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Antifungal activity of Xenorhabdus 
spp. and Photorhabdus spp. 
against the soybean pathogenic 
Sclerotinia sclerotiorum
Julie G. Chacón‑Orozco1*, César Jr. Bueno1, David I. Shapiro‑Ilan2, Selcuk Hazir3, 
Luís G. Leite1* & Ricardo Harakava1

The fungus, Sclerotinia sclerotiorum, causes white mold disease and infects a broad spectrum of 
host plants (> 500), including soybean with yield losses of up to 70%. Biological control is a potential 
alternative for management of this severe plant pathogen, and relative to chemical fungicides, 
provides broad benefits to the environment, farmers and consumers. The symbiotic bacteria of 
entomopathogenic nematodes, Xenorhabdus spp. and Photorhabdus spp., are characterized by the 
production of antimicrobial compounds, which could serve as potential sources for new bio-fungicides. 
The objectives of this study were to assess cell-free supernatants (CFS) of 16 strains of these bacteria 
cultures on S. sclerotiorum mycelium growth; assess the volatiles of X. szentirmaii cultures on the 
fungus mycelium and sclerotium inhibition; and evaluate the X. szentirmaii cultures as well as their 
CFS on the protection of soybean seeds against the white mold disease. Among the 16 strains, the 
CFS of X. szentirmaii showed the highest fungicidal effect on growth of S. sclerotiorum. The CFS of 
X. szentirmaii inhibited > 98% of fungus growth from mycelium and sclerotia, whereas the volatiles 
generated by the bacterium culture inhibited to 100% of fungus growth and 100% of sclerotia 
production. The bacterial culture diluted to 33% in water and coated on soybean seeds inhibited S. 
sclerotiorum and protected soybean plants, allowing 78.3% of seed germination and 56.6% of plant 
development. Our findings indicate potential for a safe and novel control method for S. sclerotiorum 
in soybean. Moreover, this is the first study to indicate that volatile organic compounds from 
Xenorhabdus spp. can be used in plant disease suppression.

The fungus Sclerotinia sclerotiorum that causes white mold disease infects a broad spectrum of host plants 
(> 500), including soybean with yield losses of up to 70%1–3. To control white mold in soybeans, a number of 
measures are recommended: non-host crops, certified seeds, treatment of seeds with fungicide, uniform cover-
age of the soil with straw, greater spacing between rows, soil plows, weed control, cleaning of implements and 
of harvester’s machines, and the use of chemical control by means of foliar spraying, mainly during the period 
of greatest susceptibility of the soybean plant (beginning of flowering until the beginning of pod formation)4. 
If used in combination, these measures promotes a reduction of inoculum (sclerotia) in the soil and results in 
increased yields5.

Among the control measures listed above, the use of chemical fungicide is the most effective, but it is also 
the most impactful to the environment and presents hazards to the human health. One alternative to chemical 
fungicides is the use of biological control, including application of antagonistic fungi and bacteria, as well as their 
secondary metabolites and volatile organic compounds (VOCs)6. Many studies conducted under in vitro condi-
tions have highlighted Xenorhabdus spp. and Photorhabdus spp. as potential bacteria to control plant diseases7–10. 
The bacteria, Xenorhabdus spp. and Photorhabdus spp., are symbiotically associated with entomopathogenic 
nematodes Steinernema spp. and Heterorhabditis spp., respectively11. The bacteria produce several extracel-
lular enzymes12, toxins13 and antimicrobial substances14 that provide protection to the nematodes during their 
development in the insect host. Several antibiotic and antimycotic compounds produced by Xenorhabdus and 
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Photorhabdus highlights these bacteria as potential sources for development of new biopesticides15–24. X. bovienii 
YL002, X. nematophila TB and X. nematophila YL001 were the first symbiotic bacteria tested against S. sclerotio-
rum fungus, providing inhibition rates above 91.23 ± 2.67% in vitro conditions25. Despite of these results, no study 
assessed a symbiotic bacteria and their metabolites against S. sclerotiorum in vivo conditions. Additionally, and no 
studies have evaluated VOCs generated by Xenorhabdus or Photorhabdus cultures against plant pathogenic fungi. 
The objectives of this study were to assess cell-free supernatants (CFS) of 16 strains of these bacteria cultures 
on S. sclerotiorum mycelium growth; assess the volatiles of X. szentirmaii cultures on the fungus mycelium and 
sclerotium inhibition; and evaluate the X. szentirmaii cultures as well as their CFS on the protection of soybean 
seeds against the white mold disease. The long-term goal is to develop a sustainable alternative for integrated 
management of white mold disease.

