
 
Vol. 16 (Supplement) | 2023                  SciEnggJ  

  
67 

 
  
 

 
Genomics and metabolomics-based 
assessment of the biosynthetic 
potential of the sponge-associated 
microorganism Streptomyces cacaoi 
strain R2A-843A from the Philippines 
 
Zabrina Bernice L. Malto a, Joeriggo M. Reyes a, Bernard Isaiah D.C. Lo, Kevin 
Bossie S. Davis, Gisela P. Concepcion, Lilibeth A. Salvador-Reyes*  
 
  
aContributed equally 
 
The Marine Science Institute, University of the Philippines, Diliman, Quezon City 1101, Philippines  
 
 
 
ABSTRACT 
 
 

he biosynthetic machinery of the sponge-associated 
Streptomyces cacaoi strain R2A-843A was assessed 
using a combined genomics and metabolomics 
approach. Whole genome sequencing and molecular 
networking showed the high biosynthetic potential of 

this actinomycete. A significant proportion of the genome is 
dedicated to secondary metabolite production, with biosynthetic 
gene clusters for nonribosomal peptides, polyketides, and 
terpenes being the most represented. Seven cyclic pentapeptides, 
including a putative new analogue, and a glycosylated 
lanthipeptide were identified using HRMS and untargeted 
MS/MS analysis. To validate our genome and metabolome 

analysis, we undertook a mass spectrometry-guided purification 
and confirmed the production of the known peptides BE-
18257A (1) and BE-18257B (2). The production of 1 and 2 and 
the growth of the microorganism were monitored for eight days. 
Compound 2 was produced at a higher concentration, starting at 
48 h post-incubation. Both compounds were noncytotoxic 
against colorectal and breast cancer cell lines. 
 
 
INTRODUCTION 
 
Actinomycetes in the genus Streptomyces are responsible for the 
production of half of the discovered bioactive secondary 
metabolites including antibiotics and antitumor agents (Bérdy 
2005). Streptomyces from the marine environment are 
genetically diverse compared to their terrestrial counterparts, 
due in part to their adaptations to the physicochemical 
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conditions in this environment (Tian et al. 2016). Marine-
derived Streptomyces possess a smaller genome size and a 
slightly higher G+C content (Tian et al. 2016). Genome 
sequencing of Streptomyces revealed a diverse biosynthetic 
machinery for the production of secondary metabolites, with 
more than 20-50 secondary metabolic gene clusters per strain 
(Nett et al. 2009). More recently, 922 biosynthetic gene clusters 
(BGCs) were identified from 30 complete Streptomyces genome 
sequences (Lee et al. 2020). Most of the identified BGCs had 
unknown products. 
 
The discovery of new natural products from microorganisms has 
been aided by metabolomic analysis using mass spectrometry 
(MS) (Palazzotto and Weber 2018). In particular, the Global 
Natural Product Social (GNPS) molecular networking platform 
has allowed for the rapid analysis of MS data through the 
dereplication of known compounds in the crude extract, thereby 
aiding in improved strain prioritization (Crüsemann et al. 2016; 
Jarmusch et al. 2021). New compounds from Streptomycess spp. 
have been identified through molecular networking analysis 
using the GNPS platform (Mudalungu et al. 2019; Bai et al. 
2021; L. Liu et al. 2020; Y. Liu et al. 2022; Ouchene et al. 2022).  
Advances in mass spectrometry, sequencing, and bioinformatics 
have enabled the development of methods in correlating 
metabolic data to genomic information for accelerated and 
rationalized natural products discovery (Soldatou et al. 2019; 
Crüsemann 2021). Methods range from manual targeted linking 
to automated approaches. Manual linking is performed by 
prioritizing strains based on genome mining information, 
targeting a specific predicted compound for purification 
(Soldatou et al. 2019). This method has been applied to isolate 
new compounds in Streptomyces spp. (Kaweewan et al. 2017, 
2019; Son et al. 2018). Automated approaches can be performed 
through feature-based and correlation-based linking, both using 
tools to link predicted compounds from BGCs to the 
metabolomic data (Soldatou et al. 2019). The term 
metabologenomics was coined to describe the approach 
combining genome sequencing data and automated gene cluster 
prediction with MS-based metabolomics (Goering et al. 2016; 
Doroghazi et al. 2014). Combined omics methods have been 
proven as a powerful strategy to discover new compounds from 
bacteria, particularly in actinomycetes (Palazzotto and Weber 
2018; Soldatou et al. 2019; Krause 2021; Crüsemann 2021). 
 
As part of our ongoing efforts to discover new compounds from 
sponge-associated actinomycetes, we screened for the potential 
producers of peptides and modified peptides. Among those 
screened, the crude extract from Streptomyces cacaoi strain 
R2A-843A showed characteristic 1H NMR chemical shifts 
corresponding to the α-protons of peptides and modified 
peptides. In this paper, a combined genomics and metabolomics 
approach was performed to comprehensively assess the 
biosynthetic potential of the sponge-associated Streptomyces 
cacaoi strain R2A-843A. MS-guided purification afforded two 
known cyclic peptides and a putative new compound was also 
identified. The planar structure was assigned via mass 
spectrometry and nuclear magnetic resonance spectroscopy. The 
production of the purified compounds by S. cacaoi strain R2A-
843A was monitored for eight days using mass spectrometry to 
provide insights into the dynamics of the cyclic peptide 
expression in this actinomycete. 
 
 
MATERIALS AND METHODS 
 
General Experimental Procedure 
Silica gel 60 (Merck, F254 Al) was used for the TLC.  HPLC 
purification was done using Shimadzu Prominence System LC-
20AT coupled with a diode array detector SPD-M20A.  1H NMR 
spectra were acquired using a Varian-Inova 500 MHz NMR with 

DMSO-d6 (CIL) as solvent and TMS as reference. Low 
resolution ESIMS was carried out using a Shimadzu LCMS-
8040. High resolution mass analysis was carried out on Waters 
Xevo® G2-XS Quadrupole Time-of-Flight (QToF) mass 
spectrometer equipped with ESI ion source detector. 
 
Biological material  
R2A-843A was obtained from an unidentified sponge collected 
in Cebu, Philippines in October 2010. The strain was identified 
as Streptomyces cacaoi (99%), based on 16S rRNA and whole 
genome sequence similarity.  
 
Microbial cultivation and extraction 
S. cacaoi strain R2A-843A was fermented for seven days in 1.0 
L of R2A broth (Himedia) supplemented with 20.0 g/L NaCl 
(J.T. Baker) at 30°C and 150 rpm. The fermentation broth was 
centrifuged at 4000 rpm, 20°C to separate the cell pellet and 
broth, and extracted using 5% (w/v) activated Diaion® HP-20 
resin (Supelco). Separation was achieved by washing stepwise 
with 25% aq. MeOH (LCMS-grade, Merck), 50% MeOH, 75% 
MeOH, and 100% MeOH. A media blank containing 1.0 L R2A 
broth was similarly incubated and extracted.  
 
