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Abstract: Actinobacteria produce a broad spectrum of bioactive substances that are used in the
pharmaceutical, agricultural, and biotechnology industries. This study investigates the production of
bioactive substances in Streptomyces, isolated from soil under five tropical plants, focusing on their
potential as natural antibacterial dyes for silk fabrics. Out of 194 isolates, 44 produced pigments on
broken rice as a solid substrate culture. Eight antibacterial pigmented isolates from under Magnolia
baillonii (TBRC 15924, TBRC 15927, TBRC 15931), Magnolia rajaniana (TBRC 15925, TBRC 15926, TBRC
15928, TBRC 15930), and Cinnamomum parthenoxylon (TBRC 15929) were studied in more detail. TBRC
15927 was the only isolate where all the crude extracts inhibited the growth of the test organisms,
Staphylococcus epidermidis TISTR 518 and S. aureus DMST 4745. The bioactive compounds present in
TBRC 15927 were identified through LC-MS/MS analysis as belonging to the actinomycin group,
actinomycin D (or X1), X3, and Xog. Also, the ethyl acetate crude extract exhibited non-toxicity at
an ICs5p value of 0.029 + 0.008 pug/mL on the mouse fibroblast L-929 assay. From the 16S rRNA
gene sequence analysis, TBRC 15927 had 100% identity with Streptomyces gramineus JR-43T. Raw silk
dyed with the positive antimicrobial TBRC 15927 extract (8.35 mg/mL) had significant (>99.99%)
antibacterial properties. Streptomyces gramineus TBRC 15927 is the first actinomycin-producing strain
reported to grow on broken rice and shows promise for antibacterial silk dyeing.

Keywords: actinomycins; antibacterial pigment; bioassay-guided fractionation; Streptomyces

1. Introduction

Pigments play a crucial role in many life forms on Earth. Humans use pigments to
enhance food and as a dye for various natural products. Synthetic dyes were introduced in
1856, and this led to a decrease in the use of natural-colored compounds [1]. However, as
some synthetic dyes are unhealthy and toxic to the environment, the demand for natural
dyes and pigments has increased in recent years [2]. This has increased research interest in
natural colors for the food, cosmetic, and textile industries [3].

Soil actinobacteria are an important source of bioactive substances, and these include
antibiotics, anticancer, and antioxidants [4]. Among the actinobacteria, Streptomyces is well
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known for being a rich source of antibiotics and other functional compounds that can be used
in medicine and agriculture [5,6]. Moreover, some Streptonyces can produce pigments to protect
their cells from environmental stress [7,8]. As a result, pigment-producing strains can be a useful
alternative to synthetic coloring agents in the food, cosmetics, and textile industries.

Numerous studies have revealed that soil-inhabiting Streptomyces play an essential role
in rhizosphere bioactivity, but few studies have explored their antibacterial pigments [9-12].
The genus Streptomyces is a rich source of diverse pigments, including: actinorhodin,
a red-blue pigment with antibacterial activity produced by Streptomyces coelicolor [13];
prodigiosin (red pigment) isolated from Streptomyces sp. strain NP4 [14]; and dark melanoid
compounds produced by Streptomyces glaucescens NEAE-H [15]. Furthermore, extracts of
red-orange-yellow pigments obtained from a Streptomyces sp. were often found to contain
actinomycins [16-19]. Due to the lower health risk of microbial colorants, there is interest
in exploiting natural pigments for dyeing fabrics [14,20].

Actinomycins are well-known polypeptide antibiotics that have been isolated from
Streptomyces [21-23] and Nocardiopsis [24]. The actinomycin-producing Streptomyces an-
tibioticus (previously known as Actinomyces antibioticus) was first reported to form a dark
brown to black pigment on protein- and peptone-containing media [25]. More than 41 acti-
nomycin structures were isolated [26], with actinomycin D being extensively used in
research due to its ability to intercalate with DNA and thereby inhibit the progression
of RNA polymerases [27,28]. Several studies examined the antimicrobial, antitumor, and
anti-tuberculosis activities of the new actinomycin producers [19,29,30]. Actinomycin L;
and L, were recently isolated from Streptomyces sp. MBT27 and possess potent antibacterial
activity against Gram-positive bacteria [31]. Actinomycin X, was used in the application of
a natural pigment for silk fabric [20] and immobilized silk fibroin film [32] in addition to
actinomycin D, which is the most studied compound.

The application of microbial pigments in textile dyeing necessitates the careful orchestra-
tion of multiple steps. The process initiates with the dissolution of the pigment into a solution,
a procedure that can be accomplished by employing solvents such as ethanol, methanol, or
acetone within the dye bath. During the dyeing phase, several factors, such as the pH, tem-
perature, immersion duration, and pigment concentration, must be systematically regulated.
The pH of the solution is contingent upon the nature of the textile material; cellulose-based
substances require a basic pH environment, while protein-based fibers, including wool and
silk, necessitate an acidic environment for successful dyeing. The temperature of the dye
bath, a critical variable, directly influences the dyeing rate and color depth. Elevated tem-
peratures can potentially abbreviate the immersion time needed to reach a comparable color
depth. Simultaneously, the concentration of the pigment can significantly influence the color
depth and the degree of dye exhaustion. Notably, the pigments may exhibit sensitivity to
variations in the pH and temperature, which can result in modifications in the color tone or
even a loss of the pigment. Therefore, understanding this sensitivity to different conditions is
crucial. Following the dyeing process, the textile is subjected to a pigment fixation procedure
facilitated by a mordant, a chemical used to secure the pigment to the fiber before washing.
Common mordants include the salts of aluminum, iron, and copper. However, the mordants
may induce variations in the pigment shade.

Silk materials are particularly prone to microbial proliferation due to their inadequate
antibacterial properties. Thus, the application of a pigment possessing antimicrobial
activity is needed to enhance the fiber’s characteristics. Several studies have focused on
the exploration of fiber dyeing utilizing pigments derived from Streptomyces. For instance,
a notable study employed the pigment from marine-derived Streptomyces cyaneofuscatus
in the dyeing of silk. The resultant investigation revealed that the treated silk not only
retained its color but also maintained an impressive antibacterial efficacy of over 90% even
after 20 washing cycles [20]. The melanin pigment derived from Streptomyces glaucescens
was utilized in the dyeing of cotton fabric. The resultant dyed cotton exhibited a strong
antioxidant activity, potentially leading to antimicrobial properties [33].
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Hence, the aim of this study was to determine whether Streptomyces containing an-
tibacterial pigments, isolated from soil under five tropical plant species, could provide a
source of active natural dye for the silk fabric industry. To achieve this goal, actinobacteria
were isolated and screened for pigment production on broken rice-solid-state cultiva-
tion. Bioassay-guided fractionation was employed to identify pigments with antibacterial
properties. Then, the cytotoxicity and antibacterial activity on dyed silk fabric were deter-
mined. The outcome of this study will facilitate further research into the development of
actinomycin-dyed silk fabrics.