Results
Metabolites of Xenorhabdus and Photorhabdus to inhibit mycelial growth.  Metabolites of the 
16 strains of symbiont bacteria varied tremendously in their effect to inhibit mycelial growth of S. sclerotiorum. 
The CFS of the X. szentirmaii strains PAM 11 and PAM 25 produced the highest percentages of inhibition on the 
fungus (82% and 83%, respectively), which differed significantly from the CFS of the other strains (F = 304.939; 
df = 15, 176; P < 0.001) (Fig. 1).

The metabolites from Xenorhabdus sp., strains IBCB n6, CER144, CER09, CER21 and AM163, and from P. 
luminescens IBCB10, provided the lowest inhibition rates of mycelial growth with variations from 0 to 6% (Fig. 1).

Metabolites of Xenorhabdus szentirmaii to inhibit mycelial growth.  For the fungus inoculated as 
mycelium, the CFS of X. szentirmaii PAM 25 obtained after 6 days of bacteria growth provided the highest per-
centages of mycelial inhibition, from 47% (6d—3% CFS) to 100% (6d—33% CFS), which differed significantly 
in their respective dilutions from CFS obtained after 3 and 9 days of growth (F = 899.894; df = 8, 171; P < 0.001) 
(Fig. 2A).

For the fungus inoculated as sclerotium (Fig. 2B), results showed a similar trend to the results obtained when 
using mycelium as inoculum. However, CFS obtained after 3, 6 and 9 days of bacterial growth, diluted at 33%, and 
after 6 days diluted at 10%, produced ≥ 98% mycelial inhibition and did not differ from each other (F = 522.851; 
df = 8, 171; P = 1.00), but differed in comparison to the other filtrates (F = 522.851; df = 8, 171; P < 0.001).The 
filtrate obtained after 6 days of bacterial growth, diluted to 3%, inhibited mycelial growth by 64%, which dif-
fered from those obtained after 3 and 9 days of growth in the same dilution (F = 522.851; df = 8, 171; P < 0.001).

The CFS obtained from cultures grown 3 and 9 days, diluted to 33%, and CFS obtained from cultures grown 
6 days, diluted to 10%, did not totally inhibit the mycelial growth of the fungus inoculated as mycelium (Fig. 2A), 
but totally inhibited the formation of sclerotia that would be produced on the mycelium, even after the mycelium 
had covered the entire culture medium 20 days post inoculation (Table 1). The other CFS did not totally inhibit 
the growth of the fungus inoculated as mycelium and sclerotium (Fig. 2a,b), allowing the colonization of the entire 
culture medium 20 days after inoculation, but caused significant reductions in the number (Fmycelium = 235.536 
and Fsclerotium = 379.531; P < 0.001; df = 9, 200 for both) and in the diameters (Fmycelium = 182.312 and Fsclerotium = 342, 
938; P < 0.001; df = 9, 990 for both) of the sclerotia produced, except for the filtrate 3d—3% CFS that did not 
differ from the control treatment in the number (Fmycelium = 235.536; P = 1.000 and Fsclerotium = 379.531; P = 0.992; 
df = 9, 200 for both) and in the diameters (Fmycelium = 182.312; P = 0.329 and Fsclerotium = 342, 930; P = 1.000; df = 9, 
990 for both) of the sclerotia produced (Table 1).

Table 1.   Number and diameter of sclerotia (± standard error) produced by Sclerotinia sclerotiorum inoculated 
as mycelium and sclerotium on PDA medium containing cell-free supernatant (CFS) from cultures of 
Xenorhabdus szentirmaii grown for 3, 6 and 9 days (d) in TSB medium, diluted to 10 and 33% in water. 
Different letters in columns indicate differences between treatments (Tukey, P < 0.05).