Genome Sequencing and Prediction of Secondary 
Metabolites 
DNA was extracted from the cell pellet using Invitrogen™ 
PureLink™ Genomic DNA Mini Kit following the 
manufacturer protocol and subjected to whole genome 
sequencing using MiSeq [2 x 300 V3 kit] at 100X coverage, with 
paired-end library size of 150 bp. 
 
The quality of the raw reads was first assessed with FastQC 
v0.11.9 (Andrews 2010), and subsequent clipping, quality-based 
trimming and quality-based filtering were done with fastx-
toolkit v0.0.14 (https://github.com/agordon/fastx_toolkit), with 
minimum quality score of 20 for all steps, minimum length of 
36 bp and minimum average quality percentage of 90. Cleaned 
reads were paired using fastq-pair v1.0 (Edwards and Edwards 
2019) and the resulting final reads were re-assessed with 
FastQC.  
 
Assembly was done using SPADes v3.15.3 (Prjibelski et al. 
2020) using only paired reads with the “--careful” flag enabled 
and coverage cutoff set to 10. Assessment of assembly quality 
was performed using Quast v5.0.1 (Mikheenko et al. 2018) with 
“--gene-finding”, “--rna-finding” and “--conserved-genes-
finding” flags enabled. Only contigs with length >=500 bp were 
used for subsequent analyses. Actual sequencing coverage for 
each contig/scaffold was calculated by mapping the reads to the 
assembly with bowtie2 v2.4.5 (Langmead and Salzberg 2012), 
samtools v1.14 (Danecek et al. 2021) and custom R scripts. 
 
Whole-genome annotation was done using the RAST Online 
Server (Aziz et al. 2008; Overbeek et al. 2014; Brettin et al. 
2015) with default parameters. Taxonomic identification of this 
strain was done with 16S rRNA sequence extracted from the 
annotations searched against the NCBI 16S RNA database with 
BLASTn (accessed March 13, 2023) 
(https://ncbi.nlm.nih.gov/blast), and with the whole genome 
assembly using Tetranucleotide Correlation Score search in 
JSpeciesWS GenomesDB v3.9.8 (Richter et al. 2015). 
 
Prediction of secondary metabolite gene clusters was done with 
AntiSMASH v7 (beta) (Blin et al. 2023) and PRISM v4 
(Skinnider et al. 2020) with all types of biosynthetic clusters 
enabled. Comparison with the biosynthetic gene cluster for 
pentaminomycin C and BE-18257A previously described by 
Roman-Hurtado et al. (2021B) was done with BLAST+ v2.5.0 
and Mauve v2015-02-13 (Darling et al. 2009) and visualized 
with EasyFig v2.2.2 (Sullivan et al. 2011). 
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Untargeted Metabolite Analysis 
The 100% MeOH Diaion® extracts from S. cacaoi strain R2A-
843A and R2A media blank were dried in vacuo and 
reconstituted in 50% MeOH in H2O to 1.0 mg/mL final 
concentration. Chromatographic analysis was performed by 
injecting a 1.0 µL aliquot of the extracts in a Phenomenex 
Kinetex 2.6 µm C18 100Å column (50 × 2.1 mm) and eluted at 
0.35 mL/min, using a gradient program of CH3CN/H2O (both 
with 0.1% formic acid modifier): 20-100% CH3CN for 4.5 min, 
and 100% CH3CN for 3.0 min. Untargeted metabolite analysis 
was carried out on a Waters Xevo® G2-XS Quadrupole Time-
of-Flight (QToF) mass analyzer equipped with an ESI ion source 
detector. The instrument was set using the following parameters: 
capillary voltage at 3.0 kV, cone voltage at 42 kV, and source 
offset of 80 kV. The source temperature was maintained at 
150°C, and the desolvation gas temperature was at 500°C. The 
mass spectrometer was set to observe at m/z 100-2000 for the 
MS1 scan in the positive mode. Ions of interest with a minimum 
signal intensity of 50,000 cps were data dependently subjected 
to MS/MS with ramp collision energy 20-40 eV. Three DDA 
scans were acquired for each sample including the solvent and 
media blanks.  
 
Chromatograms were converted to mzxml format using freely 
available MSConvert software 
(www.proteowizard.sourceforge.net) (Holman et al. 2014). A 
molecular network was created using the online workflow 
(https://ccms-ucsd.github.io/GNPSDocumentation/) on the 
GNPS website (http://gnps.ucsd.edu) (M. Wang et al. 2016). 
Possible impurities detected from the solvent blank and media 
components were filtered out by subtracting the DDA data of the 
solvent and R2A media blanks. The data was filtered by 
removing all MS/MS fragment ions within +/- 17 Da of the 
precursor m/z. MS/MS spectra were window filtered by 
choosing only the top 6 fragment ions in the +/- 50Da window 
throughout the spectrum. The precursor ion mass tolerance was 
set to 0.5 Da and a MS/MS fragment ion tolerance of 0.1 Da. A 
network was then created where edges were filtered to have a 
cosine score above 0.7 and more than six matched peaks. 
Further, edges between two nodes were kept in the network if 
and only if each of the nodes appeared in each other's respective 
top 10 most similar nodes. Finally, the maximum size of a 
molecular family was set to 100, and the lowest scoring edges 
were removed from molecular families until the molecular 
family size was below this threshold. The spectra in the network 
were then searched against GNPS' spectral libraries. The library 
spectra were filtered in the same manner as the input data. All 
matches kept between network spectra and library spectra were 
required to have a score above 0.7 and at least six matched 
peaks. GNPS analysis was done according to the standard 
protocol of M. Wang et al. (2016). The generated molecular 
network was viewed in Cytoscape software (Shannon et al. 
2003). MS and tandem MS spectra were viewed using MZmine 
2.53 (Pluskal et al. 2010).  
 
Purification of BE-18257A (1) and BE-18257B (2)  
The crude 100% Diaion extract (240 mg) was chromatographed 
on a Sephadex LH-20 column with an isocratic elution of 
MeOH. Subfractions 4-7 were pooled based on TLC profile. The 
pooled fraction (90 mg) was further chromatographed on a  
reversed-phase HPLC using a semipreparative C18 column 
(Phenomenex® Synergi™ Hydro-RP, 250 x 10 mm, 4 µm, 2.0 
mL/min) with a linear gradient of MeOH/H2O (40-100% MeOH 
for 10 min, 100% MeOH for 10 min) to afford BE-18257A (1, 
0.8 mg, tR 17.8 min) and BE-18257B (2, 1.5 mg, tR 19.2 min).  
 
BE-18257A (1). Pale yellow powder; UV (MeOH) λmax 222, 
273, 290 nm; LRESIMS m/z 599.0 [M+H]+, m/z 597.0 [M-H]-. 