2. Results
2.1. Isolation of Actinobacteria

In this study, soils collected at Romklao Botanical Garden under the Royal Initiative,
Phitsanulok, Thailand, were used to isolate antibacterial pigment-producing actinobacteria.
A total of 194 isolates of actinobacteria were obtained from under Phanera siamensis (18 iso-
lates), Cinnamomum parthenoxylon (26 isolates), Grevillea pteridifolia (23 isolates), Magnolia
baillonii (54 isolates), and Magnolia rajaniana (73 isolates). All isolates were then subjected to
pigment-producing and antibacterial activity screening.

2.2. Screening for Pigment Production and Antibacterial Activity

In this work, 44 isolates out of 194 isolates were able to produce pigments when grown
on broken rice as a solid substrate for seven days at ambient temperature (30 & 2 °C).
Among the forty-four isolates, eight crude extracts showed significant antibacterial activity
against Staphylococcus aureus DMST 4745 and S. epidermidis TISTR 518. The pigment colors
observed were pink to red (TBRC 15924, TBRC 15928), shades of brown (TBRC 15925,
TBRC 15927, and TBRC 15931), gray (TBRC 15929), and purple (TBRC 15926, TBRC 15930)
(Figure 1). The pigmented Streptomyces species were isolated from soil under Magnolia
baillonii (TBRC 15924, TBRC 15927, TBRC 15931), Magnolia rajaniana (TBRC 15925, TBRC
15926, TBRC 15928, TBRC 15930), and Cinnamomum parthenoxylon (TBRC 15929).

Figure 1. Pigment-producing Streptomyces cultivated on broken rice for seven days at room tem-
perature, and then hot-air-dried at 60 °C for 3 h. (a) TBRC 15924, (b) TBRC 15925, (c¢) TBRC 15926,
(d) TBRC 15927, (e) TBRC 15928, (f) TBRC 15929, (g) TBRC 15930, and (h) TBRC 15931.

Preliminary screening was undertaken on the ethyl acetate extracts of the 44 pigmented
isolates. Eight isolates were then selected to obtain a more diverse profile and to explore
compatible solvents for the extraction of bacterial pigments. In this experiment, eight ex-
tracts inhibited the growth of Staphylococcus aureus DMST 4745 and S. epidermidis TISTR 518,
but not the Gram-negative bacteria Escherichia coli TISTR 527 or Pseudomonas aeruginosa
DMST 15501. As a result of the antibacterial activity (Table 1), it was concluded that
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ethyl acetate is a suitable solvent for extracting antibacterial compounds. Crude extracts
of TBRC 15925 alone demonstrated efficacy after extraction with ethyl acetate, although
only extracts of TBRC 15924 extracted with 95% (v/v) ethanol inhibited the growth of
S. epidermidis TISTR 518. Furthermore, the ethyl acetate crude extracts of TBRC 15927 and
TBRC 15925 had the strongest antibacterial activity against S. epidermidis, with inhibition
zones of 17.63 = 1.48 mm and 16.50 & 1.45 mm, respectively.

Table 1. Antibacterial activity against Staphylococcus aureus and S. epidermidis of crude pigments
obtained from sequential extraction of eight Streptomyces isolates.

Diameter of Inhibition Zone (mm) $

Streptomyces S. epidermidis (TISTR 518) S. aureus (DMST 4745)
ch;r;i:\t Ethyl Acetate Methanol 95% Ethanol 70% Ethanol Ethyl Acetate Methanol 95% Ethanol 70% Ethanol
TBRC 15924 - - 5.90 + 0.44 4 - - - - -
TBRC 15925 16.50 & 1.45 be - - - 11.00 + 1.3234 - - -
TBRC 15926 9.87 4 0.329¢A 730+ 0.26 9C 8.27 4025 6.83 + 0.59 9¢ 6.60 £ 0.36 A - - -
TBRC 15927 1763+ 14848 18,07+ 1.01"* 1620+ 035 1237 +035C 1150408728 117540688 1217 £0.76*A  10.35 = 1.02"8
TBRC 15928 9.00 4 0.30 - - - 6.30 £ 0.20 A - - -
TBRC 15929 15.77 £ 0214 1527 £ 0.75A - 1550 + 0484 1173405924  11.974+095** 570+ 0.17°8 1147 £0.1524
TBRC 15930 8.27 +0.75 A 6.03 +0.21 98 8.03 & 0.45 <A 6.08 & 0.41 9B 6.50 & 0.46 A - 6.20 = 0.53 b4 -
TBRC 15931 10.77 £0.12¢ - - - 8.57 + 0.85PA - - -
Control 2127 4+ 0.583*  21.27 +0.582 21.27 4 0.582 21.27 + 0.582 12.27 +0.81° 12.27 +0.81° 12.27 £0.812 1227 +£0.812

§ Values are presented as mean + standard deviation. Control: chloramphenicol at a concentration of 30 pg/disc.
-, no antibacterial activity. * Different lower-case letters in each column indicate significant differences from
Duncan’s multiple range test (p < 0.05, n = 3). Different upper-case letters in each row indicate significant
differences from Duncan’s multiple range test (p < 0.05, n = 3).

The bioassay tests performed on S. aureus DMST 4745 were similar to those performed
on S. epidermidis TISTR 518. Hence, TBRC 15927 was chosen for further study based on the
obtained weight of the crude extract and antibacterial properties of various solvent soluble
extracts (Figure 2).

S. epidermidis (TISTR 518)

S. aureus (DMST 4745)

Figure 2. Growth inhibition zones of Staphylococcus epidermidis (TISTR 518) (A) and S. aureus (DMST
4745) (B) via the paper-disc-diffusion assay for crude extracts of TBRC 15927 using ethyl acetate
soluble extract (a,f), methanol soluble extract (b,g), 95% ethanol extract (c,h), 70% ethanol (d,i), and
chloramphenicol (e,j).

2.3. Identification of Actinobacteria and Phylogenetic Analysis

In this study, eight pigment-producing isolates capable of inhibiting selected pathogenic
bacteria were used for molecular characterization. The 16S rRNA gene region sequencing
data confirmed that these eight actinobacteria are members of the genus Streptomyces with
high similarity (99.19-100%) (Table 2). They were identified as Streptomyces adustus TBRC
15929, Streptomyces gramineus TBRC 15927, Streptomyces gramineus TBRC 15931, Streptomyces
shenzhenensis TBRC 15925, Streptomyces sp. TBRC 15924, Streptomyces sp. TBRC 15926,
Streptomyces sp. TBRC 15928, and Streptomyces sp. TBRC 15930 (Table 2).
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Table 2. The molecular characterization of actinobacteria isolated from soils by 165 rRNA gene sequencing.

