone B sensitivity of the resistant strains identified. All
the ORFs were validated to confer visible resistance to momilac-
tone B upon overexpression to varying degrees on a solid medium
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(Figure 2C). Although the resistance to momilactone B of arp9-
overexpressing strain was difficult to evaluate on the solid me-
dium, we were able to observe the statistically significant momi-
lactone B resistance of the arp9-overexpressing strain in the liquid
culture (Supplementary Figure 2).

Caf5 and Pmd1 are transporters that are known to provide re-
sistance against a wide range of drugs (Arita et al. 2011;
Kawashima et al. 2012). As the strain used in the screening was
defective in pmd1 and hypersensitive to momilactone B, it seems
reasonable that the overexpression of pmd1 may decrease drug
sensitivity. Caf5 has been reported to endow fission yeast cells
with caffeine resistance, probably through the efflux of caffeine
(Benko et al. 2004; Calvo et al. 2009). Our results suggest that Caf5
can transport not only alkaloids such as caffeine but also diterpe-
noid compounds. Pap1 is known to be a key transcription factor
that responds to drug stress and induces the expression of drug-
resistant transporters, including caf5 and pmd1 (Toone et al. 1998;
Kawashima et al. 2012; Asadi et al. 2017). A possible reason for
momilactone B resistance in pap1-overexpressing cells could be
the enhanced transcription of transporter genes such as caf5.

In the screening, we also found that the overexpression of ei-
ther arp9 or SPAC9E9.06c resulted in a slight increase in the resis-
tance of fission yeast to momilactone B. arp9 is a non-essential
gene homolog encoding nuclear actin-related proteins, which are
important components of the SWI/SNF and RSC chromatin
remodeling and modifying complexes (Monahan et al. 2008). It
has been reported that arp9 deletion mutant was hypersensitive
to drugs (Monahan et al. 2008), suggesting that Arp9 is involved in
drug resistance or momilactone B may affect its functionality as
a cofactor of chromatin remodeling complexes or another un-
known mechanism. SPAC9E9.06c is predicted to encode a threo-
nine synthase and is essential for vegetative growth (Kim et al.
2010; Hayles et al. 2013). Although there is no experimental evi-
dence of the enzymatic function of this gene, it may serve as a
candidate target of momilactone B in fission yeast.

Identification of genes that upon deletion alter
the sensitivity to momilactone B
To gain a more informative and global scenario of the mode of
action of momilactone B, we performed a genome-wide fitness

profiling to identify genes that upon deletion alter the sensitivity
to momilactone B. The resulting set of sensitive and resistant
gene-deletion mutants might provide an insight into the mode of
action of momilactone B.

A genome-wide collection of drug-hypersensitive deletion strains
was prepared using a strain deficient in bfr1 and pmd1, as well as
the ORFeome-expressing strains used above (Arita et al. 2011). Drug-
hypersensitive deletion strains were constructed by crossing the
disruptant of bfr1 and pmd1 with a previously constructed gene-de-
letion library (Kim et al. 2010). A total of 2,195 strains were con-
structed by incorporating a strain-specific barcode sequence into
the genome along with the deletion cassette (Supplementary Table
1). The barcodes enabled us to distinguish the genomic DNA of one
deletion strain from that of another and measure the global fitness
of deletion mutants in one pooled culture.

A schematic representation of the screening process is pre-
sented in Figure 3A. A pooled mixture of the newly constructed
deletion mutants was incubated with or without momilactone B.
The genomic DNA was subsequently extracted from the culture,
and the strain-specific DNA barcode regions were PCR-amplified
followed by sequencing. The Z-scores were calculated to measure
the relative fitness of each strain treated with momilactone B to
the control (Figure 3B). A negative Z-score represents hypersensi-
tivity to momilactone B, whereas a positive Z-score represents re-
sistance. We repeated the experiment twice as a biological
replication; in each experiment, the pooled culture was treated
with momilactone B at concentrations of 0.6, 0.7, and 0.8 mM.
The Z-scores of each gene deletion mutant are listed in
Supplementary Table 2. The Z-scores were successfully calcu-
lated for 1,664 of 2,195 genes (75.8%) in all samples. We set a
Z-score threshold of 62, and deletion mutants satisfying this
criterion in both biological replicates were defined as resistant or
hypersensitive. As a result, 13–40 deletion mutants were identi-
fied as hypersensitive to momilactone B (Supplementary Table 3)
and 31–79 gene-deletion mutants were identified as resistant to
momilactone B (Supplementary Table 4) depending on the con-
centration of momilactone B. The number of resistant/hypersen-
sitive strains increased with the increase of momilactone B
concentration. Furthermore, most of the resistant/hypersensitive
strains at lower doses were included in those at higher doses
(Figures 3, C and D). These results suggested that the overall
Z-scores showed more characteristic pattern to the compound at
higher doses. To confirm the calculated Z-scores reflected the
momilactone B sensitivity, three of each resistant or hypersensi-
tive deletion mutants were selected and subjected to the individ-
ual test for momilactone B sensitivity. As shown in Figure 3E, all
of them showed resistance or hypersensitivity to momilactone B.