1H NMR (500 MHz, DMSO-d6) δ 10.8 (s, 1H), 8.78 (d, J = 7.8 
Hz, 1H), 8.49 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.30 (d, J = 8.0 
Hz, 1H), 7.03 (t, J = 7.4 Hz, 1H), 6.96 (t, J = 7.4 Hz, 1H), 4.39 
(m, 1H), 4.22 (m, 3H), 4.15 (m, 1H), 2.92 (m, 1H), 2.16 (m, 1H), 
1.82 (m, 1H), 1.80 (m, 1H), 1.20 (m, 2H), 1.12 (d, J = 6.9, 3H), 
1.08 (m, 2H), 0.83 (d, J = 6.3 Hz, 3H), 0.82 (d, J = 6.3 Hz, 3H), 
0.73 (d, J = 6.4 Hz, 3H), 0.63 (d, J = 6.4 Hz, 3H). UV, MS, and 
1H NMR data are in agreement with Kojiri et al. (1991) and 
Nakajima et al. (1991). 
 
BE-18257B (2). Pale yellow powder; UV (MeOH) λmax 222, 
273, 290 nm; LRESIMS m/z 613.0 [M+H]+, m/z 611.0 [M-H]-. 
1H NMR (500 MHz, DMSO-d6) δ 10.8 (s, 1H), 8.78 (d, J = 7.8 
Hz, 1H), 8.49 (d, J = 6.6 Hz, 1H), 7.53 (d, J = 7.6 Hz, 1H), 7.30 
(d, J = 8.0 Hz, 1H), 7.15 (d, J = 7.9 Hz, 1H), 7.03 (t, J = 7.4 Hz, 
1H), 6.96 (t, J = 7.3 Hz, 1H), 4.38 (dq, J = 6.3 Hz, 1H), 4.22 (m, 
3H), δ 4.14 (m, 1H), 2.16 (m, 2H), 1.89 (m, 2H), 1.21 (m, 2H), 
1.12 (d, J = 6.6 Hz, 3H), 1.07 (m, 2H), 0.85 (t, J = 6.3 Hz, 3H), 
0.78 (d, J = 6.7 Hz, 3H), 0.73 (d, J = 6.4 Hz, 3H), 0.63 (d, J = 
6.4 Hz, 3H). UV, MS, and 1H NMR data are in agreement with 
Kojiri et al. (1991) and Nakajima et al. (1991). 
 
Antiproliferative assay 
Cytotoxicity was tested against human colorectal cancer cells 
(HCT116) and human breast adenocarcinoma cells (MCF-7) 
using a tetrazolium-based colorimetric assay as described by 
Susana and Salvador-Reyes (2022). Cells were maintained in 
Dulbecco’s modified Eagle’s medium (DMEM) with 10% v/v 
fetal bovine serum (FBS) and 1% antibiotic-antimycotic 
solution in a humidified atmosphere at 37°C containing 5% CO2. 
Taxol was used as the positive control. The assay was terminated 
at 48 h post-treatment and the growth of the cells was assessed 
using the tetrazolium reagent. Cell viability was calculated 
relative to the solvent control. 
 
Cell density monitoring of S. cacaoi strain R2A-843A 
The cell density of S. cacaoi strain R2A-843A was monitored 
daily for eight days. A 1% (v/v) of the seed culture was 
inoculated into three 2.8 L Fernbach flasks containing 1 L of the 
production medium and incubated for eight days using the same 
incubation condition. A 10-mL aliquot of the culture broth was 
collected every 24 h. The biomass was collected by 
centrifugation at 4000 rpm, 20°C. The cell pellet biomass was 
freeze-dried and weighed to assess the microbial growth.  
 
Time-course monitoring of BE-18257A (1) and BE-18257B 
(2) production by S. cacaoi strain R2A-843A 
Supernatants from cultures of S. cacaoi strain R2A-843A were 
retrieved every 24 h and extracted with an equal volume of 
EtOAc. The organic extract was dried in vacuo, reconstituted in 
50% aq MeOH and subjected to targeted quantitative analysis of 
BE-18257A (1) and BE-18257B (2) using multiple reaction 
monitoring. Data analysis and statistical evaluation were 
performed using GraphPad Prism 7. 
 
Targeted MRM analysis  
Samples and standard solutions were injected into a LCMS-8040 
triple quadrupole mass spectrometer (Shimadzu, Japan) with 
positive-mode electrospray ionization (ESI) source. Cyclic 
peptides in the crude organic extract were detected using 
multiple reaction monitoring (MRM). Separation was achieved 
on a Kinetex C18 column (Phenomenex, 50 × 2.1 mm, 2.6 µm) 
with a flow rate of 0.2 mL/min. The mobile phase consisted of 
H2O and CH3CN (both with 0.1% formic acid). A linear gradient 
elution program was applied as follows: initial 5% CH3CN for 1 
min, 5-100% CH3CN for 14 min, 100% CH3CN for 3 min. ESI-
MS conditions were operated at a spray voltage of 4.5 kV, 
nebulizing gas flow of 3 L/min, DL temp of 250°C, heat block 
temp 400°C and drying gas flow of 15 L/min. 

http://gnps.ucsd.edu/
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Standard peptides and test samples were spiked with 50 ppb 
pyoluteorin as an internal standard prior to analysis. MRM 
experiment was conducted with retention times and precursor to 
fragment ion transitions as follows: BE-18257A (7.3 min; 599.0 
> 387.0), (7.3 min; 599.0 > 300.0), (7.3 min; 599 > 86.2), and 
BE-18257B (7.7 min; 613.0 > 314.1), (7.7 min; 613.0 > 159.1), 
(7.7 min; 613 > 86.2). Analysis was done in triplicate injections.  
 
Data deposition. The mass spectrometry data is deposited in the 
MassIVE public repository (MSV000092786). The molecular 
networking job can be publicly accessed with the task ID: 
task=1c67465868fe4b6186771198adb6ad0f. The Whole 
Genome Shotgun project is deposited at DDBJ/ENA/GenBank 
under the accession number JAUZGE000000000. The version 
described in this paper is version JAUZGE010000000. 
 
 
RESULTS 
 
Genome mining for biosynthetic gene clusters 
We sequenced and assembled an 8,551,568-bp genome 
consisting of 861 contigs from a three-day culture of strain R2A-
843A using MiSeq with a library size of 150-bp and annotated 
using the RAST platform (Supplementary Figure S1). Based on 
sequence similarity to the NCBI 16S rRNA database of the 
predicted 16S rRNA and tetranucleotide correlation score (TCS) 
search against the JSpeciesWS GenomDB using our whole-
genome assembly, we identified strain R2A-843A as 
Streptomyces cacaoi with e-value of 0.0 and Z-score of >0.999% 
in the BLAST and TCS search, respectively (Tables S1, S2). The 
average nucleotide identity with S. cacaoi NBRC-12748, its best 
match in both 16S BLAST and TCS search, showed >98.6% 
identity and >82.5% alignment coverage across both genomes. 
Complete assembly and annotation statistics are shown in 
Supplementary Table S3 and Supplementary Figure S1. 
 

Search for biosynthetic gene clusters using AntiSMASH and 
PRISM showed that ~12% of its genome (by length) is 
associated with secondary metabolite production, with the 
majority of its biosynthetic potential dedicated to nonribosomal 
peptide (NRPS) synthesis (Figure 1). AntiSMASH identified a 
total of 70 potential clusters, 34 (44%) of which are NRPS or 
NRPS-like, although some of these clusters may further be 
combined into contiguous units due to contig fragmentation in 
the genome assembly. S. cacaoi NBRC-12748, in comparison, 
has a genome size of 8.55 Mbp and a similar BGC genome 
fraction of 16%, with 37% annotated as NRPS or NRPS-like 
clusters and is the most abundant BGC as well (Supplementary 
Figure S2). 
 