NCB.I Amplified 165 Closely Related Taxa and NCBI AU Chosen

Isolate Code Accession rRNA . Similarity (%)

Accession Number Nomenclature

Numbers Gene (bps)

TBRC 15924 ON406138 1434 Streptomyces cinnamoneus NBRC 128527 99.72 Streptomyces sp.
TBRC 15925 ON406139 1459 Streptomyces shenzhenensis 1721157 99.72 S. shenzhenensis
TBRC 15926 ON406140 1447 Streptomyces aquilus GGCR-61 99.64 Streptomyces sp.
TBRC 15927 ON406141 1433 Streptomyces gramineus JR-43T 100.0 S. gramineus
TBRC 15928 ON406142 1366 Streptomyces netropsis NBRC 37237 99.19 Streptomyces sp.
TBRC 15929 ON406143 1451 Streptomyces adustus WH-9T 99.93 S. adustus
TBRC 15930 ON406144 1436 Streptomyces aquilus GGCR-6T 99.64 Streptomyces sp.
TBRC 15931 ON406145 1471 Streptomyces gramineus JR-43T 100.0 S. gramineus

Phylogenetic analysis based on the 16S rRNA gene sequence comparisons revealed
that TBRC 15927 and TBRC 15931 grouped within the genus Streptomyces where they
showed a high similarity to Streptomyces gramineus JR-43" (Figure 3).

Streptomyces violarus NBRC 13104 (AB184316)
10& Streptomyces arenae ISP 5293T (A]J399485)

yces hawaiiensis NBRC 127847 (AB184143)

Stre,

F

Streptomyces rhizophilus JR-41T (HQ267989)

Streptomyces gramineus JR-43T (HM748598)

100|| TBRC 15927 (ON406143)
99/ TBRC 15931 (ON406142)
Streptomyces lanatus NBRC 127877 (AB184845)

Streptomyces niveiscabiei S78T (AF361786)

F

Streptomyces cinnabarinus ISP 54677 (A]399487)

= Streptomyces capoamus JCM 47347 (AB045877)
Streptomyces bungoensis NBRC 157117 (AB184696)
63| Streptomyces longwoodensis LMG 20096" (A]781356)
s9L Streptomyces galbus DSM400897 (X79852)
Streptomyces seoulensis NBRC 16668T (AB249970)

100| Streptomyces recifensis NBRC 12813 (AB184165)

Streptomyces subrutilus DSM 404457 (X80825)

looq Streptomyces spororaveus LMG 203137 (A]781370)
97| Streptomyces nojiriensis LMG 200947 (A]781355)

Kitasatospora aureofaciens NBRC 139717 (AB184554)

—
0.005

Figure 3. Phylogenetic tree using neighbor-joining approach based on 16S rRNA gene sequences of
Streptomyces isolates. Kitasatospora aureofaciens NBRC 139717 was used as an outgroup. Bootstrap
values greater than 50% are displayed at branch nodes, based on 1000 replicates, and the scale bar
indicates 0.005 nucleotide substitutions per site.

2.4. Separation and Bioassay-Guided Fractionation
2.4.1. Paper-Disc-Diffusion Assay

Based on the antibacterial activity against S. epidermidis TISTR 518 and S. aureus
DMST 4745, the ethyl acetate crude extract of TBRC 15927 was selected for fractionation.
Separation was performed by column chromatography using silica gel as a stationary
phase, and 26 fractions were eluted with methanol in a dichloromethane gradient (Table S2).
Fraction 8 (red residue, 500 mg) was loaded onto a second silica gel column and 37 fractions
were eluted with acetone in a chloroform gradient (Table S3). Fractions 10, 22-31, and
36 were further selected for paper-disc-diffusion assay based on the yield of the crude
extract and chromatographic profile on thin layer chromatography. Fractions 22-31 (at
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concentration 5 pg/disc) impeded the growth of S. epidermidis TISTR 518 at 2448 h. Fraction
28 (16.2 mg) had the biggest zone of inhibition of 20.70 & 0.40 mm, followed by fractions
27 (47.8 mg), 26 (31.9 mg), and 23 (5.7 mg) (Table 3).

Table 3. Growth inhibition of Staphylococcus epidermidis (TISTR 518) from column chromatography
fractions of S. gramineus TBRC 15927 using the paper-disc-diffusion method.

Diameter of Inhibition Zone (mm) ¥

Sample
24h 48 h
Fraction 22 15.50 + 0.78 © 16.07 £ 0.12f
Fraction 23 1737 £ 0.35¢ 18.07 £ 0.42°¢
Fraction 24 16.83 £ 0.12<d 17.07 £ 0.124
Fraction 25 16.70 £ 0.10d 16.77 + 0.59 de
Fraction 26 1823 +0.15P 18.33 £ 0.15 be
Fraction 27 18.67 +£0.21b 18.80 £ 0.17P
Fraction 28 20.30 + 0.30@ 20.70 4 0.402
Fraction 29 16.43 +£0.29 4 16.40 £ 0.10 ¢
Fraction 30 15.50 + 0.35 © 1537 £ 0.128
Fraction 31 10.83 £ 0.29 8 9.23 £ 0.061
Chloramphenicol 10.43 +0.57 8 -
Streptomycin 11.90 =+ 0.30 f* 10.50 +0.10 b

¥ The value represents the mean = standard deviation of three replicate determinations. Controls: chloramphenicol
and streptomycin (5 pg/disc). -, no antibacterial activity. * Different lower-case letters in each column indicate
significant differences from Duncan’s multiple range test (p < 0.05, n = 3).

2.4.2. TLC-Bioautographic Assay

Based on the growth inhibition in the disc-diffusion assay, the yield of the crude extract,
and the chromatographic profile, fractions 10, 22-31, and 36 were investigated in a TLC-
bioautographic assay. The result of the TLC-bioautographic assay was similar to the results
from the disc-diffusion assay. However, the TLC-bioautographic assay revealed that antibac-
terial substances were located in fractions 22-31 (Figure 4). Among the 10 active fractions,
fractions 2628 were selected for the identification of active substances by LC-MS/MS.

Figure 4. Isolation of metabolites from Streptomyces gramineus strain TBRC 15927 using thin-layer
chromatography (TLC) of three fractions obtained by silica gel column chromatography. Solvent
systems (% v/v) for TLC development; f.26: mobile phase: 3% methanol in dichloromethane, {.27:
mobile phase: 5% methanol in dichloromethane, f.28: mobile phase: 7% methanol in dichloromethane
(a) inhibition zone of fractions 26-28, (b) TLC plate under ultraviolet light at 254 nm, (c) TLC plate
under ultraviolet light at 365 nm. Arrows (b,c) show active compounds that were developed on the
TLC plate, and (d) bioautographic assay of three derived fractions (20 ug/band), arrow indicates the
zone of inhibition of the antibacterial compound on the TLC plate.
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2.5. Detection of Actinomycins from Streptomyces gramineus TBRC 15927

The full-scan mass spectra of fractions 26-28 gave a high abundance of protonated
molecules in the positive ion mode, and therefore these fractions were used for further
studies that revealed three antibacterial compounds from fractions containing orange
pigments. The compounds are detailed below.