Treatment

Number Diameter (cm)

Mycelium Sclerotium Mycelium Sclerotium

3d-3% CFS 24 ± 1.2a 21 ± 0.87a 0.22 ± 0.005ab 0.24 ± 0.008a

3d-10% CFS 13 ± 0.65bc 9 ± 0.6c 0.14 ± 0.015c 0.12 ± 0.005d

3d-33% CFS 0d 0d 0d 0e

6d-3% CFS 17 ± 1.1b 7 ± 0.54c 0.19 ± 0.019b 0.18 ± 0.006b

6d-10% CFS 0d 0d 0d 0e

6d-33% CFS 0d 0d 0d 0e

9d-3% CFS 13 ± 0.75c 12 ± 0.69b 0.13 ± 0.006c 0.20 ± 0.007b

9d-10% CFS 12 ± 1.3c 11 ± 0.37b 0.13 ± 0.008c 0.15 ± 0.011c

9d-33% CFS 0d 0d 0d 0e

Control 24 ± 2.46a 23 ± 1.41a 0.24 ± 0.009a 0.24 ± 0.007a
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Antifungal efficacy of VOCs of Xenorhabdus szentirmaii against mycelial growth of S. sclerotio-
rum.  Undiluted VOCs generated by cultures of X. szentirmaii PAM 25 grown for 3, 6 and 9 days caused 100% 
of inhibition of fungus growth after its exposure as mycelium and sclerotium to the VOCs (Fig. 3).

The all 33% diluted VOCs allowed the fungus to grow after its exposition as mycelium and sclerotium 
(Table 2), with the VOCs generated by cultures with 6 days of bacterial growth providing a slight inhibition 
(23% from mycelium and 12% from sclerotium), which differs from VOCs generated by cultures with 3 (0%), 
and 9 (0%) days of bacterial growth (Fmycelium = 1.180; Fsclerotium = 1.693; P < 0.001; df = 5, 234 for both).

The VOCs generated by cultures grown 6 days and diluted to 33%, significantly reduced the number of 
sclerotia produced by the fungus after its exposure as mycelium and inoculation on the medium (Table 2) 
(F = 239.948; df = 7, 152; P < 0.001), and totally inhibiting production after its exposition as sclerodium and 
inoculation on the medium (F = 197.825; df = 7, 152; P < 0.001). The other VOCs generated by cultures grown 3 
and 9 days and diluted to 33% also caused significant reductions in the production of sclerotia (Fmycelium = 239.948; 
Fsclerotium = 197.825; P < 0.001; df = 7, 152 for both).

Metabolites of Xenorhabdus szentirmaii to protect soybean seeds.  The CFS diluted to 33% pro-
duced a higher rate of germination (37%) for seeds inoculated with S. sclerotiorum (Fig. 4), than the treatments 
undiluted CFS (17%), CFS diluted to 10% (0%), TSB and H2O (5%) (F = 90.274; df = 9, 50; P < 0.001).

Cultures of Xenorhabdus szentirmaii to protect soybean seeds.  The X. szentirmaii PAM 25 cul-
ture diluted to 33% provided the second highest rate of germination for seeds inoculated with S. sclerotiorium 
(Fig. 5A), and this rate did not differ from the fungicide that provided the highest rate (F = 39.712; df = 11, 60; 
P = 0.056), but the treatment did separate from the undiluted filtrate, from 10% dilution, from TSB and H2O 
(F = 39.712; df = 11, 60; P < 0.001).

The bacterial culture diluted to 33% also provided the second highest rate of survival among plants generated 
from the seeds inoculated with the fungus (57%) (Fig. 5B), and this rate differed significantly from the fungicide 
that provided the highest rate (93%), of the bacterial culture diluted to 10%, TSB and from H2O, but did not 
differed from the undiluted culture (F = 85.457; df = 11, 60; P = 0.130).

The culture diluted to 33% resulted in the second tallest plants (14.95 cm) among those generated by seeds 
inoculated with S. sclerotiorum (Fig. 6A), and the height differed from the fungicide, which resulted in the tallest 
plants (23.56 cm), as well as from the undiluted culture (11 cm), the culture diluted to 10% (0 cm), TSB (0 cm), 
and from H2O (0 cm) (F = 164.123; df = 11, 288; P < 0.001).