Previous genome mining and metabolite profiling of the top 
BLAST hit S. cacaoi NBRC-12748T identified a biosynthetic 
cluster with two tandem NRPS genes for the synthesis of BE-
18257 analogues and pentaminomycins for the first and second 
NRPS, respectively, each of which has five adenylation modules 
(Kaweewan et al. 2020; Carretero-Molina et al. 2021; Roman-
Hurtado et al. 2021B). We mapped six contigs over the entire 
length of the cpp BGC from S. cacaoi CA-170360 using blastn 
(Supplementary Table S4) at >96.5% nucleotide identity with 
only small gaps corresponding to contig breaks. None of the 
contig breaks were juxtaposed with predicted functional 
domains in CA-170360. Five of these contigs were annotated in 
AntiSMASH and PRISM to contain predicted NRPS clusters 
(Figure 2). A closer inspection of amino acid sequence 
alignments showed >98.5% amino acid identity for all 
adenylation domains in both NRPS genes, except for 
adenylation domain 2 in the BE-18257 NRPS (97.3% identity), 
suggesting highly-conserved specificity for adenylation 
substrates (Supplementary Table S5). However, M2 in the BE-
18257 NRPS (cppB) of our genome is missing an epimerization 
domain, likely attributable to an assembly artifact since the 
module M2 is at the terminal end of a contig and adjacent to a 
short contig with no predicted functional domains. 
 

 

 

Figure 1: Genome fraction of S. cacaoi strain R2A-843A dedicated to secondary metabolite production based on AntiSMASH prediction (by 
BGC length).
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Figure 2: Alignment of cpp BGC in S. cacaoi CA-170360 with the draft genome assembly of S. cacaoi strain R2A-843A. Top graph shows the 
GC skew across the BGC. Solid blocks show alignment between regions of the cpp BGC for CA-170360 and R2A-843A contigs, with gene 
annotations for CA-170360 shown in various colors (teal - NRPS; green - penicillin-binding protein-type thioesterase; red - regulatory genes; 
yellow - cytochrome P450; gray - hypothetical and other proteins). Color coding of the open-reading frames (ORFs) follows that of Roman-
Hurtado et al. (2021B). Contig breaks in S. cacaoi strain R2A-843A are shown as white vertical lines, coinciding with inversions in the GC 
skew plot. Domain and module arrangement for the two NRPS genes is shown at the bottom (domains: A1-5 - adenylation; C - condensation; 
T - thiolation; E - epimerization; modules: L - loading module; M1-4 - modules 1-4).

Additionally, we were also able to map three contigs to the 
cacaoidin biosynthetic cluster of S. cacaoi CA-170360 (Roman-
Hurtado et al., 2021) at 98.97% nucleotide identity over a single 
alignment block (Supplementary Table S6), although this was 
truncated to cao25 (Figure 3A). Sequence alignment of the 
CaoA precursor peptide using tblastn between the two strains 
showed 100% identity at the amino acid level (Figure 3B). No 
other significant alignments were made to our draft genome 
covering the last ~3.5kbp of the cacaoidin BGC containing a 
AfsR/SARP family transcriptional regulator, and a closer 

inspection of the annotations for S. cacaoi strain R2A-843A 
indicates that this region was replaced by an amino acid 
permease, a hypothetical protein, and a LysR transcriptional 
regulator (Supplementary Figure S3). The conserved BGC, 
including the precursor peptide and glycosyltransferases 
(colored as yellow ORFs in Figure 3A), indicates the capacity 
for the production of glycosylated cacaoidin, albeit under 
different regulatory control. 
 

 
Figure 3: (A) Alignment of cacaoidin BGC in S. cacaoi CA-170360 with the draft genome of S. cacaoi strain R2A-843A. Top graph shows the 
GC skew across the BGC. Solid blocks show alignment between regions of the cacaoidin BGC for CA-170360 and R2A-843A contigs, with 
open-reading frames for CA-170360 shown as block arrows following the color scheme in Roman-Hurtado, et al. (2021A).  Cyan - cacaoidin 
precursor peptide (caoA), emphasized in red box; dark green - regulatory genes; orange - L-rhamnose synthesis; magenta - lanthipeptide 
synthesis; yellow - glycosyl-transferase; blue - ABC transporter; gray - hypothetical protein. Contig breaks are shown as white vertical lines 
along R2A-843A. (B) Amino acid alignment of CaoA with contig191 using tblastn (frame -2) shows 100% identity between CA-170360 and 
R2A-843A.

Untargeted metabolite analysis of Streptomyces cacaoi strain 
R2A-843A 
To validate the results of the genome sequencing, we undertook 
a preliminary secondary metabolite characterization of S. cacaoi 
strain R2A-843A using LC-MS-based metabolomics and 
molecular networking. Untargeted LC-MS/MS analysis was 
coupled with the Global Natural Products Social Molecular 
Networking Platform (GNPS), which is based on spectral 
alignment to assess the similarities and relationships among 
molecules (M. Wang et al. 2016) and visualized using a 
molecular network. GNPS has been used for the discovery of 
new natural products from cyanobacteria, marine sponges, 
fungi, and bacteria (Bai et al. 2021; Ding et al. 2018; Hautbergue 
et al. 2019; Khushi et al. 2020; Naman et al. 2017; Teta et al. 
2015; Via et al. 2018; X. Wang et al. 2021). The molecular 

network generated from the crude extract of S. cacaoi strain 
R2A-843A is presented in Figure 4 (full molecular network is 
shown in Supplementary Figure S4). From the molecular 
network, GNPS was only able to putatively identify three 
compounds, BE-18257A (cosine score 0.78), indole-3-carbinol 
(cosine score 0.71), and 5-methylbenzotriazole (cosine score 
0.78). This corroborated the results from the BGC analysis of S. 
cacaoi strain R2A-843A. 
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Figure 4: Molecular network generated from the HRMS/MS spectra of the crude 100% MeOH Diaion extract of S. cacaoi strain R2A-843A 
using the Global Natural Products Social Molecular Networking (GNPS) platform. Part of the molecular network is shown in A wherein nodes 
annotated using the GNPS spectral library through MS/MS matching are shown as hexagons. Manual annotation of the main compound 
cluster showed that the masses correspond to pentaminomycins A-D (3-6) and a putative new analogue (7) (B). The cyclic pentapeptide BE-
18257A (1) was putatively identified and demonstrated good tail-to-tail matching with the reference spectrum (C). BE-18257B (2) and 
cacaoidin (8) (D) were putatively identified from the crude extract but were not observed in the molecular network.

