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Abstract

Background
A highly effective and environmentally friendly method of controlling weeds is biological herbicides,
which typically constitute of naturally secondary metabolites, such as bioherbicidal metabolites
produced by Streptomyces sp. However, the isolation of phytotoxic compounds from pathogenic
Streptomyces has not been fully studied.

Results
Here, a total of 50 strains of Streptomyces genera were isolated from the potato tubers with typical
common scab (CS) symptoms using the culture-dependent method. The radish seedling test indicated
that 32 fermentation broths of potato common scab-associated Streptomyces could produce phytotoxic
metabolites that affect the normal growth of radish seedlings’ radicles. Of note, two potential new
pathogens (NKY-4 and L7-2) of potato scab were discovered by combining the methods of radish
seedlings, potato tuber slices, and PCR detection of pathogenic genes txtAB. Moreover, the phytotoxic
test demonstrated that the fermentation broths of 31 strains exhibited phytotoxic activities against at
least one of the tested weeds (Echinochloa crusgalli, Digitaria sanguinalis, and Abutilon theophrastis).
Furthermore, one novel metabolite and three known compounds, including new N-(2,5-
dihydroxyphenyl)-3-acetamide-4-hydroxybenzamide (1), thaxtomin A (2), nicotinic acid (3) and pyrrole-2-
carboxylic acid (4) were isolated from S. bottropensis (AMCC400023). Among them, compound 2
exhibited strong phytotoxic activity against E. crusgalli, D. sanguinalis, and A. theophrast with IC50 values
of 0.99, 0.78, and 1.95 µg/mL, respectively, which was comparable to those of the positive control 2,4-D.

Conclusions
Based on the results of these findings, phytotoxic metabolites from the potato scab pathogen may be
one of the effective ways to develop new biological herbicides.

Background
Weeds are one of the most universal and challenging problems faced by agricultural production
worldwide, causing detrimental effects on both crop yields and production costs. Generally, the control
of weeds mainly includes physical control and the use of chemical or biological herbicides [1]. Physical
weeding is mainly completed by manual and mechanical means, which is labor- and time-intensive and
with adverse effects on the soil [2]. At present, chemical herbicides have high efficiency in controlling
weeds, but alter the balance of environmental ecosystems. Problems specifically manifest as herbicide
resistance in agrestal weeds, accumulation of toxic substances changes the soil and water environment,
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and dangerous to human health [3, 4]. Therefore, the search for environmental-friendly biological
herbicides has drawn much more attention [5].

Biological herbicides are secondary metabolites or microbial agents that are produced by
microorganisms such as fungi, bacteria, and actinomycetes [6]. The rationale for biological herbicides is
to cause plant phytotoxic activities that affect the normal growth of plants through the phytotoxins
produced by microorganisms [7]. Streptomyces is rich in natural products with structurally diverse and
phytotoxic activities, which might be used to create as a good candidate for biological weed control [8].
For instance, the compound rubiginone D2 with strong herbicidal activity was purified and identified from
Streptomyces sp. KRA18-249, which was isolated from a natural recreational forest [6], and herbicidins A
and B produced by S. saganonensis also had potent herbicidal activity [9].

Up to now, more than 900 Streptomyces species have been described, and relatively few species have
the capacity to cause plant diseases, such as elicit scab symptoms on potato, radish, beet, and other tap
root crops [10, 11]. Among them, S. scabies was the first species to be identified as the cause of
common scabs on potatoes, which adversely affects its quality [12]. Thaxtomin A (TA), the main
phytotoxin produced by the pathogen S. scabies, not only induced scab symptoms on the surface of
healthy potato stems, but also exhibited potent herbicidal activity against weeds [13, 14]. In addition, the
severity of potato scab outbreaks is rising, causing new pathogens Streptomyces spp. are constantly
being discovered, which are due to continuous potato cropping and the increasing resistance of
pathogens against bactericides [15]. Therefore, identifying undiscovered new pathogens from potato
scabs and isolating phytotoxins has become a fundamental and urgent issue.