Compound I: the first component had a typical ESI-MS/MS of the compound with an
intense ion at m/z 1255.6372 [M + H]*, which was identical to the results observed with
actinomycin D (actinomycin Xj). The [M + H]* ion was selected as the precursor ion to
obtain the QTOF MS/MS spectra. The loss of 28 Da was attributed to the elimination of
a CO unit ([M + H-COJ"). The successive losses of 202, 97, and 99 Da gave the product
ions at m/z 1053.5019, 956.4521, and 857.3845 (Figure 5a), indicating the occurrence of
a Val-Pro-Sar-MeVal chain (398 Da) due to the successive losses of Sar-MeVal, Pro, and
Val from the precursor ion. The product ions at m/z 657.2666 and 558.1992 indicated
the occurrence of another Pro-Sar-MeVal residue, which was fragmented from the ions
at m/z 956.4521 and 857.3845, respectively. The loss of another Val-Pro-Sar-MeVal chain
(398 Da) from the ion at m/z 857.3845 generated the product ion at m/z 459.1300 which
represented the mother nucleus structure. Other ions at m/z 399.2605, 300.1922, 203.1365,
and 100.0390 were also detected, corresponding to the amino acid chain fragment ions of
[(H-Val-Pro-Sar-MeVal-OH) + H]*, [(H-Pro-Sar-MeVal-OH) + H]*, and [(H-MeVal-Sar-OH)
+ H]J*, respectively. Compound I was found in fractions 26-27.

(a) x104
554
54
454
4
354
34
254 857.3845
24
154
1
05{ 7583143  774.3459 8153765 8293393 8433685 875.3938 914.4413  928.4580
o " I, ;
" 760 770 780 790 800 810 80 830 840 850 860 8/0 830 80 900 910 920 930
Counts vs. Mass-to-Charge (m/z)
(b) o
554 857.3852
54
454
4
354
34
254 8713642
24
154
0;_ 7582939 7743470 7883272 8203890 8433681 ‘ ‘ 889.3757 9284586
" 760 7/0 780 7% 800 810 80 830 840 850 860 8/0 880 80 900 910 920 930
Counts vs. Mass-to-Charge (m/z)
(C) x104
554
54
454
4
354
34
2] 857.3859
24
154
1 873.3802
05{ 7583163 7743344  790.3384 829.3899 8433697 “ | 891.3860 928.4585
I,

70 7/0 780 790 800 8i0 820 ci'auomsvssﬁ]ass_tg'%ha’ggfgﬂz) 870 830 8% 900 910 920 930

Figure 5. QTOF MS/MS spectra of actinomycins at fragmentor voltage of CID@40.0. The blue box
highlights the targeted product ions specific to each identified actinomycin. (a) compound I was
identified as actinomycin D, (b) compound II was identified as actinomycin X, and (c) compound III
was identified as actinomycin Xgg.

Compound II: the results showed an accurate mass [M + H]* ion at m/z 1269.6193 and
gave the molecular formula Cg;HgsN12017. The molecular weight of compound II was
14 Da higher than that of compound I. The typical ions at m1/z 956.4537, 857.3852, 657.2669,
399.2607, and 300.1921 were similar to those observed for compound I, corresponding to
the loss of the Val-Pro-Sar-MeVal chain (398 Da). The presence of an ion at m/z 459.1307 in-
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dicated that the structure of compound II had the same mother nucleus as compound I.
It was noted that an ion at m/z 871.3642 (Figure 5b) was detected from compound II but
was not found in the spectra of compound I. The loss of 398 Da, producing the ion at m/z
871.3542 which was 14 Da higher than the ion at m/z 857.3852 for compound I, suggested
that the second amino acid chain on the structure of compound II had a composition other
than the Val-Pro-Sar-MeVal chain. Compound II was found in fractions 26-27.

Compound IIT: showed an accurate mass [M + H]* ion at m/z 1271.6355 and gave
the molecular formula CgpHggN12017. For this compound, the similar product ions at m1/z
956.4543, 857.3859, 657.2684, 399.2610, 300.1923, and 459.1310 were consistent with the
identification of the Val-Pro-Sar-MeVal; the loss of 398 Da gave the ion at m/z 873.3802
(Figure 5c) for compound III and 857.3815 for compound I, differing by 16 Da due to the
different amino acid chain. Compound III was found in fractions 27-28.

In order to characterize the different amino acid chains, techniques based on in-source
CID and QTOF MS/MS were applied for further investigations. Product ions at m/z 871.3642
and 873.3802 for compound II and compound III were particularly studied. By increasing
the fragmentor voltage from 10 to 40 V, the ion at m/z 1269.6193 was fragmented and the
fragment ion at m/z 871.3642 Da was produced. Then, the ion at m/z 871.3642 was selected as
the precursor ion and an MS/MS spectrum was generated (Figure 5b). The losses of 97, 117,
99, and 99 Da, producing ions at m/z 774.3470, 657.2669, 558.1992, and 459.1307, represented
the successive losses of Pro, L-Val, Val, and Val from the ion at m1/z 871.3642, respectively.
Therefore, the amino acid chain was assigned as Val-Val-L-Val-Pro. Due to the unavailability
of a reference compound, compound II was tentatively identified as actinomycin X;. We
employed the same method and obtained the MS/MS spectrum of the ion at m1/z 873.3802.
The fragment ions at m/z 774.3470, 657.2669, 558.1992, and 459.1310 corresponded to the
fragments of compound III due to the losses of 99, 117, 99, and 99 Da, indicating the presence
of the amino acid chain Val-Val-L-Val-Val chain and mother nucleus structure. Therefore,
compound IIT was tentatively assigned as actinomycin Xog. The accurate mass of [M + HJ*
and product ions of the actinomycins are presented in Table 4.

Table 4. Accurate mass of [M + H]* and product ions of the actinomycins analyzed by HPLC/ESI-
QTOF MS/MS of actinomycin compounds.