Tail-to-tail matching of the MS/MS spectrum of 1 in the crude 
extract of S. cacaoi strain R2A-843A and from the GNPS 
reference spectra demonstrated good matching (Figure 4C). The 
observed m/z 599.3199 (Supplementary Figure S5A) also 
corresponds to the [M+H]+ of BE-18257A (C30H43N6O7

+, calcd. 
599.3193, Δ + 1.00 ppm). The structural analogue 2 was not 
observed in the molecular network, but closer inspection of the 
HRMS chromatogram of the crude extract (Supplementary 
Figures S6C, S6D) showed an m/z of 613.3378 (Supplementary 
Figure S5B) ([M+H]+ C30H43N6O7

+, calcd. 613.3349, Δ + 4.56 
ppm). MS/MS analysis of the putative BE-18257B (2) showed a 
similar fragmentation pattern with putative BE-18257A (1) 
(Figures S7A, S7B) suggesting structural similarity.  
 
Recent literature on S. cacaoi demonstrated that the cyclic 
pentapeptides BE-18257A–C and pentaminomycins A–H are 
synthesized by two nonribosomal peptide synthetases encoded 
in tandem within the same biosynthetic gene cluster (Román-

Hurtado et al. 2021B) and shown in our genome mining analysis. 
Pentaminomycins are hydroxyarginine-containing cyclic 
pentapeptides produced by several Streptomyces species 
(Carretero-Molina et al. 2021; Hwang et al. 2020; Jang et al. 
2018; Kaweewan et al. 2020).  Pentaminomycin A has 
antimelanogenic activity against alpha-melanocyte stimulating 
hormone (α-MSH)-stimulated B16F10 melanoma cells (Jang et 
al. 2018), pentaminomycin C was reported to show bioactivity 
against Gram-positive bacteria including Bacillus subtilis, 
Micrococcus luteus, and Staphylococcus aureus (Kaweewan et 
al. 2020), pentaminomycins C and D also showed autophagy-
inducing activity in HEK293 cells (Hwang et al. 2020), while 
pentaminomycins F and G showed modest activity against 
Acinetobacter baumannii (Carretero-Molina et al. 2021). 
 
A manual inspection of the other nodes in the molecular network 
was performed in an effort to characterize the other secondary 
metabolites produced by S. cacaoi strain R2A-843A. A cluster 
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of six nodes corresponded to the masses of pentaminomycins A, 
B, C/H, D, and an unassigned node (Figure 4B). 
Pentaminomycin A (3) was observed as m/z 670.4044 ([M+H]+ 
C33H52N9O6

+, calcd. 670.4041, Δ + 0.45 ppm), pentaminomycin 
B (4) was observed as m/z 684.4224 ([M+H]+ C34H54N9O6

+, 
calcd. 684.4197, Δ + 3.94 ppm), and pentaminomycin D (6) was 
observed as m/z 704.3900 ([M+H]+ C36H50N9O6

+, calcd. 
704.3884, Δ + 2.27 ppm). The detected m/z corresponding to 
either pentaminomycin C or H (5) was 718.4061 ([M+H]+ 
C37H52N9O6

+, calcd. 718.4040, Δ + 2.92 ppm). 
 
Fragmentation analysis of the putative pentaminomycins was 
performed to confirm their identity. Supplementary Figure S8 
shows the fragmentation of putative pentaminomycin A–D with 
the MS/MS data. The m/z of the fragment corresponding to the 
removal of the hydroxyguanidine group of the N5-
hydroxyarginine amino acid common to the pentaminomycins 
was consistently observed as the base peak in all the acquired 
MS/MS spectra. Subsequent fragmentation of the amide bonds 
is shown, and fragment ions accounted for in the acquired 
MS/MS data are shown. For the node corresponding to structural 
isomers pentaminomycin C or H, a diagnostic fragment ion at 
427 m/z for pentaminomycin C was observed due to a break 
between the alkyl carbonyl bond of Phe and Leu residues. If 
these residues are switched as in the case of pentaminomycin H, 
a 461 m/z peak that corresponds to this fragment should be 
observed. Thus, pentaminomycin C was assigned as compound 
5.  
 
For the putative pentaminomycin analogue with a protonated 
m/z of 688.3629 (Supplementary Figure S9A), the acquired 
MS/MS spectrum (Figure S9B) is most similar to 3 and 4 
(Supplementary Figures S8A-B) which suggests that the residue 
at the R2 position was substituted to another amino acid (Figure 
4B). Based on the observed mass, there are only two possible 
amino acids: 4-hydroxythreonine (4-OH-Thr) or homocysteine 
(HCys). Comparison of the theoretical protonated m/z of the 4-
OH-Thr (C32H50N9O8

+, calcd. 688.3782, Δ - 22.22 ppm), and the 
HCys (C32H50N9O6S+, calcd. 688.3605, Δ + 3.49 ppm) 
derivatives with the observed m/z suggests that compound 7 
most probably contains the HCys amino acid. The proposed 
structure and fragmentation analysis of the putative 
pentaminomycin analogue is shown in Supplementary Figure 
S9B. 
 
The nonproteinogenic amino acid homocysteine has been shown 
to be incorporated in compounds from Streptomyces spp. as 
thiolactones (Jizba et al. 1985; Jang et al. 2021), and in the 
thioxylofuranose moiety of albomycin (Zeng et al. 2012; 
Kulkarni et al. 2016), however its presence as an unmodified 
amino acid in peptidic natural products has not been reported in 
literature. Homocysteine is biosynthesized by bacteria through 
the activated methyl cycle which recycles methionine and 
adenosine from the S-adenosylmethionine (SAM)-mediated 
methylation reactions (Parveen and Cornell 2011). In S. griseus, 
methionine is converted to SAM, then to S-
adenosylhomocysteine (SAH) through a series of enzymes, and 
SAH is broken down into adenosine and homocysteine 
(Kulkarni et al. 2016). Homocysteine and a hydroxy-activated 
serine are combined to form the unusual thioxylofuranose 
moiety of albomycin (Kulkarni et al. 2016). SAM is shared by 
many biological pathways, thus either an exogenous supply of 
SAM, or an overexpression of SAM synthetase is necessary for 
the production of these homocysteine-based compounds 
(Kulkarni et al. 2016). 
 
Another secondary metabolite that is encoded by S. cacaoi is the 
glycosylated lanthipeptide cacaoidin (8, Figure 4D) which 
showed potent activity against several Gram-positive pathogens, 

including a clinical strain of methicillin-resistant 
Staphylococcus aureus (MRSA) (Ortiz-Lopez et al. 2020). 
Manual inspection of the MS1 data of the crude extract of S. 
cacaoi strain R2A-843A showed masses corresponding to 8 at 
tR = 3.32 min (Supplementary Figure S10). We were able to 
annotate a triply charged adduct [M+3H]3+ (C107H165N24O32S2

3+, 
calcd.  Δ - 3.63 ppm) (Supplementary Figure S10B), and three 
doubly charged adducts [M+2H]2+ (C107H164N24O32S2

2+, calcd. Δ 
- 4.90 ppm), [M+H+Na]2+ (C107H163N24O32S2Na2+, calcd. Δ - 
5.51 ppm), and [M+2Na]2+ (C107H162N24O32S2Na2

2+, calcd. Δ + 
1.88 ppm) (Supplementary Figure S10C). All four detected 
adducts had ion intensities below the threshold for MS/MS 
analysis, thus no fragmentation evidence for 8 can be 
established. The MS1 corroborates the 100% sequence identity 
of the CaoA precursor peptide with the published sequence, as 
shown in Figure 3B. 
 