In this study, we isolate and purify cultivable actinobacteria from potato tubers with lesions by using
culture-dependent, assessed the pathogenicity and herbicidal activity of culturable actinobacteria.
Additionally, we described the isolation, and structural characterization of secondary metabolites
produced by one pathogenic for pathogen (S. bottropensis AMCC400023) with herbicidal activity.

Materials and methods

Sample collection
Potato samples with typical CS symptoms were collected from Anhui Academy of Agricultural Sciences,
Hefei, China (GPS: 31◦53ʹ N, 117◦20ʹ E) and Wuwei, China (GPS: 37◦94ʹ N, 102◦61ʹ E), respectively, in
December 2020 and September 2021.

Isolation of actinobacteria
The potato tubers with typical CS symptoms were selected for isolation of actinobacteria. The samples
were washed to discard soil residues, then placed on sterile filter paper and air dry naturally in dark
conditions. For each isolation, small pieces (1 cm2 × 0.5 cm) were cut from typical potato scab lesions
with a sterile scalpel. Then, the cut lesion tissue was separately placed in 10 mL 75% ethanol for 20-30s
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[16], followed by soaking them in sterile water for three times and fully homogenized separately in 10 mL
of sterile water. Lastly, an aliquot of 100 µL serial dilution (10− 1, 10− 2, 10− 3) of homogenates was spread
to twelve different actinobacteria-selective media types [17] (Table S1), including actinobacteria isolation
agar (AIA), cellulose-casamino acid (CCM), B4 medium, Gause’s No. 1 (G1), glucose-yeast-malt (GYM),
luria bertani (LB), ISP medium No.2 (ISP2), ISP medium No.4 (ISP4), oatmeal agar (OMA), Reasoner’s 2A
agar (R2A), starch casein agar (SCA), minimal medium (MM). All isolation media were supplemented
with a final concentration of 75 mg/L nystatin, 25 mg/L nalidixic acid, 100 mg/L cycloheximide, and 50
mg/L potassium dichromate to suppress Gram-negative bacterial and fungal growth [18]. Incubation
proceeded at 28°C for 1–4 weeks until colonies appeared. Typical Streptomyces colonies were purified
by single spore methodology and transferred onto Gause’s No.1 agar. All isolates were preserved on
slants at 4 ℃ or stored in 10% glycerol (-80 ℃).

Identification and phylogenetic analysis of isolates
Isolates were cultivated on G1 medium at 28 ℃ for one week, then initially identified by their phenotypic
characteristics including the characteristics of colonies on plates and production of diffusible pigment.
All isolates were further identified based on 16S rRNA gene sequencing [19]. The 16S rRNA gene of
isolates was amplified using 2 × Taq Plus Master Max Ⅱ (Day Plus) and the specific primer pair 27F (5′-
TCCTCCGCTTATTGATATGC-3′) / 1492R (5′-GGTTACCTTGTTACG ACTT-3′), with the following PCR
conditions: 95°C for 3 min, and 33 cycles of (95°C for 20 s, 56°C for 20 s, 72°C for 90 s), followed by 72°C
for 70 min. In addition, the trpB and rpoB gene of four strains (NKY-15, NKY-17, L7-2 and NKY-4) was
amplified using the specific primer pair trpB-F (5′-GCGCGAGGACCTGAACCACACCGGCTCAC-3′) / trpB-R
(5′- TCGATGGCCGGGATGATGCCCTCGG-3′) and rpoB-F (5′-GAGCGCATGACCACCCAGGACGTCGAGGC-3′)
/ rpoB-R (5′-CCTCGTAGTTGTGACCCTCCCACGGCATGA-3′) [20]. The PCR products were sent to Tsingke
Biotechnology Co., Ltd. (Nanjing, China) for sequencing, then the sequencing results were submitted to
EzTaxone server [21] (https://www.ezbiocloud.net/) for comparison with type material sequences. The
16S rRNA gene sequences obtained in this study were deposited in the GenBank database (accession
numbers OR186221-OR186270). The rpoB gene and trpB gene of four strains (NKY-15, NKY-17, L7-2 and
NKY-4) sequences obtained in this study were deposited in the GenBank database (accession numbers
PP212887- PP212890 and PP212891- PP212894).