Compound tr Measurement Calculated Diff

P (min) (ml2) (m/2) (ppm)
Compound I: Actinomycin D (X;)

Fraction 26 28.430 1255.6372 1255.6358 —-1.15

Fraction 27 28.294 1255.6385 1255.6358 —-2.19

Fraction 28 28.249 1255.6379 1255.6358 -1.71

Standard Actinomycin D (X;) 28.411 1255.6368 1255.6358 —0.84

Compound II: Actinomycin X;

Fraction 26 28.590 1269.6193 1269.6150 —-3.37

Fraction 27 28.306 1269.6218 1269.6150 —5.34

Fraction 28 28.357 1269.6177 1269.6150 —2.11

Standard Actinomycin Xp 28.383 1269.6173 1269.6150 —1.80
Compound III: Actinomycin Xog

Fraction 27 28.129 1271.6326 1271.6307 —1.52

Fraction 28 28.167 1271.6332 1271.6307 —-1.99

2.6. Color Characteristics

Upon completion of the dyeing process, the dyed silk had a yellowish appearance
(Figure 6A). The colorimetric data of the dyed silk by the crude ethyl acetate extract of TBRC
15927 were performed with multiple measurements (n = 3). As illustrated in Figure 6B,
the CIE Lab value showed high L* values, indicating that the dyed silk fabric exhibited a
notable level of brightness. Furthermore, the a* and b* values for silk fabrics dyed with
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TBRC 15927 demonstrated a shift toward the green coordinate within the green—yellow
zone of the CIE Lab color space.

B
The color characteristics of dyed silk fabric
Sample L* a* b*
TBRC
15927 73.47 -1.31 31.46

Figure 6. Properties of dyed silk fabric. (A) Silk fabric after dyeing, (B) table presenting the color
characteristics of dye silk fabric [color strength, L*: lightness, a*: (+ value = red, — value = green)
b*: (+ value = yellow, — value = blue)]. (C) Antibacterial activity of coated silk fabric using qualitative
(AATCC 147-2011) (a,b) and quantitative (AATCC 100-2019) test methods (c,d) and 24 h incubation.

2.7. Antibacterial Activity of Dyed Silk Fabric

The results of the qualitative test method (AATCC 147-2011) demonstrated that the silk
fabric dyed with the TBRC 15927 crude extract was active against S. aureus ATCC 6538 but
not E. coli ATCC 25922 (Figure 6C(a,b)). When laid over bacteria colonies on agar, the dyed
fabric inhibited the growth of S. aureus ATCC 6538, forming an inhibition zone of 7.4 mm.
From the quantitative (AATCC 100-2019) tests, S. aureus ATCC 6538 had a percentage
reduction value of 99.99%, while for E. coli ATCC 25922, the reduction value was 47.90%.
The number of bacteria in the untreated fabric control were not reduced (Figure 6C(c,d)).

2.8. Cytotoxicity Assay

The ethyl acetate crude extract of TBRC15927 and doxorubicin cytotoxicity were
analyzed via the MTT assay using the mouse fibroblast L-929 cell line. Actinomycins
mixed with unknown compounds obtained from the crude extract significantly decreased
the cell viability in a concentration-dependent manner, showing in vitro cytotoxic activity
against the mouse fibroblast L-929 cell line with the ICsy value of 0.029 £ 0.008 ug/mL.
The crude extract displayed a high cytotoxicity compared to doxorubicin at a concentration
of 0.402 £ 0.040 ug/mL (Table 5).

Table 5. ICs5, values, determined by MTT assay of ethyl acetate crude extract of TBRC 15927.

Sample ICsp Values from MTT (ug/mL)
Crude extract TBRC15927 0.029 4+ 0.008 *
Doxorubicin 0.402 + 0.040

Data are shown as means (n = 3) +SD from three independent experiments. * p value of <0.05 Doxorubicin:
positive control.
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3. Discussion

Due to their capacity to produce biologically active secondary metabolites, actinobac-
terial communities are one of the prokaryote sources that have received particular attention.
Several actinobacterial groups are stable in bulk soil and plant rhizospheres, but Strep-
tomyces spp. are the most prevalent because of their potential to produce antibiotics. In
this study, we isolated 194 actinobacterial strains from soil under perennial plants grow-
ing in a botanical garden in Thailand. We found that starch casein agar was the best
medium for isolating actinobacteria (81 isolates: 41.75%), which was similar to the stud-
ies of Zothanpuia [34] and Geetanjali & Jain [35]. Starch casein agar is most commonly
employed for isolating saccharolytic bacteria because it contains a variety of nutrients,
vitamins, and sea salt that support the growth of terrestrial [36,37] and marine microorgan-
isms [38]. Among the soils sampled, Streptomyces isolated from under Magnolia baillonii
and M. rajaniana harbored pigment producers with antibacterial properties (Table S1). In
our study, TBRC 15927 and TBRC 15931, which were isolated from under Magnolia baillonii,
exhibited pigment-producing antibacterial properties. These findings suggest that different
root environments may favor particular assemblages of Streptomyces.

In previous studies on the production of secondary metabolites, many natural sub-
strates have been utilized due to their numerous advantages, such as producing more
stable products, requiring less energy, and facilitating downstream processing [39]. In our
screening program, among 194 isolates, 44 pigment-producing isolates were cultured on
broken rice as a natural solid substrate. The examination of forty-four crude ethyl acetate
extracts against Gram-positive and Gram-negative bacteria resulted in the selection of eight
isolates for sequential maceration extract. These isolates tested positive for antibacterial
activity against Gram-positive bacteria and they were identified as Streptomyces. Two of
these isolates, Streptomyces sp. TBRC 15927 and TBRC 15931, contained a similar group of
actinomycin called actinomycin X, (Figure S1).

According to a phylogenetic analysis of the 165 RNA gene region, isolates TBRC
15927 and TBRC 15931 were grouped in the same clade and exhibited 100% homology to
Streptomyces gramineus strain JR-43T. Strain JR-43T was initially described as a novel species
isolated from the rhizosphere soil of bamboo (Sasa borealis) [40]. This strain was reported
to produce a yellow pigment on International Streptomyces Project (ISP)-4 and was able
to support the growth of phytopathogenic Xanthomonas spp. However, the antibacterial
agent remains unknown. Pigment production on solid media was regularly observed when
actinobacteria from different resources were isolated. There have been reports of various
colors, including blue, yellow, and red [40—42].

Silk fabric is a popular and widely used material in many countries. However, it is
important to note that bacteria can inhabit this cloth due to its natural fibers. Natural fiber-
based cloths can play a significant role in transmitting pathogens [43]. According to research,
bacteria can survive on 100% cotton, blended cotton, and silk fabrics for various lengths of time
due to the fabric structures [44]. Additionally, fabrics that absorb liquid more effectively also
provide a more favorable environment for bacterial growth. Although plants are the primary
source of natural dye, their availability is limited. As they are renewable and biodegradable,
microbial dyes can be substituted. Microbial dyes may possess antimicrobial properties, so
they could be a good and readily accessible source of natural dyes [45].