Purification and biological activity evaluation of BE-18257A 
(1) and BE-18257B (2) 
Validation of the genome and metabolome analysis was done 
using an MS-guided purification. The known cyclic peptides 
BE-18257A (1) and BE-18257B (2) were the major isolable 
products from the culture broth of S. cacaoi strain R2A-843A. 
The structures of the purified compounds were confirmed by MS 
and 1H NMR spectroscopy (Supplementary Figure S11).  
 
BE-18257A (1) was purified as a pale yellow powder. This 
compound gave an [M+H]+ at m/z 599.0 and [M-H]- at m/z = 
597.0, indicating a molecular weight of 598 Da. The 1H NMR 
spectrum of 1 showed the presence of amide NHs (δH 10.8, 8.78, 
8.49), five aromatic protons (δH 7.53, 7.30, 7.15, 7.03, 6.96), ɑ-
protons of amino acids (δH 4.39, 4.22, 4.15) and five methyl 
groups (δH 1.12, 0.85, 0.78, 0.73, 0.63) (Supplementary Figure 
S11). The 1H NMR data is in agreement with literature values 
(Kojiri et al. 1991; Nakajima et al. 1991) for BE-18257A (1), 
thus, confirming the presence of the amino acids D-Trp, L-Ala, 
L-Leu, D-Glu, and D-Val. BE-18257B (2) gave a protonated peak 
at [M+H]+ 613.0 and [M-H]- 611.0 which suggested a molecular 
weight of 612 Da. Similarly, 1H NMR spectrum of 2 showed 
similar proton resonances, with the main difference in the 1H 
NMR signals at δH 0.85 (3H), 1.06 (1H), and 1.31 (1H) 
corresponding to Ile-γCH3 and Ile-γCH2, confirming the D-Val 
to allo-D-Ile substitution in 2 (Supplementary Figure S11). The 
1H NMR data for 2 is also in agreement with the reports of Kojiri 
et al. (1991) and Nakajima et al. (1991). 
 
The cyclic pentapeptides BE-18257A (1) and BE-18257B (2) 
were first structurally characterized by Nakajima et al. (1991). 
Bioactivity assessment showed these to be endothelin-binding 
inhibitors. BE-18257B is a competitive endothelin (ET) 
antagonist, binding to ETA receptors (ET-1 selective) in 
cardiovascular tissues (Nakajima et al. 1991). The complex ET 
system plays a role in hypertension and proteinuric kidney 
disease, including the micro- and macro-vascular complications 
of diabetes (Meyers and Sethna, 2013). A study by Kaweewan 
et al. (2020) showed that BE-18257A did not exhibit any 
antibacterial activity against Escherichia coli, Pseudomonas 
aeruginosa, Staphylococcus aureus, Bacillus subtilis, and 
Micrococcus luteus. No other bioactivity has since been reported 
for these compounds.  
 
We tested the cytotoxicity of 1 and 2 against HCT116 human 
colorectal cancer cells and MCF-7 human breast cancer cells. 
Compounds 1 and 2 did not affect the growth of HCT116 cancer 
cells at all concentrations tested (Supplementary Table S7). A 
modest inhibition of MCF-7 adenocarcinoma cell growth was 
observed with 10 µg/mL treatment of 2 (Supplementary Table 
S7). 
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Time-course monitoring of BE-18257A (1) and BE-18257B 
(2) production by S. cacaoi strain R2A-843A 
Time course monitoring of the concentration of 1 and 2 in the 
fermentation broth of S. cacaoi strain R2A-843A was done 
every 24 h over eight days. Based on our initial observation, BE-
18257A (1) and BE-18257B (2) are mainly present in the 
exometabolome of S. cacaoi strain R2A-843A. Hence, to 
quantify the concentration of 1 and 2 produced by the 
microorganism, 10-mL aliquots of the fermentation broth were 
obtained at each time point. This was centrifuged to separate the 
cell pellet and the fermentation broth. The cell pellet was 
weighed to quantify the cell density, while the broth was further 
extracted with an equal volume of EtOAc. BE-18257A (1) and 
BE-18257B (2) in the dried organic extract were quantified 
using HPLC-MS via multiple reaction monitoring.  
 

 
Figure 5: Time course of biomass (A) and cyclic peptide (B) 
production by S. cacaoi strain R2A-843A. The amount of biomass 
during specific time points is shown in A, values expressed as 
mean ± SD of three technical replicates. Metabolite 
concentrations of BE-18257A (1) (black) and BE-18257B (2) 
(white) in μg/mL determined using MRM at the corresponding 
time point are shown in B, values expressed as mean + SD of 
three technical replicates. Data representative from two 
biological replicates. Statistical analysis of two consecutive time 
points was performed using t-test (* denotes p < 0.05). 

From the growth curve, the exponential growth phase or 
trophophase occurred until 72 h and signaled the occurrence of 
primary metabolism (Figure 5A). A significant decline in 
microbial biomass was observed at 72-96 h post-incubation. The 
stationary phase or idiophase, where microbial biomass 
production has peaked and is constant (p > 0.05), was observed 
up to 192 h of incubation. This microorganism showed a similar 
growth pattern as Streptomyces rochei, where the mycelium 
growth increased up to 72 h and afterward entered the stationary 
phase (Reddy 2011). For other actinomycetes such as 
Pseudonocardia sp., the stationary phase extends from 72-120 h 
of incubation which corresponds to the phase of highest 
antimicrobial activity (Kiranmayi 2011).  
 
While 1 and 2 are structurally related compounds, the dynamics 
of production were observed to vary. BE-18257B (2) was 
consistently produced at a higher concentration compared to BE-

18257A (1) at all time points (Figure 5B). Maximum BE-
18257B (2) production was observed at 48 h post-incubation 
with a concentration range of 3.2-6.7 μg/mL and showed no 
significant change in the concentration until the end of the 
incubation period (Figure 5B). The highest concentration of BE-
18257A (1) was observed at only 0.01-0.32 μg/mL starting at 24 
h post-incubation and showed no significant change until the end 
of the incubation period. 
 
 
DISCUSSION 
 
The whole genome sequence of S. cacaoi strain R2A-843A 
showed a significant proportion of the genome dedicated to 
secondary metabolite production, with nonribosomal peptide 
synthesis being the major biosynthetic pathway. The 
biosynthetic machinery of S. cacaoi strain R2A-843A parallels 
that of S. cacaoi subsp. cacaoi. While the BGC for the 
nonribosomal peptides BE-18257 and pentaminomycins are 
conserved among S. cacaoi, the cacaoidin pathway is 
differentiating among the strains. Based on the analysis of 
cacaoidin BGC in public databases, this has been confined to 
strains of the S. cacaoi subsp. cacaoi (Roman-Hurtado et al. 
2021A). In our study, we observed the [M+3H]3+, [M+2H]2+, 
[M+H+Na]2+, and [M+2Na]2+ molecular ions corresponding to 
cacaoidin and mapped the precursor peptide in the genome. 
However, the concentration of cacaoidin from the culture 
fermentation was deemed too low for further analysis. 