As for biomass (fresh weight of plants), the bacterial culture diluted to 33% resulted in the second highest 
plant weights (0.63 g) generated by seeds inoculated with S. sclerotiorum (Fig. 6B). The plant weight in this treat-
ment (33% with fungus) was not different from the weight in the fungicide treatment (0.66 g) and from all the 
other treatments (without fungus), except from the four treatments inoculated with the fungus: culture diluted 
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Figure 1.   Mycelial growth inhibition (%) of Sclerotinia sclerotiorum on solid media containing filtrates of 
Photorhabdus (Ph.) and Xenorhabdus (Xn.) strains. Bars with the same letter do not differ statistically by Tukey’s 
test at 5% significance.
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Figure 2.   Mycelial growth inhibition (%) of Sclerotinia sclerotiorum inoculated as mycelium (A) and sclerotium 
(B) on PDA medium containing cell free supernatant (CFS) from cultures of Xenorhabdus szentirmaii grown for 
3, 6 and 9 days (d) in TSB medium, diluted to 3%, 10% and 33% in water. Bars with the same letter do not differ 
statistically by Tukey’s test at 5% significance.

Table 2.   Number of sclerotia (± standard error) produced by Sclerotinia sclerotiorum after its exposure as 
mycelium and sclerotium to volatiles organic compounds (VOCs) generated by liquid cultures of Xenorhabdus 
szentirmaii PAM 25 grown for 3 and 6 days (d), diluted to 33% in water and undiluted (100%), and inoculated 
on PDA medium. Different letters in columns indicate differences between treatments (Tukey, P < 0.05).

Treatment Mycelium Sclerotium

3d-33% VOCs 21.3 ± 1.5b 13.75 ± 1.6b

3d-100% VOCs 0e 0d

6d-33% VOCs 5.05 ± 0.8d 0d

6d-100% VOCs 0e 0d

9d-33% VOCs 10.8 ± 0.6c 6.65 ± 1.1c

9d-100% VOCs 0 ± 0 ee 0d

Control H2O 31 ± 2a 23 ± 1.5a

Control TSB 31 ± 2a 23 ± 1.5a
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to 10% (0 g), culture undiluted (0.55 g), TSB (0 g) and H2O (0 g) (F = 189.163; df = 11, 288; P > 0.001). Comparing 
treatments not inoculated with the fungus, TSB medium affect the plant height and weight since their averages 
were lower compared to those from water.

Discussion
Our findings on relative potency of the various bacterial metabolites are consistent with previous findings. X. 
szentirmaii stood out as the most promising bacterium to control S. sclerotiorum. This species has also stood out 
in several other studies, with its filtrates inhibiting the growth of several microorganisms, including the bacte-
ria that cause bovine mastitis Staphylococcus aureus, Escherichia coli and Klebsiella pneumoniae7, the bacteria 
pathogenic to humans Escherichia coli, Klebsiella pneumoniae and Staphylococcus aureus, the EPNs symbiont 
bacteria Xenorhabdus budapestensis, X. innexi, X. ehlersii, X. nematophila, X. bovienii and X. cabanillassii9, the 
phytopathogenic bacteria Erwinia amylovora8, and the phytopathogenic fungi Fusicladium carpophilum, Phytoph-
thora nicotianae, F. effusum, Monilinia fructicola, Glomerella cingulata and Armillaria tabescens10. Additionally, 
in our study, the CFS of the Photorhabdus strains provided no more than 22% mycelial inhibition of the fungus, 
while the CFS of the majority of Xenorhabdus isolates provided inhibitions above 30%. Other studies have shown 
trends of greater antimicrobial bioactivities for Xenorhabdus species when compared to Photorhabdus species8,10. 
Indeed, these differences in bioactivities among CFS were expected, as the bacteria produce chemical compounds 

a

c

b

c

a

c

0

20

40

60

80

100 A

M
yc

el
ia

l i
nh

ib
iti

on
 (%

)

a

b

a
0

20

40

60

80

100

3d - 3
3%VOCs

3d - 1
00%VOCs

6d - 3
3%VOCs

6d - 1
00%VOCs

9d - 3
3%VOCs

9d - 1
00%VOCs

B

M
yc

el
ia

l i
nh

ib
iti

on
 (%

)