Only a few of the many research efforts seeking pigment-producing isolates with
antimicrobial activity have had a focus on their end use as fabric dyes [46]. It is, therefore,
highly desirable to limit the growth of bacterial contamination while fabrics are being
used and stored. This study successfully selected the best strain using dereplication
techniques such as rapid screening on broken rice as a solid substrate culture, bioassay-
guided fractionation, and MS analysis to find the active substances in crude pigments. We
conclude that broken rice is a cost-effective production method for antibacterial production.
Solid substrates play a significant role in the production of various antibiotics, including
actinomycins [16,47,48]. Our research has effectively isolated an antibacterial pigment from
Streptomyces gramineus TBRC 15927 that gives raw silk a light-greenish yellow sheen.
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In our study, the actinomycin X complex was present in the ethyl acetate crude extracts.
Actinomycins, a family of chromogenic lactone peptide antibiotics that differ only in the
peptide portion of the molecule, were first reported in 1940 [25]. More than 40 actinomycins
have been widely researched and clinically applied due to their excellent antibacterial,
antitumor, and antiviral activities, but few have been used as textile colorants [49]. In
this study, actinomycin D, actinomycin X, and actinomycin Xog were identified by a
comparison of their MS data with those reported in the literature. Similarly, actinomycin
D, actinomycin X, and actinomycin Xog were identified by MS and NMR techniques
from Streptomyces heliomycini [50]. In our study, we employed TLC-bioautography, a
method that is not only simple and inexpensive but also highly sensitive and specific [51].
This technique enabled the identification of actinomycin D and Xy from Streptomyces sp.
Av-R5, as well as actinomycin D and X, from Streptomyces smyrnaeus UKAQ_23 [19,52].
Due to the presence of actinomycins (actinomycin D, X5 and Xpg) in the ethyl acetate
crude extract of TBRC 15927, the antibacterial activity against Staphylococcus aureus DMST
4745 and Staphylococcus epidermidis TISTR 518 was highly effective. Actinomycin D has a
bacteriostatic effect on many Gram-positive bacteria [53] and has been shown to inhibit
biofilm formation in S. aureus [54] and S. epidermidis [55]. Actinomycin X, and Xy have
often been isolated along with actinomycin D [31,50,52] and recently, actinomycin L, a new
member of the actinomycin family, was reported from Streptomyces sp. MBT27 [31]. In
our study, actinomycin-dyed silk fabric exhibited antibacterial activity greater than 99.99%
against S. aureus ATCC 6538, as measured by the AATCC 100-2019 quantitative test method.
Chen et al. found that silk fabric dyed with actinomycin X, showed a high antibacterial
activity (>95%) against S. aureus when tested using AATCC 100-2012 [20].

Our results indicate that the crude extract from Streptomyces gramineus TBRC 15927
was not toxic to the L-929 mouse fibroblast cells, with an ICsy value of 0.029 £ 0.008 pg/mL
(0.029 ppm). According to the report by Ramirez-Rodriguez et al. [56], the toxicity of
the L-929 mouse fibroblast cells was tested with Doxorubicin (1-25 ppm) as a standard
substance. They concluded that crude extracts with an ICsp value of less than 50 ppm
are not significantly toxic to mammal cells. Several yellow microbial pigments, such as
arugosin A [46], carotenoids [57], flavins [58], and melanin [46], have potential as textile
dyes. Predominantly classified as secondary metabolites, these pigments may possess
inherent biological activities, including some antimicrobial properties. Furthermore, their
photostability and thermal stability qualify them as suitable candidates for textile colorants.
Despite the potential, the successful incorporation of these pigments into textile matrices
remains challenging. At present, microbial pigments of red, pink, violet, blue, and brown
spectra have been effectively applied to textiles. Moreover, it is noteworthy that the
majority of microbial pigments necessitate the use of mordants to enhance their substantive
properties on textiles.

In our investigations, however, we have identified that the crude ethyl acetate extract
derived from TBRC 15927 exhibits the capacity to dye silk without the requirement of any
additional mordanting agents. The present study confirms the presence of actinomycin D,
actinomycin X, and actinomycin Xpg in the extracts, which are likely contributors to the
observed pigmentation. However, the complexity of natural product extracts raises the
possibility of other pigmented molecules. To better understand their specific contributions,
the researchers propose further purification and testing of individual color properties
and combinations. Further studies will be conducted to isolate and identify pigmented
molecules, enhancing the research.

This finding potentially initiates a new trajectory in the exploration of mordant-free
microbial pigments for silk textile applications. Further studies are needed to validate
these promising initial results and to explore the full potential of these naturally derived
microbial colorants.
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4. Materials and Methods
4.1. Soil Sampling and Isolation of Actinobacteria

Soil samples were collected from under Phanera siamensis (K.Larsen & S.S.Larsen)
Mackinder & R. Clark, Cinnamomum parthenoxylon (Jack) Meisn., Grevillea pteridifolia Knight,
Magnolia baillonii Pierre, and Magnolia rajaniana (Craib) Figlar growing in the Romklao
Botanical Garden under the Royal Initiative, Phitsanulok, Thailand. To avoid contamination
with other surfaces, soil samples (100 g) were taken in triplicate at 10-20 cm depth from
under the canopy of each plant. Each soil sample was allowed to air-dry, then the soil
was sieved through a 0.2 mm sieve and stored at 4 °C. Ten-fold serial dilutions of the
soil samples were conducted using sterile distilled water. Soil suspensions (100 pL) from
appropriate dilutions (1071-10~%) were spread onto actinomycete isolation agar (AIA,
composition per liter: sodium propionate: 4.0 g, sodium caseinate: 2.0 g, K;HPO4: 0.5 g,
L-asparagine: 0.1 g, MgSOy4-7H,0: 0.1 g: FeSO4-7H,0: 0.001 g, agar: 15 g; pH 7.0), oatmeal
agar (OMA, composition per liter: oatmeal: 30 g, agar: 15 g; pH 7.2), peatmoss extract agar
(composition per liter: 200 g of peatmoss was extracted by 50 mM NaOH solution and agar
15 g; pH 5.0), and starch casein agar (SCA, composition per liter: soluble starch: 10 g, casein
hydrolysate: 0.3 g, KNOs: 2.0 g, NaCl: 2.0 g, K;HPO4: 2.0 g, MgSO4.7H,0: 0.05 g, CaCOs:
0.02 g, FeSO4.7H,0: 0.01 g, agar: 15 g; pH 7.2). To selectively isolate actinobacteria, media
were supplemented with 50 ng/mL cycloheximide and 100 pg/mL nalidixic acid [59,60].
The plates were incubated at 30 & 2 °C until pure single colonies appeared (7-14 days). All
colonies obtained from the four different media were streaked on International Streptomyces
Project-2 (ISP-2) agar (composition per liter: malt extract: 10 g, yeast extract: 4 g, dextrose
anhydrous: 4 g, agar: 15 g; pH 7.2), to compare the colonies using a stereomicroscope. Based
on pigmentation on ISP-2 agar and colony form, 194 isolates were selected for preliminary
study. Where more than one colony from a single source was identical in appearance, we
chose one. Single colonies with filamentous features were selected and streaked on ISP-2
agar and incubated at 30 £ 2 °C for 7 days. The actinobacterial isolates were preserved at
—80 °C in the presence of glycerol (25% v/v) and maintained in the Thailand Bioresource
Research Center (TBRC), Thailand.