The metabolome analysis of S. cacaoi strain R2A-843A 
corroborated with the genome analysis, which showed 
predominantly peptide-based metabolites. The 
pentaminomycins formed the largest cluster in the molecular 
network, indicating the production of the most number of 
analogues from this compound class. Purification of the 
compounds from the culture broth of S. cacaoi strain R2A-843A 
showed that BE-18257A (1) and BE-18257B (2) were the major 
isolable peptides. The 1H NMR data for the two peptides were 
in agreement with the values indicating that the planar structure 
and absolute configurations of the stereocenters are identical for 
the purified compounds in this study and the previous reports by 
Kojiri et al. (1991) and Nakajima et al. (1991). This validated 
that the lack of epimerase in the genome prediction was an 
artifact of the assembly. 
 
Despite numerous attempts to purify the pentaminomycins, the 
yield was very low and insufficient for structure characterization 
as single compounds. This is similar to the results of Roman-
Hurtado et al. (2021B), where the pentaminomycins were shown 
to be produced at low concentrations, with cell culture media 
optimization having a limited effect on pentaminomycin 
production. Using the one-strain-many compounds (OSMAC) 
approach, the production of BE-18257A and pentaminomycins 
were monitored for 7, 14, and 21 days post-inoculation (Roman-
Hurtado et al. 2021B). While pentaminomycins were produced 
using YEME and R2YE after 14 and 21 days, the yield remained 
low (Roman-Hurtado et al. 2021B). Despite BE-18257 and 
pentaminomycins being encoded by the same BGC, the major 
product is dependent on the microbial producer and not solely 
on the BGC (H. Wang et al. 2023). H. Wang et al. (2023) 
increased the production of pentaminomycins by preparing a 
double deletion mutant, with inactive BE-18257 and candicin 
production. 
 
Previous work on S. cacaoi also indicated the significant 
influence of the culture medium on compound production. 
Cacaoidin for example was grown in MPG medium for 13 days 
(Ortiz-Lopez et al. 2020). A series of ionophores from S. cacaoi 
Waksman and Henrici (Streptomycetaceae) strain JX912350.1 
were obtained using an optimized culture medium (Gezer et al. 
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2022). From the response surface methodology, 2.25% glycerol, 
1% peptone water, 0.2% CaCO3 and 0.1% MgCl2 in distilled 
water at 30℃, 150 rpm for 10 days favored the production of 
four new ionophores belonging to the K41-A class of 
compounds. The biosynthetically talented S. cacaoi strain R2A-
843A from the Philippines can hence be a good candidate for 
further elicitation of other potential cryptic compounds encoded 
in the genome. 
 
 
CONCLUSIONS 
 
We demonstrate the biosynthetic potential of the sponge-
associated Streptomyces cacaoi strain R2A-843A. Whole 
genome sequencing showed the capability of this 
microorganism to produce a diverse set of compounds including 
nonribosomal peptides, polyketides, and terpenes. 
Metabolomics and MS-guided purification corroborated the 
BGC analysis, with peptide-based compounds being the major 
products when grown for seven days in R2A medium. 
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SUPPLEMENTARY INFORMATION 
 

 

Table S1: Top 5 matches of extracted 16S rRNA sequence from the genome assembly against the 16S rRNA BLAST database. 

Accession No. Description % Identity Query 
Coverage E-value Bitscore 

NR_041061.1 Streptomyces cacaoi strain NBRC 12748 16S 
ribosomal RNA, partial sequence 100.00 97 0 1949 

NR_029087.1 Streptomyces ferralitis strain SFOp68 16S 
ribosomal RNA, partial sequence 98.42 99 0 1893 

NR_180104.1 Streptomyces alkaliterrae strain OF1 16S 
ribosomal RNA, complete sequence 98.33 99 0 1890 

NR_025615.1 Streptomyces albus strain DSM 40313 16S 
ribosomal RNA gene, partial sequence 98.33 99 0 1890 

NR_114917.1 Streptomyces erumpens strain DSM 40941 16S 
ribosomal RNA, partial sequence 98.23 99 0 1882 

Table S2: Top 5 matches in JSpecies whole-genome tetranucleotide correlation search. 

Description Z-score* 

Streptomyces cacaoi NRRL B-1220 0.99993 

Streptomyces cacaoi NBRC 12748 0.99992 

Streptomyces cacaoi DSM 40057 0.99983 

Streptomyces albus NRRL B-1685 0.97850 

Streptomyces albus NRRL B-1335 0.97828 
*  Z-score >0.999 indicate reliable classification up to species level 

Table S3: Genome Assembly and Annotation Metrics for S. cacaoi R2A-843A 

Assembled Size (bp) 8,551,568 

GC (%) 73.28 

Contigs 861 

Largest Contig Size (bp) 90,360 

N50 / L50 17,925 / 140 

Ave. Coverage Depth 101 

Complete BUSCO (%) 93.92 
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Table S4: BLAST alignment details of mapped contigs to S. cacaoi CA-170360 cpp BGC (Genbank Accession No. MW038823.1; 48,011 bp) 

Contig Name Query 
From 

Query 
To 

Subject 
Length 

(bp) 

Identity 
(%) 

Align Cov 
(%) 

E- 
value 

Bit 
Score 

NODE_95_length_22269_cov_52.377478 1 7,381 22,269 98.38 33.21 0 12,979 

NODE_583_length_3291_cov_59.864655 7,884 11,144 3,291 97.96 100.00 0 5,679 

NODE_860_length_512_cov_41.579310 11,135 11,649 512 96.89 100.00 0 859 

NODE_153_length_16878_cov_54.935659 12,088 28,981 16,878 99.38 99.99 0 30,600 

NODE_464_length_5337_cov_55.757605 29,035 34,368 5,337 98.95 100.00 0 9,542 

NODE_140_length_17925_cov_50.650829 34,901 42,344 17,925 98.47 41.51 0 13,112 

Table S5: Comparison of cpp adenylation domains between S. cacaoi CA-170360 (Roman-Hurtado et al., 2021) and R2A-843A 

Module 
AA 

Identity 
(%) 

CA-170360 
Substrate 

R2A-843A Predicted Substrate 

AntiSMASH PRISM (Score) 

BE-18275 A-C (cppB) 

L 99.0 Leucine Leucine Valine (408.0) 
Phenylalanine (403.3) 
Hyrdoxyphenylglycine (393.2) 
Tryptophan (360.3) 
Threonine (355.2) 
Leucine (354.4) 
Aspartate (349.7) 
Lysine (331.5) 
3,5-dihydroxyphenylglycine (326.2) 
Glycine (109.7) 