Pathogenicity tests
Virulence assays of isolated strains on radish seedlings were performed according to the reported
method [16]. The radish seeds were washed with sterile water and placed in culture dish moistened with
sterile filter paper to induce germination for 24 h. 30 seeds were allowed to grow for 4 days (at 24 ℃) in
Petri dishes (9 cm diameter) containing 5 ml of Actinomyces fermentation broth. Then root length of
each seedling was recorded. The negative control was sterile water and the positive control was S.
bottropensis AMCC400023.

The maceration ability of the isolated strains was evaluated by performing the potato tuber slice assay
as previously described [22]. Firstly, the fresh potato tubers (no lesion on the surface) were washed with
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water, then soaked and disinfected in 75% anhydrous ethanol for 5 minutes, washed in sterilized tap
water. The 2 cm thick potato slices with a diameter of 15 mm were placed on moistened filter paper in
90 mm Petri dishes. Five strains (AMCC400023, L7-2, L7-7, NKY-4, and G1-67) with potent inhibitory
activity on radish seedlings were selected to grow on G1 medium for one week at 28°C. Following
incubation, agar plugs (5 mm diameter) containing sporulating colonies were sampled and placed at the
centre of each tuber slice. Potatoes were incubated at 28°C for 7–10 days and observed for severity of
browning and necrosis of potato tuber slice. The G1 solid culture medium and AMCC400023 were used
as the negative and positive controls, respectively. All experiments were repeated in triplicate.

The txtAB gene was involved in the biosynthesis of the main toxin (thaxtomins) of potato scab
pathogens [23]. Some genes including nec1 and tomA were also somehow required for the virulence. But
the prevalence of CS pathogens without txtAB genes was either very rare [24]. We used the most
common pathogenic genes txtAB to perform pathogenicity validation on the isolated strains.
Polymerase chain reaction was used to amplify txtAB, and the specific primer pair were txtAB-F (5′-
CCACCAGGACCTGCTCTTC-3′) / txtAB-R (5′-TCGAGTGGACCTCA CAGATG-3′) [23]. Finally, the reactions
were analyzed by 1.2% agarose gel electrophoresis.

Screening for phytotoxic activities
32 strains with inhibitory activity to radish seedlings were selected for small-scale fermentation to
screen for further test of herbicide activity. The strains were grown in 150 mL G1 liquid medium in 250
mL Erlenmeyer flask at 28 ℃, 180 rpm for 7 days. The fermentation broth of cultures was obtained by
filtering through cotton gauze, and screened for potential herbicidal activity against two
monocotyledonous weeds, E. crusgalli and D. sanguinalis, and a dicotyledonous weed, A. theophrasti by
the method described in the previous literature [25]. 30 pregerminated seeds with consistent status were
selected to place in Petri dishes (9 cm diameter) with filter paper, and filled with 5 ml of Actinomyces
fermentation broth. Distilled water and 2,4-dichlorophenoxyacetic acid (2,4-D, Shanghai Chuangsai
Technology Co., Ltd.) were used as negative and positive controls, respectively. After 2–3 days, the
length of the radicle of each weed seed was measured.

Isolation and characterization of secondary metabolite
Based on bioassay-oriented, the strain S. bottropensis AMCC400023 with significant herbicidal activity
was selected for identification of compounds in this study. The strain AMCC400023 was inoculated into
a 250 mL Erlenmeyer flask containing 150 mL of SCM3 liquid medium and incubated at 28 ℃ (180 rpm)
for 3 days. The seed inoculates were then transferred to 400 mL of the same medium in 1000 mL
Erlenmeyer flasks, and cultured at 28 ℃ (180 rpm) for 7 days. The fermentation broth (16 L) was filtered
through four layers of gauze, and the supernatant extracted three times with EtOAc. The ethyl acetate
fractions were concentrated in vacuo with the aid of a rotary evaporator to obtain crude extract (6.0 g).