4.2. Screening for Pigment Production and Antibacterial Activity of Pigments
4.2.1. Solid-State Fermentation

As a substrate for solid-state fermentation, broken rice purchased locally was used
to perform preliminary screening for pigment producing isolates. The broken rice was
thoroughly washed with distilled water and 30 g of imbibed broken rice was added to glass
bottles. The substrate was autoclaved for 20 min at 121 °C. Three actinobacterial mycelial
plugs (5 mm diameter) from 3-day-old fresh cultures on ISP-2 agar were inoculated into
each bottle and incubated at 30 &= 2 °C for 7 days. The solid culture was air-dried in a
hot-air oven at 60 °C for 3 h and then ground.

4.2.2. Production of Ethyl Acetate Crude Extract

The dried samples obtained from Section 4.2.1 were extracted using a maceration
method as described in previous studies [61]. The samples were submerged in ethyl acetate
in a static condition for 8-12 h and stored in the dark. After filtering each sample, the
filtrate was evaporated using a rotary evaporator to produce the ethyl acetate crude extract.
The obtained crude extract was then uniformly adjusted to a concentration of 5 mg/mL
using ethyl acetate.

4.2.3. Preparation of Media

Nutrient agar was prepared according to the manufacturer’s instructions (HIMEDIA)
using aseptic technique. Before use, sterilized nutrient agar was poured into Petri dishes
and allowed to solidify at room temperature. Prepared agar plates were stored in a cool
room until use.



Molecules 2023, 28, 5949

13 0f 18

4.2.4. Test Microorganisms

Escherichia coli TISTR 527 and Staphylococcus epidermidis TISTR 518 were obtained from
the Thailand Institute of Scientific and Technological Research (TISTR).

Pseudomonas aeruginosa DMST 15501 and Staphylococcus aureus DMST 4745 were ob-
tained from the Department of Medical Sciences Thailand (DMST).

4.2.5. Bioassay for Antibacterial Activity

Antibacterial activity of the extracted pigment was examined by Kirby—Bauer disc
diffusion susceptibility test and paper-disc-diffusion assay as described in [62,63]. The
inoculum suspension was prepared by selecting several colonies on the surface of the
solid nutrient agar and transferring three loopfuls into 5 mL of sterilized nutrient broth in
18 x 150 mm test tubes. The cultures were incubated at 37 °C at 150 rpm on an incubator
shaker for 24 h. The bacterial suspension was diluted with sterilized nutrient broth to an
ODggg of 0.1, which corresponds to approximately 10°~108 CFU/mL. A total of 100 L of
bacterial suspensions was spread on agar plates.

Then, 20 pL of the ethyl acetate crude extracts (100 pg/disc) obtained from Section 4.2.2
was loaded onto sterile filter paper discs (6 mm), and the discs were air-dried in a biosafety
cabinet for 30 min. Paper discs containing crude extracts were carefully placed on the
bioassay plates. The bioassay plates were kept in an incubator chamber at 37 £ 2 °C for
24 h. Later, the diameter of the inhibition zone was measured (in mm) using a Vernier
caliper. Chloramphenicol was used as a positive control (30 pug/disc). Experimental data for
antibacterial activity (inhibition zone size) were compared with the control using Duncan’s
new multiple range test (p < 0.05, n = 3). The most potent pigment-producing strains with
antibacterial activity and yield of the crude extract were selected for further study.

4.3. Identification of Actinobacteria and Phylogenetic Analysis

In this study, eight isolates of Streptomyces with ability to produce pigments and
with antibacterial activity (results obtained from Sections 4.2.1 and 4.2.5) were selected for
identification. Genomic DNA was extracted and used for amplifying the 16S rRNA gene
with the 27F primer (5-AGA GTT TGA TCM TGG CTC AG-3’) and 1492R primer (5'-TAC
GGY TAC CTT GTT ACG ACT T-3') [64], and the purified PCR products were commercially
sequenced at Macrogen, Korea. The 165 rRNA gene sequences obtained were compared to
phylogenetic neighbors in the EzBioCloud database (http://www.ezbiocloud.net/ accessed
on 7 July 2022). Phylogenetic trees based on a neighbor-joining approach were constructed
and analyzed using the MEGA software package (Version 11) [65]. Bootstrap analysis with
1000 resampled datasets was used to evaluate the resultant tree topology. The nucleotide
sequences were then submitted to GenBank database to obtain accession numbers.

4.4. Pigment Production and Extraction

The findings obtained from Section 4.2.5 were the basis of this experiment. Eight strains
of actinobacteria obtained from glycerol stock (25% v/v) were streaked on International
Streptomyces Project ISP-2 agar and incubated at 30 £ 2 °C for three days. Later, each isolate
was inoculated into ISP-2 broth and incubated for 3 days at 30 & 2 °C on an orbital shaker
at 150 rpm for use as seed culture. A 10% (v/w) inoculum was introduced to 1 L Erlenmeyer
flasks containing 250 g of sterilized broken rice and incubated for 7 days at 30 £ 2 °C. After
the incubation period, the solid culture on the broken rice was placed in a hot-air incubator
at 60 °C for 3 h. Each sample was sequentially macerated and successively extracted with
five organic solvents: ethyl acetate, methanol, 70% (v/v) ethanol, and 95% (v/v) ethanol in
increasing polarity order [66,67]. The ratio of the dried sample and solvent was 1:2 (w/v).
The extracts were left overnight at room temperature. In order to obtain the crude extracts,
the samples were filtered and evaporated in a rotary evaporator and stored at 4 °C.
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4.5. Separation

Ethyl acetate crude extract (3 g) was separated by column chromatography (CCI;
33.5 x 3 cm) onssilica gel with methanol in a dichloromethane gradient and collected every
10 min to obtain 26 fractions (Table S2). Separation of fraction 8 (500 mg) was conducted
using a silica gel column (CCII; 23.5 x 1.5 cm) and eluted with acetone in a chloroform
gradient. Fractions were collected every 2 min to obtain 37 fractions (Table S3). All fractions
were subsequently evaluated using paper-disc-diffusion and bioautographic assay [17,68].