Treatment

Figure 3.   Mycelial growth inhibition (%) of Sclerotinia sclerotiorum on solid medium after its exposure as 
mycelium (A) and sclerotium (B) to volatiles organic compounds (VOCs) generated by liquid cultures of 
Xernorhabdus szentirmaii PAM 25 grown for 3 and 6 days (d) in TSB, diluted to 33% in water and undiluted 
(100%). Bars with the same letter do not differ statistically by Tukey’s test at 5% significance.
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that vary in composition and concentration depending on their species and isolates according to previous studies 
against other fungi and phytopathogenic bacteria8,15,27–31.

We observed higher rates of inhibition for CFS obtained after 6 days of X. szentirmaii growth relative to 
other growth periods tested. This finding may be related to the greater accumulation of secondary metabolites 
(antiobiotics and exoenzymes). Other studies12 showed an increase of exoenzymes (lipases, chitinases, proteases 
and phospholipases) produced by symbiotic bacteria after the end of the logarithmic phase of growth and lasting 
until the end of the stationary phase. The lower bioactivities for CFS obtained after 9 days of bacterial growth 
may be related to the loss of compounds produced by volatilization, as observed in the present study, which may 
have been accentuated by the constant agitation of the liquid medium in the shaker.

Mycelial growth inhibition increased as the concentration of CFS in the culture medium also increased. This 
observation held regardless how the fungus was inoculated (mycelium and sclerotium) and the time of bacte-
rial growth. Similar results were observed previously32 when assessing the effect of different CFS concentrations 
(10%, 20%, 40%, 60%, 80% and 100%) obtained from a X. szentirmaii (17c + e strain) culture on the growth of 
the phytopathogenic fungi Monilinia fructicola and Glomerella cingulata.

Greater mycelial inhibition was caused by the CFS when the fungus was inoculated as sclerotia compared 
to inoculation as mycelium. Thus, sclerotia were clearly more affected by the CFS than the mycelium discs. 
This is a surprising result since sclerotia are resistant structures that remain viable for several years in the soil, 
increasing considerably the difficulties to control the white mold disease6,33. Therefore, the inhibition of scle-
rotia formation or rendering these structures nonviable can interrupt the reproductive cycle of the white mold 
disease and thereby contribute to controlling the fungus. Some of the bioactive compounds produced by X. 
szentirmaii include xenofuranone A and B34, poly-iodinin crystal35, szentiamide36, xenematide37, anthrarufin 
(anthraquinone)38, and fabclavines39. All of these compounds have exhibited antimicrobial activity, but their role 
in suppression of mycelia and sclerotia of S. sclerotiorum remains to be studied. Soil microbiota are considered 
to be the most important factor among those that affect survival of sclerotia in the field, followed by temperature 
and soil pH40.

This study is the first to show the inhibitory effect of VOCs from X. szentirmaii cultures on the mycelial 
growth and sclerotia production of S. sclerotiorum. Other studies have assessed the effect of volatiles on the 
inhibition of S. sclerotiorum. However, these prior studies reported on VOCs generated by other bacteria41–43 
and from fungi44,45. Bacteria can interact with fungi by releasing VOCs that can act on a specific fungus or on 
multiple fungal species in the ecological community46. These VOCs cause various levels of impact from almost 
complete inhibition of mycelial growth, to small growth reductions, and may also cause mycelial and conidial 
morphological anomalies47.