The crude extract was fractionated into seven fractions (100:0, 100:1, 100:2, 100:4, 100:8, 100:16, and
100:32, v/v) by silica gel column (200–300 mesh) using a dichloromethane (CH2Cl2) and methanol
(MeOH) gradient. Fraction 5 was further purified on a silica gel column, and followed by fractionation on
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a Sephadex LH-20 column (MeOH) to yield compound 1 (120 mg) and subfraction (R1). The subfraction
R1 was recrystallized from methanol, yielding an orange-yellow crystals 2 (148 mg). The fraction (Fr 4)
was repeatedly purified on silica gel using CH2Cl2/MeOH (100:1, 100:2, 100:4) to give compound 3 (10
mg). Fr 2 was fractionated by silica gel column chromatography (CH2Cl2/MeOH) and recrystallized from
methanol to give compound 4 (30 mg).

Structural identifications of the compounds were determined via spectroscopic analysis. NMR spectra
were measured with Agilent II DD2 spectrometers (Agilent, USA) at 600 MHz for 1H and 150 MHz for 13C,
and the 2D spectra (COSY, HMQC, HMBC and DETP) were obtained by using standard Agilent software.

Phytotoxic assay of compounds
Compounds 1–4 were determined for phytotoxic activity against E. crusgalli, D. sanguinalis and A.
theophrasti by using Petri dish bioassay [26]. All test compounds were dissolved in acetone and diluted
to 100 µg/mL with distilled water. The 2,4-D was used as the positive control.

Statistical analysis
Statistical analysis was performed using origin 2021 software, considering a significance level of 95%.
For the bio-herbicidal assay on tested seeds, each treatment was composed of 30 seeds with three
replicates of 10 seeds.

Results

Isolation of actinomycetes strains from the potato tubers
with typical common scab
Here, a total of 50 isolates were isolated and purified from the scab lesions on potatoes using 12
different isolation media. As shown in Figure S1, the number of actinomycetes isolated from different
media exhibited appreciably differences. Among them, G1 were the most successful media for isolating
actinobacterial strains with the number of 24 strains (about 48%), followed by SCA with 10 strains (20%).
The number of strains obtained from the following six culture media were relatively small, including B4
(4 strains), AIA (4 strains), GYM (3 strains), CCM (2 strains), R2A (2 strains) and MM (1 strain). However,
no strains were isolated from LB, ISP2, ISP4 and OMA media.

Identification and phylogenetic analysis
PCR amplification and sequencing analysis of the 16S rRNA gene was performed on 50 isolated
actinomycetes, then the results of sequences were analyzed using BLAST and Ezbiocloud database. All
isolates were identified as the genus Streptomyces belonging to the family Streptomycetaceae, which
belongs to 12 species (Table S2). Among them, S. pratensis (32% of strains) and S. violascens (24%)
were the dominant species. Notably, the 16S rRNA gene sequences were analyzed by EzTaxon indicated
that some isolates showed relatively low similarities to the type strains of the corresponding genera.
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Using 16s rRNA, trpB and rpoB to analyse Streptomyces spp. with low similarity (NKY-15 and NKY-17),
the results indicate that the strains NKY-15 and NKY-17 were in separate branches (Figure S2, S3), which
indicated potential new species.

Pathogenicity assay of the Streptomyces isolates

The pathogenicity of selected Streptomyces spp. isolates was determined via the following three assays,
including radish seed assay, potato tuber slice assay and detection of txtAB gene. A total of 63% (32
strains) of the selected Streptomyces spp. were positive in the radish seed assay (Fig. 1). Among them,
5 strains exhibited outstanding inhibitory activity against radish seedlings with an inhibition rate of
60%-70%, which were comparable to that of the positive AMCC400023 with an inhibition rate of 70%. A
moderate inhibitory activity was found for 5 strains with an inhibition rate of 40%-60%. In addition, 21
strains showed relatively weak phytotoxic activity against radish seed with the inhibition rate of less than
40%. Furthermore, thaxtomin A (TA) is considered the primary phytotoxin produced by the pathogen
Streptomyces scabies, which is the most important pathogenicity factor of potato common scab.
Results of PCR analysis with the primer pair txtAB-F/txtAB-R showed that three strains (L7-2, L7-7 and
NKY-4) were positive (Fig. 2A). In the potato tuber slice assay, two isolates (L7-2 and NKY-4) caused CS
lesions on potato tubers (Fig. 2B). Similar to the positive AMCC400023, the strains L7-2 and NKY-4 could
successfully colonize on the surface of potato tuber slice with different degree. Specially, the obvious
black brown necrotic lesions were observed on potato slice. Therefore, the strains L7-2 and NKY-4 were
positive in all three pathogenicity assays, which indicated that they were potential species causing
potato scab disease (Figure S2, S3).