4.6. Bioassay-Guided Fractionation
4.6.1. Paper-Disc-Diffusion Method

In this study, Staphylococcus epidermidis TISTR 518 was selected to test for antibacterial
activity with samples from 37 fractions using the paper-disc diffusion method as described
earlier. These samples obtained from CCII were prepared at 5 ug/disc. A disc containing
20 pL of solvents was used as a negative control, while streptomycin (5 pg/disc) and
chloramphenicol (5 ng/disc) were used as positive controls.

4.6.2. TLC-Bioautographic Assay

Based on its susceptibility, Staphylococcus epidermidis TISTR 518 was selected as the test
organism in this study. To prepare the bioassay plates, three loopfuls from the colonies from
nutrient agar were transferred into 5 mL of sterilized nutrient broth in an 18 x 150 mm test
tube. The culture was incubated at 37 °C at 150 rpm on an incubator shaker for 24 h. The
bacterial suspension was diluted with sterilized nutrient broth to an ODgq of 0.1, which
corresponds to approximately 107 CFU/mL. Bacterial density was adjusted using sterilized
nutrient broth. The culture was inoculated on the surface of the nutrient agar plates.

Following Yamag and Bilgili [69], the TLC-bioautographic test was used in this study.
Based on the findings from the paper-disc-diffusion method and the dried weight of the
eluted fractions, the selected fractions (fractions 10, 22-31, and 36) were subjected to TLC
using aluminum foil-backed silica gel 60 F,s4 plates (Merck KGaAA®, Darmstadt, Germany,
2 x 9 cm). A sample from the selected fractions was dissolved in methanol:dichloromethane
(1:1) to give 200 pg/mL of solution. Then, 10 pL of solution was applied to the plate which
delivered a concentration of 20 pg/spot. Each fractional sample was developed on a mobile
phase using an optimized system. Sample 10 was set on a TLC plate utilizing a mixture of
chloroform and acetone (1:1) as the mobile phase. In contrast, samples 22-31 and 36 were
subjected to varying concentrations of methanol in dichloromethane (Table S4). The TLC
strips were then aseptically placed on the nutrient agar surface which was already seeded
with the test bacterium. The plates were left at room temperature for 1 h to allow the active
metabolites from the TLC strips to diffuse. Following that, the plates were incubated for
24 h at 37 °C while being observed for the growth of inhibitory zones. The molecular
weight of compounds in the active fraction was obtained by mass spectrometry.

4.7. LC-ESI-Q-TOF-MS/MS

From the results of the bioautographic assay, fractions 2628 were selected for LC-
MS/MS analysis on Q-TOF (Agilent Technologies, Palo Alto, CA, USA) as described by
Jumpathong et al. [16]. Dereplication of those features was performed by comparing
the accurate masses and fragmentation patterns obtained in MS/MS analysis against the
chemistry database ChemSpider and by comparison with MS data previously reported in
the literature [70].

4.8. Color Characteristics and Determination of Antibacterial Activity on Dyed Silk Fabric
4.8.1. Color Characteristics

Silk thread was obtained from local villagers and used to weave undyed fabric. Silk
fabric pieces (21 x 29.7 cm, 71.98 g) were boiled for 20 min to remove fat before drying.
The fabric was soaked for 1 h at room temperature in a solution of the crude ethyl acetate
extract obtained from TBRC 15927 (1.67 g) dissolved in 200 mL of ethyl acetate. After the
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samples were dyed, the fabrics were rinsed with distilled water and air-dried on the bench.
Each test was performed twice. The dyed silk was assessed using a portable colorimeter
CR400 (Konica Minolta, Japan) with CIELAB color system (Hunter Associates Laboratory
Inc., Reston, VA, USA). The CIE Lab value is presented by L* (lightness), a* (with positive
values corresponding to red and negative values to green), and b* (where positive values
indicate yellow and negative values denote blue).

4.8.2. Determination of Antibacterial Activity on Dyed Silk Fabric

The antibacterial activity of the bioactive crude extract of TBRC 15927 on the silk
fabric was tested against Staphylococcus aureus ATCC 6538 and Escherichia coli ATCC 25922
using the standard methods of the American Association of Textile Chemists and Colorists
(AATCC), namely the AATCC 147-2011 [71] qualitative test and the AATCC 100-2019 [72]
quantitative test. These are called an agar diffusion test and suspension test, respectively.

4.9. Cytotoxicity Assay

The standard colorimetric MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) assay with the L-929 cell line (mouse fibroblast) was performed. Briefly, L-929 cells
were grown in DMEM (Invitrogen) supplemented with 50 units/mL penicillin (Invitrogen)
and 100 pug/mL streptomycin (Invitrogen) and kept at 37 °C and 5% CO, in a humidified
incubator. Cells were dispensed into 96-well plates at a density of 2 x 10* cells/well.

The ethyl acetate crude extract of S. gramineus TBRC 15927 was tested at concentrations
of 0.008, 0.016, 0.032, 0.064, and 0.128 png/mL. The cell viability was then determined using
a cytotoxicity assay according to the procedure described by Sriwiriyajan et al. [73]. A
microplate spectrophotometer was used to measure absorbance at 570 and 650 nm. Dox-
orubicin was used as the positive control. Cytotoxicity was expressed as the concentration
of the compound inhibiting growth by 50% (ICsp).

4.10. Statistical Analysis

All tests were conducted in three replicates. Data were subjected to analysis of variance
(ANOVA) followed by Duncan’s multiple range test (p < 0.05) using SPSS Statistics 17.0 for
Windows (Trial version).

5. Conclusions

Streptomyces gramineus TBRC 15927 isolated from soil under Magnolia baillonii produced
a yellow pigment with antibacterial properties. The active molecules identified in the crude
ethyl acetate extract were actinomycin D (or X;), actinomycin X;, and actinomycin Xog.
Pigments containing actinomycins as antibacterial agents have potential for commercial
use as silk fabric dyes. This study provides a scientific basis for applying pigments derived
from Streptomyces to silk fabric and identifies a role for the actinomycin X complex in the
production of natural dyes for the textile industry.
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mdpi.com/article/10.3390/molecules28165949 /51, Figure S1: QTOF MS/MS spectra of actinomycins
at fragmentor voltage of CID@40.0, (A) actinomycin X, detected in the crude ethyl acetate extract of
TBRC 15931 (code TN166), (B) sample of standard actinomycin X,; Table S1: detail of Streptomyces
isolated from soils and accession numbers in GenBank; Table S2: fractionation using silica gel column
chromatography no. 1 column (size 33.5 x 3 cm 3000 mg); Table S3: fractionation using silica gel
column chromatography no. 2 column (size 23.5 x 1.5 cm, 500 mg). Table S4: Solvent systems (%
v/v) for dissolving the selected fractions and for TLC development.
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