Figure 1 The chemical structures of momilactone A (left) and momilactone B (right).

Table 2 ED50 values (mM) of momilactones against two yeast
species

S. cerevisiae BY4742 S. pombe L972

Momilactone A >40 3.52
Momilactone B 14.3 1.27
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GO enrichment analysis
Next, we used the web-tool AnGeLi (Bitton et al. 2015) to detect
the GO and FYPO terms enriched in the list of the genes that
upon deletion conferred altered momilactone B sensitivity.

The sensitized genes were enriched in GO and FYPO terms, es-
pecially gene expression, cellular metabolic processes, and cellular
protein levels, suggesting that momilactone B perturbs diverse
and fundamental biological processes (Supplementary Table 5). In
addition, the FYPO terms related to defects in septum formation,
such as premature septum assembly and abnormal septum

assembly, were enriched. The FYPO term of altered sensitivity to

thiabendazole, an inhibitor of microtubule polymerization, was

also enriched. These results raise the possibility that momilactone

B perturbs septum formation and microtubule function.
To verify this hypothesis, the effect of momilactone B on sep-

tum formation and microtubule structure of fission yeast was ex-

amined. Interestingly, fission yeast cells of the wild-type L972

treated with momilactone B showed abnormal morphology

such as branched, elongated, and multiseptate cells with branch

forming adjacent to septum (Figure 4A). It was previously

Figure 2 Genome-wide screening for multicopy suppressors of momilactone B cytotoxicity. (A) Anti-proliferative activity of momilactone B against the
drug-hypersensitive fission yeast. Log-phase cultures of JY265 (parental strain) and YA8 (drug-hypersensitive) were adjusted to the cell density of 107

cells/mL and serially diluted by 10-fold. Aliquots of each dilution were spotted onto YES agar plates containing 1 mM of momilactone B and incubated for
4 days at 30�C. (B) Schematic representation of the screening procedure. A pooled culture containing fission yeast strains overexpressing a different ORF
was spread onto EMM agar plates containing 1 mM momilactone B. After the incubation, growing colonies were picked up and the inserted ORFs were
identified. (C) Validation of the results from the screening. Log-phase inoculum of the resistant strains in the drug-hypersensitive genetic background
identified in the screen and the vector control YA9 were diluted to the cell density of 107 cells/mL and serially diluted by 10-fold. Aliquots of each
dilution were spotted onto EMM agar plates with or without 1 mM momilactone B and incubated for 4 days at 30�C.

Table 3 Inserted ORFs into momilactone B-resistant colonies

Gene name Producta Colony number

pmd1 Leptomycin transmembrane transporter 403
caf5 Spermine family transmembrane transporter 243
pap1 AP-1 like transcription factor 31
arp9 SWI/SNF and RSC complex subunit 1
SPAC9E9.06c Threonine synthase (predicted) 1

aThese descriptions are from Pombase (https://www.pombase.org/).

K. Tomita et al. | 5

https://www.pombase.org/


Figure 3 Genome-wide screening for identifying deletion mutants hypersensitive or resistant to momilactone B. (A) Schematic representation of the
screening process. A pooled culture containing 2,195 fission yeast deletion mutants in the drug-hypersensitive genetic background was incubated with
or without momilactone B. Subsequently, the genomic DNA was extracted from the culture and the inserted barcode regions were PCR amplified and
sequenced. Finally, to measure the relative fitness of each strain, Z-scores were calculated by comparing the read counts from the momilactone B
treatment sample to the control. (B) Overall Z-scores from the genome-wide screen. Z-scores from the experiment (0.7 mM momilactone B, #2) were
shown as a representative dataset. (C and D) Venn diagrams showing the overlap of deletion mutants identified as hypersensitive (C) or resistant (D) to
momilactone B. The total number of genes that upon deletion altered the sensitivity to momilactone B at each dose is indicated in parentheses. (E)
Validation of the results from the screening. Log-phase inoculums of the deletion strains of top-hit genes in the drug-hypersensitive genetic
background were diluted to an OD600 of 0.01 and exposed to 0.3 mM momilactone B in YES liquid medium for 18 h at 30�C. Bars indicate the growth of
momilactone B-treated cells, which is normalized relative to the growth of untreated cells (n ¼ 3, mean 6 SD). Asterisks indicate significant differences
relative to the wild type assessed by Welch’s t-test (*P < 0.01).
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demonstrated that momilactone B had inhibitory effects on al-
pha-amylase and alpha-glucosidase (Quan et al. 2019). It is con-
ceivable that momilactone B may inhibit cell separation by
disturbing activities of the related enzymes such as polysaccha-
ride degrading enzymes Agn1 or Eng1, which are required for
proper cell separation (Sipiczki 2007). Microscopic observation of
the cells of YMP384 expressing RFP-tagged Hht1 (histone H3) and
GFP-tagged Atb2 (tubulin alpha 2) revealed that the cells with
multiple septa mediated by momilactone B treatment had nuclei
in each cell separated by septa. Some abnormally shaped cells
showed curved microtubules at their tips, which were not ob-
served in the control (Figure 4B). As abnormal cell morphology
was mediated by momilactone B treatment, the effect of momi-
lactone B on the localization of actin, another major factor regu-
lating cell shape, was investigated. As shown in Supplementary
Figure 3, no apparent changes were found. Taken together, these
data indicate that momilactone B affects septum formation and
microtubule structure of fission yeast, consistent with the