Phytotoxic assay of fermentation broth of actinomycetes
32 bioactive actinomycetes in the radish seed assay were evaluated for their herbicide activity against
the seedlings of E. crusgalli, D. sanguinalis and A. theophrasti using Petri dish bioassays. As shown in
Fig. 1, 31 of the 32 isolates (97%) exhibited herbicidal activities against at least one of the growth of
weeds roots. Among them, three strains (NKY-12, SCA2, and SCA10) showed strong phytotoxic activity
against E. crusgalli with the inhibition rate of 100%. Ten strains (L7-12, NKY-N, NKY-12, GS-49, GS-67,
SCA-2, SCA4, SCA7, SCA10, and AMCC400023) also had strong inhibitory effects on the growth of
Digitaria sanguinalis’ root, with the inhibition rate of over 60%. Besides, 14 strains presented moderate
phytotoxic activity against A. theophrasti with the inhibition rate of over 50%. Especially, 18 isolates
exhibited inhibitory effects on the growth of both monocotyledonous weeds (E. crusgalli and D.
sanguinalis) and a dicotyledonous weed (A. theophrasti).

Structural characterization of secondary metabolites from
AMCC400023
Four pure compounds (Fig. 3) were purified from SCM3 liquid medium fermentation product of
Streptomyces sp. AMCC400023, and their structures were analyzed by NMR and EI-MS techniques,
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including one new compound N-(2,5-dihydroxyphenyl)-3-acetamide-4-hydroxybenzamide (1) and three
known compounds thaxtomin A (2) [27], nicotinic acid (3) [28] and pyrrole-2-carboxylic acid (4) [29].

N-(2,5-dihydroxyphenyl)-3-acetamide-4-hydroxybenzamide (1): brown powder; HR-ESI-MS: m/z: 301.0824
[M-H]−, calculated for C15H14N2O5 302.0903, which was consistent with 1H and 13C NMR data (Table 1

and Figures S4-S10). The 1H NMR spectrum of 1 exhibited three phenolic hydroxyl group signals δH [8.82
(brs, 1H), 9.04 (brs, 1H) and 10.58 (brs,1H)], two amide group signals δH [9.93 (s, 1H) and 9.14 (s, 1H)],

and a methyl group signal δH 2.11 (s, 1H). 13C NMR and DEPT135 spectrum showed two amide carbon

signals (δC164.5, and 169.1), twelve olefinic carbons signals (δC 109.1, 111.1, 115.3, 116.3, 121.9, 124.1,
124.9, 126.3, 126.8, 140.3, 149.9 and 151.2), and one methyl carbon signal (δC 23.6). The HMBC
spectrum of 1 exhibited correlations (Fig. 3) from H-2 (δH 8.36) to C-6(δC 124.1), and C-4 (δC 151.2), from
H-3 (δH 9.39) to C-2 (δC 121.9), C-4, and C-7 (δC 169.1), from H-4 (δH 10.58) to C-3 (δC 126.3) and C-4,
from H-5 (δH 6.95) to C-1 (δC 124.9), C-3, from H-6 (δH 7.57) to C-2 and C-4, and from H-8 (δH 2.11) to C-