M1 97.32 Tryptophan ? Tryptophan (527.1) 
Phenylalanine (488.3) 
Lysine (456.8) 
Serine (441.2) 
Tyrosine (439.6) 
Ornithine (434.3) 
Glycine (424.5) 
Hydroxyacetyl-glycine (420.5) 
Alanine (418.6) 
Beta-alanine (112.8) 

M2 98.99 Leucine/Serine ? Serine (675.7) 
Glutamate (526.4) 
Alanine (522.0) 
Glycine (505.9) 
Phenylalanine (502.5) 
Asparatate (487.7) 
Lysine (486.9) 
Arginine (479.9) 
Threonine (454.7) 
β-aminoisobutyric acid (f) (114.5) 

M3 100.00 Alanine Alanine Alanine (495.2) 
Aspartate (431.3) 
Tryptophan (400.2) 
Asparagine (397.9) 
Arginine (395.7) 
Piperazic acid (395.1) 
Hydroxyacetyl-ornithine (383.0) 
Histidine (347.8) 
Modified tyrosine (329.1) 
Pipecolic acid (109.0) 
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M4 100.00 Valine/Leucine Valine Valine (493.9) 
Phenylalanine (490.4) 
Hydroxyphenylglycine (471.4) 
Threonine (461.8) 
Lysine (453.5) 
Isoleucine (452.4) 
Arginine (441.6) 
Aspartate (441.2) 
6-chloro-4-hydroxyindole-3-carboxylic acid 
(111.1) 

Pentaminomycin (cppM) 

L 99.31 Valine/Leucine/ 
Phenylalanine 

Leucine Hydroxyphenylglycine (350.7) 
Valine (327.0) 
Phenylalanine (313.7) 
Threonine (304.5) 
Tryptophan (304.0) 
Glycine (290.1) 
Lysine (288.5) 
Serine (283.1) 
Alanine (275.2) 
N5-hydroxyornithine (109.0) 

M1 98.79 Valine Valine Phenylalanine (488.3) 
Valine (470.9) 
Hydroxyphenylglycine (446.6) 
Isoleucine (446.0) 
Tryptophan (443.4) 
Ornithine (440.8) 
Serine (438.0) 
Lysine (433.8) 
Leucine (433.5) 
Hydroxyvaline (110.2) 

M2 99.97 Tryptophan Tryptophan Serine (429.2) 
Glycine (420.5) 
Tryptophan (409.7) 
Ornithine (371.8) 
Phenylalanine (368.9) 
Proline (364.1) 
Tyrosine (359.9) 
Hydroxyphenylglycine (351.2) 
Lysine (330.8) 
α-ketoisovalerate (108.8) 

M3 98.75 Arginine Arginine Ornithine (490.5) 
Arginine (468.1) 
Lysine (440.7) 
Aspartate (438.6) 
Hydroxyacetyl-ornithine (418.3) 
Phenylalanine (416.1) 
Glutamate (414.5) 
Glutamine (385.3) 
β-hydroxy-aspartic acid (352.0) 
Anthranilic acid (110.1) 

M4 99.74 Leucine/ 
Phenylalanine 

? Phenylalanine (503.9) 
Tryptophan (494.3) 
Tyrosine (460.9) 
Alanine (459.2) 
Serine (443.5) 
Lysine (434.1) 
Hydroxyacetyl-ornithine (429.8) 
Leucine (424.5) 
Glycine (421.0) 
Anthranilic acid (111.8) 
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Table S6: BLAST alignment details of mapped contigs to S. cacaoi CA-170360 cacaoidin BGC (Genbank Accession No. MT210103.1; 29,760 
bp) 

Contig Name Query 
From 

Query 
To 

Subject 
Length 

(bp) 

Identity 
(%) 

Align Cov 
(%) 

E- 
value 

Bit 
Score 

NODE_374_length_7407_cov_44.319100 1 2,828 7,407 96.78 38.15 0 4,711 

NODE_191_length_14452_cov_45.536278 2,858 17,345 14,452 98.97 100.00 0 25,896 

NODE_38_length_35596_cov_47.836144 17,363 26,034 35,596 96.89 24.36 0 15,633 

Table S7: Bioactivities of compound 1 and 2. 

 % cell viability 

HCT116  MCF-7  

10 µg/mL  1 μg/mL  10 μg/mL 1 µg/mL  

BE-18257A (1)  102.82 ± 2.79  131.21 ± 7.76 58.05 ± 8.38 110.92 ± 4.57 

BE-18257B (2) 103.10 ± 2.03 128.02 ± 4.71 23.79 ± 4.87 92.47 ± 1.37 

Taxol (100 nM) 20.80 ± 1.22 65.04 ± 0.96 

Taxol (1 nM) 88.88 ± 9.05 80.60 ± 4.13 

 
Figure S1: Functional annotation of S. cacaoi R2A-843A using RAST Subsystems.
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Figure S3: Alignment of S. cacaoi CA-170360 and R2A-843A showing difference in gene content at the end of the cacaoidin BGC. 

Figure S2: Genome fraction of S. cacaoi NBRC 12748 and predicted secondary metabolites encoded in the genome. 
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Figure S4: Full molecular network generated from the HRMS/MS spectra of the crude 100% MeOH Diaion extract of S. cacaoi strain R2A-
843A using the Global Natural Products Social Molecular Networking (GNPS) platform. 
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Figure S5: HRESIMS spectra of 1 (A) and 2 (B) from the crude 100% MeOH Diaion extract of S. cacaoi strain R2A-843A. 

 
Figure S6: HRESIMS chromatograms of solvent blank (A), crude 100% MeOH Diaion extracts of R2A media only (B) and of S. cacaoi strain 
R2A-843A (C).  An enlarged portion of tR = 0.0-6.0 min is shown in D and labeled with the identified compounds in this study. 
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Figure S7: HRESIMS/MS spectra of 1 (A) and 2 (B) from the crude 100% MeOH Diaion extract of S. cacaoi strain R2A-843A using ramp 
collision energy 20-40 eV. 

 
Figure S8: HRESIMS/MS spectra and structures of 3 to 6 (A to D) from the crude 100% MeOH Diaion extract of S. cacaoi strain R2A-843A 
using ramp collision energy 20-40 eV. Highlighted in red are the detected fragment ions. The dashed lines through the structures indicate 
the “y” and “b” fragments and the described numbers indicate the corresponding m/z value (n.d.: not detected). 
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Figure S9: HRESIMS (A), HRESIMS/MS spectra and proposed structure (B) of 7 from the crude 100% MeOH Diaion extract of S. cacaoi strain 
R2A-843A using ramp collision energy 20-40 eV. Highlighted in red are the detected fragment ions. The dashed lines through the structure 
indicate the “y” and “b” fragments and the described numbers indicate the corresponding m/z value (n.d.: not detected). 
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Figure S10: HRESIMS evidence of cacaoidin (8). Mass spectrum of R2A-843A at tR=3.32 min (A) where the triply charged adduct [M+3H]3+ 
(B), and doubly charged adducts [M+2H]2+, [M+H+Na]2+, and [M+2Na]2+ (C) for 8 were observed. 
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Figure S11: 1H NMR spectrum of 1 (A) and 2 (B) in DMSO-d6 (500 MHz). 