prediction from the genome-wide fitness profiling of deletion
mutants.

Furthermore, in association with the fact that arp9 overex-
pressing strain showed resistance to momilactone B (Figure 2C
and Supplementary Figure 2), gene ontologies related to chroma-
tin remodeling were enriched in the sensitized genes, indicating
that chromatin remodeling plays a role in determining momilac-
tone B sensitivity. In the sensitized genes, we found the compo-
nents of Set1 complex (swd1, swd3, and spf1) and Lem2-Nur1
complex (lem2 and nur1), both of which catalyze methylation of
histone H3 (Roguev et al. 2003; Banday et al. 2016). Considering
that disruption of the components of these complexes caused hy-
persensitivity to thiabendazole (Pan et al. 2012; Banday et al.
2016), hypersensitivity to momilactone B of these deletion
mutants may be because momilactone B disrupts microtubule
structure (Figure 4B).

Among the resistant genes, those involved in cytoplasmic
translation, such as the subunit of the cytosolic ribosome, were

Figure 4 Abnormal septum and microtubule formation of S. pombe cells after treated with momilactone B. (A) Wild-type strain L972 was incubated for
24 h at 30�C with 10 mM momilactone B. Cells were fixed and stained with calcofluor white. (B) YMP384 strain expressing Hht1-mRFP and GFP-Atb2 was
incubated for 24 h at 30�C with 10 mM momilactone B. Histone and microtubules were observed using fluorescent microscopy after incubation. Scale
bar: 10 mm. Arrowheads indicate curved microtubules.

K. Tomita et al. | 7



enriched. Thus, translation is a candidate biological process tar-
geted by momilactone B (Supplementary Table 6). Interestingly,
the deletion mutants of the genes involved in ribosome-associated
quality control (RQC) in their budding yeast orthologs, SPAC1A6.01c
and vms1 (Izawa et al. 2017; Matsuo et al. 2017; Su et al. 2019), were
found to be hypersensitive to momilactone B (Figure 3E and
Supplementary Table 3). One possible explanation for this phenome-
non is that momilactone B inhibits the translation of fission yeast
cells and induces the production of aberrant proteins, which is nor-
mally suppressed by the action of RQC to maintain the quality of
translated proteins. Once RQC is disabled, the aberrant protein pro-
duction in the ribosomal unit appears to have a greater impact on
cell growth retardation. Thus, the RQC-defective mutant becomes
hypersensitive to momilactone B, which might act as a translation
inhibitor. Consistently, some deletion mutants of genes required for
the onset of RQC were hypersensitive to the translation inhibitor ani-
somycin (Matsuo et al. 2017). In addition, deletion mutants of ribo-
somal units were less sensitive to momilactone B treatment,
probably owing to their reduced activity for translation, and thus had
reduced risk of toxic aberrant protein production.

A number of natural products with unique and potent bioac-
tivity have been isolated. However, their biological modes of ac-
tion remain to be elucidated. In this study, we first identified the
genetic determinants of momilactone B sensitivity to predict the
mode of action of this plant-derived natural product. By confirm-
ing the hypothesis predicted from genome-wide screening, we
demonstrated that momilactone B perturbs the proper organiza-
tion of microtubule structure and septum formation.
Demonstrating the involvement of other candidate targets in the
mode of action of momilactone B will be a future challenge. In
addition, we constructed a new drug-hypersensitive, barcoded
gene deletion library of the fission yeast. This library will facili-
tate target identification of bioactive compounds, especially valu-
able natural products such as momilactone B.

Data availability
The data underlying this article are available in the article and in
its Supplementary Material.
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