7, together with 1H-1H-correlation spectroscopy (COSY) correlations (Fig. 3) observed between H-5 and
H-6 indicated that compound 1 possessed trisubstituted benzene and acetamide moieties. Further
analysis of HMBC data, the correlations from H-1′ (δH 9.14) to C-6′(δC 109.1), C-2′ (δC 140.3), and C-7′(δC

164.5), from H-3′ (δH 6.69) to C-1′(δC 126.8) and C-5′ (δC 149.9), from H-4′ (δH 6.39) to C-2′and C-6, from

H-5′ (δH 8.82) to C-4′ (δC 111.1), C-5′, and C-6′, and from H-6′ (δH 7.33) to C-2′, C-4′, together with 1H-1H-

correlation spectroscopy (COSY) correlations (Fig. 3) observed between H-3′ and H-4′ revealed the
presence of trisubstituted benzene and phenolic hydroxyl groups. Accordingly, the structure of 1 was
established as a new compound, and N-(2,5-dihydroxyphenyl)-3-acetamide-4-hydroxybenzamide was
proposed as its trivial name.
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Table 1
1H and 13C NMR data for compounds 1 in

DMSO-d6.

Position δC δH, mult, J in Hz

1 124.9, C  

2 121.9, CH 8.36, s

3 126.3, C  

4 151.2, C  

5 115.3, CH 6.95, d (8.4)

6 124.1, CH 7.57, d (8.0)

7 169.1, C  

8 23.6, CH3 2.11, s

1' 126.8, C  

2' 140.3, C  

3' 116.3, CH 6.69, d (8.6)

4' 111.1, CH 6.39, dd (2.8, 5.4)

5' 149.9, C  

6' 109.1, CH 7.33, d (2.3)

7' 164.5, C  

4-OH   10.58, br s

2'-OH   9.04, br s

5'-OH   8.82, br s

3-NH   9.93, s

1'-NH   9.14, s

Thaxtomin A (2): orange-yellow crystals; HR-ESI-MS: m/z: 461.1401 [M + Na]+, calculated for C22H22N4O6

438.1539; 1H NMR (600 MHz, CD3OD) δ: 1.64 (1H, dd, J = 14.1, 8.8 Hz, H-10b), 2.61 (1H, dd, J = 14.2, 6.3

Hz, H-10a), 2.81 (3H, s, N-CH3), 3.03 (3H, s, N-CH3), 3.11 (2H, d, J = 13.6 Hz, H-17), 3.87 (1H, dd, J = 8.4,
6.6 Hz, H-11), 6.71 (3H, m, H-19, H-21, H-23), 6.95 (1H, s, H-2), 7.18 (1H, t, J = 7.9 Hz, H-6), 7.23 (1H, t, J = 
8.1 Hz, H-22), 7.69 (1H, d, J = 8.0 Hz, H-7), 7.83 (1H, d, J = 7.8 Hz, H-5). 13C NMR (150 MHz, CD3OD) δ:

168.5 (C, C-16), 167.0 (C, C-13), 159.2 (C, C-20), 143.9 (C, C-4), 141.3 (C, C-9), 137.5 (C, C-18), 132.6 (CH,
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C-2), 131.3 (CH, C-22), 122.9 (CH, C-23), 121.1 (CH, C-6), 120.0 (C, C-8), 119.3 (CH, C-5), 118.8 (CH, C-7),
118.5 (CH, C-19), 116.0 (CH, C-21), 110.7 (C, C-3), 88.2 (C, C-14), 64.8 (C, C-11), 43.8 (CH2, C-17), 34.3
(CH3, C-15), 33.7 (CH2, C-10), 28.6 (CH3, C-12).

Nicotinic acid (3): white crystals; HR-ESI-MS: m/z: 124.0391 [M + H]+, calculated for C6H5NO2 123.0320;
1H NMR (600 MHz, CD3OD) δ: 7.55 (1H, dd, J = 5.0, 7.7 Hz, H-5), 8.40 (1H, d, J = 7.9 Hz, H-4), 8.72 (1H, d,

J = 3.7 Hz, H-6), 9.12 (1H, s, H-2). 13C NMR (150 MHz, CD3OD) δ: 125.3 (CH, C-5), 129.1 (C, C-3), 139.3

(CH, C-4), 151. 5 (CH, C-6), 153.7 (CH, C-2), 168.2 (CH, C-7).

Pyrrole-2-carboxylic acid (4): brownish crystals; HR-ESI-MS: m/z: 110.0247 [M-H]−, calculated for
C5H5NO2 111.0320; 1H NMR (600 MHz, CD3OD) δ: 6.16 (1H, s, H-4), 6.83 (1H, s, H-3), 6.92 (1H, s, H-5).
13C NMR (150 MHz, CD3OD) δ: 124.8 (CH, C-5), 124.2 (C, C-2), 116.4 (CH, C-3), 110.6 (CH, C-4).

Phytotoxic activities of compounds
The phytotoxic activities of the test compounds (1–4) against radicle growth of E. crusgalli, D.
sanguinalis and A. theophrasti were shown in Table 2. The results showed that compound 2 exhibited
strong phytotoxic activity against E. crusgalli, D. sanguinalis and A. theophrasti with the inhibition rate of
100%, which was same as that of the positive 2,4-D at a concentration of 100 µg/mL. However, the new
compound 1 had weak inhibitory activity against above three weeds with the inhibition rate of less than
30%. Similarly, the compound 4 exhibited weak phytotoxic activity against two monocotyledonous weeds
(E. crusgalli, D. sanguinalis) with the inhibition rate of less than 40%. Further testing was conducted on
the herbicidal activity of compound 2 with different concentrations. The results also showed that the
metabolite 2 presented strong phytotoxic activity with the IC50 values of 0.99, 0.78, and 1.95 µg/mL,
respectively, which were almost comparable with those of the positive 2,4-D with IC50 values of 0.88, < 
0.1, and < 0.1 µg/mL (Fig. 4).

Table 2
Inhibitory effects of compounds on the growth of weeds roots (%).

Compounds E. crusgalli D. sanguinalis A. theophrasti

1 9.6 ± 6.8 19.3 ± 8.1 20.8 ± 7.9

2 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0

3 NI 22.3 ± 8.4 NI

4 20.0 ± 7.2 31.3 ± 6.5 NI

2,4-D 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0

Results are presented as the mean ± standard; “NI” means not inhibited; the concentration for the
test is 100 µg/mL;

2,4-D was the positive control.
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Discussion
Potato common scab (CS) scab was a soil-borne disease caused by the typical phytopathogenic
Streptomyces sp. and was one of the most devastating diseases in potatoes, reducing both crop growth
and quality [30]. In this study, 50 potato-associated Streptomyces, including two potentially new species,
were isolated from the potato tubers with typical common scab and identified by morphological and
molecular biological methods. As reported previously, a new species was defined by a 16S rRNA gene
sequence homology below 98.7% [31, 32]. Specifically, based on 16s rRNA and the high-resolution
Streptomyces sp. housekeeping genes: trpB (tryptophan synthase subunit beta) and rpoB (RNA
polymerase subunit beta) [33] the phylogenetic trees indicated that Streptomyces spp. with low similarity
(NKY-15 and NKY-17) were in separate branches and might potential new species.

Here, twelve selective isolation media were employed to isolate as many actinobacteria as feasible.
Among them, the G1 and SCA media were the most effective as regards the number of obtained
isolates. The G1 and SCA media, which were used to find saccharolytic bacteria, including actinobacteria
[18, 34, 35], were mostly made of soluble starch which facilitated the mycelial extension and cell growth
of actinomycetes as a sole carbon source [19].

Till now, approximately 30 species of Streptomyces causing CS have been identified worldwide [36], of
which S. scabies, S. acidiscabies, and S. turgidiscabies were the most characterized [36, 37]. Noticeably,
the strains NKY-4 and L7-7 were positive in pathogenicity assays, which have never been reported to
cause potato scab, indicating that might be newly discovered pathogen of potato scab disease.
However, 38% of all the isolates were negative in all pathogenicity assays, indicating that nonpathogenic
Streptomyces were also colonizing potato tubers, which was consistent with the previous reports [16,
38]. Our results show that about 63% (32 strains) of the tested Streptomyces spp. were positive in the
radish seed assay, but most of which were negative in other two pathogenicity assays. This indicates
that although thaxtomin family, which is encoded by txtAB gene, is considered as a major player toward
plant pathogenicity, other phytotoxic may exist in different species of Streptomyces and can affect the
normal growth of radish seedlings [39]. Other Streptomyces phytotoxic specialized metabolites have
been reported, such as two phytotoxic nigericin and geldanamycin were isolated from plant pathogen
Streptomyces sp. 11-1-2 [40], desmethylmensacarcin is a novel phytotoxicity was isolated from
pathogen S. niveiscabiei [41]. The herbicidal activity of 32 strains of Streptomyces spp. exhibiting
inhibitory activity on the root length of radish seedlings was further tested against three weeds. The
results revealed that 31 Streptomyces strains showed inhibitory activity against at least one of the
weeds’ roots. This provides new ideas for the development of novel herbicides of microbial-pathogen
origin.

Glufosinate was the first microbial-origin herbicide developed and synthesized as a lead compound by
the secondary metabolite of bilanafos from Streptomyces [42]. We investigated the secondary
metabolites from the pathogen S. bottropensis AMCC400023, which resulted in the isolation of
compounds 1–4. Among them, compound 2 displayed strong inhibitory activity against E. crusgalli, D.
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sanguinalis, and A. theophrast, with IC50 values of 0.99, 0.78, and 1.95 µg/mL, respectively. Indeed,
compound 2 (TA) was the main phytotoxin synthesized by the potato common scab-causing pathogen
Streptomyces spp., which has been reported to be phytotoxic to both broadleaf and the dicotyledonous
weed, A. theophrasti [43]. However, this study found for the first time that compound 2 (TA) showed
potential herbicidal activity against two monocotyledonous weeds, E. crusgalli and D. sanguinalis.
Morever, it was common to find that the mechanisms of action of phytotoxin was an impact on plant
chlorophyll content, lipid peroxidation, and electrolytic leakage [6]. Therefore, Streptomyces was one of
the important sources of lead compounds in natural herbicides.

Conclusion
In summary, 50 actinomycetes were isolated and identified from potato samples using culture-
dependent methods. Sequences analysis demonstrated that all actinomycetes were attached to the
Streptomyces genera. 32 strains exhibited a certain degree of virulence as determined by a
pathogenicity assay on radish plants. Furthermore, potential new pathogens NKY-4 and L7-2 were
positive in three pathogenicity assays. The results of phytotoxic tests showed that 31 extracts (97%)
exhibited phytotoxic activities against at least one of the tested weeds. In addition, one novel metabolite
and three known compounds were purified from pathogen S. bottropensis AMCC400023. Compound 2
displayed outstanding phytotoxic activity against E. crusgalli, D. sanguinalis, and A. theophrast with IC50

values of 0.99, 0.78, and 1.95 µg/mL, respectively. Therefore, our results suggest that metabolites
produced by S. bottropensis AMCC400023 with herbicidal activity may be a new bioherbicide candidate
or leads molecule for a more efficient herbicide.
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Figure 1

The heatmap depicts inhibitory effects of the fermentation broth on the growth of radish seedlings and
weeds roots (%).
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Figure 2

Pathogenicity test of isolate. (A) PCR detection electrophoresis results of pathogenic genes TxtAB. (B)
Pathogenicity verification results of small potato chip. (A) DL2000 Marker (M); Strain AMCC400023 (1);
Strain L7-2 (2) Strain L7-7 (3); Strain NKY-4 (4); Strain GS-67 (5). (B) GS media (a); Strain AMCC400023
(b); Strain NKY-4 (c); Strain L7-2 (d).
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Figure 3

The secondary metabolites of strain S. bottropensis AMCC400023.
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Figure 4

IC50 values of compound 2 in inhibiting the growth of weeds roots.

The 2,4-D as positive control. (A) E. crusgalli; (B) D. sanguinalis; (C) A. theophrasti.
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