The identification of the volatiles found in the present study may contribute to the development of fungicides 
with potential as fumigants to treat seeds, soils and substrates contaminated with sclerotia. In another study 
conducted previously52, volatile and non-volatile metabolites of the bacteria Alcaligenes faecalis associated symbi-
otically with nematodes Oscheius spp. showed also antifungal activity against the entomopathogenic fungi, Mucor 
circinelloides, M. racemosus and Rhyzomucor variabilis (Mucoraceae), as well as against the plant-pathogenic 
fungus, Botrytis cinerea (Helotiales, Sclerotiniaceae). This suggested that A. faecalis could benefit Oscheius spp. 
against opportunistic soil-dwelling entomopathogenic fungi, besides protect the plant against phypathogenic 
fungi. Yet, the study detected a variety of volatile organic compounds produced by A. faecalis, including dimethyl 
disulfide, which were toxic to R. variabilis in a dose-dependent manner.
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The soybean seeds coated with the X. szentirmaii CFS, without the fungus S. sclerotiorum, germinated nor-
mally, which shows compatibility of the CFS with the plant. Non-toxic effects of the symbiotic bacteria X. 
bovienii, X. nematophila, X. cabanillasii, X. szentirmaii, P. temperata, P. luminescens VS and P. luminescens K22 
were observed when theirs undiluted filtrates (100%) were sprayed on eggplant (Solanum melongena L.), pepper 
(Capsicum annuum L.), tobacco (Nicotiniana tabacum L.), tomato (Solanum lycopersicum L.), peach (Prunus 
persica L.) and walnuts (Carya illinoinensis)10. Additional testing may be needed to fully explore the potential 
phytotoxic effects of Xenorhabdus metabolites on various stages of soybeans10.

The undiluted CFS (100%) provided less protection to the seeds inoculated with the fungus compared to the 
CFS diluted to 33% in water, probably due to the higher concentration of TSB medium and not to the higher 
concentration of secondary metabolites. TSB medium resulted in significantly lower plant height and lower fresh 
biomass weight compared to H20 when both treatments were tested in the absence of the fungus. Other studies 
did not show a phytotoxic effect of TSB medium to pecan and peach plants, lettuce seeds as well to seeds and 
shoots of tomatoes10,30,31,48,49. However, these prior studies did not have guargum added to the liquid medium. 
Thus, the addition of the polysaccharide guargum to the TSB medium in the current study might have affected 
the plant, probably by maintaining the medium covered on the seed longer time and providing better conditions 
for the growth of microorganism. In previous study50, germination of wheat seeds inoculated with bacteria was 
either stimulated, or inhibited or remained at control levels depending on the amount of bacteria. The higher 
the amount of bacteria on plant roots, the smaller was the biomass of plants, but the total photoassimilation was 
higher. Polysaccharides are usually used for coating seeds with microorganisms in studies of plant protection 
or plant growth promotion51.

Results from the experiments conducted with soybean seeds and plants indicate promise for new fungicidal 
approaches. The bacterial culture diluted to 33% in water provided protection to seeds inoculated with the fungus 
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similar to that provided by the chemical fungicide in terms of germination and fresh biomass weight of the plants 
(but not with respect to plant survival and height). The use of bacterial culture could be advantageous relative 
to the use of its CFS, especially in respect to forgoing the filtration step, a laborious, time consuming and costly 
operation. New formulations could conceivably improve the efficiency of the culture to make it more potent than 
the fungicide. Moreover, studies to increase secondary metabolite production and to elucidate active compounds 
could also lead to new approaches for development of biofungicides. In conclusion, the culture of X. szentirmaii 
diluted to 33% shows potential for the protection of soybean seeds against the fungus S. sclerotiorum. Further 
studies should be conducted to assess the efficiency of the bacterial culture under field conditions.

Methods
For this study, five experiments were carried out to assess the effects of metabolites from a total of 16 samples of 
strains of Xenorhabdus spp. and Photorhabdus spp. on S. sclerotiorum mycelium growth; to determine the impact 
of metabolites and volatiles of X. szentirmaii on mycelium and sclerotium; and to assess cultures of X. szentirmaii 
as well as their metabolites on the protection of soybean seeds against the white mold.

Fungal isolate.  The strain of S. sclerotiorum used in the tests was isolated from stem of soybean grew in the 
state of Goiás, Brazil. This isolate belongs to the Phytopathological Collection of the Biological Institute, São 
Paulo, Brazil, and was supplied by Dr. Silvânia H. Furlan. Before carrying out any test, the pathogenicity of this 
isolate of S. sclerotiorum to soybean plants was confirmed by its inoculation as a mycelium disk on detached 
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leaves of soybean plants (cv. BMX Potência—Embrapa). After its growth on the leaf, the fungus was re-inocu-
lated on potato dextrose agar (PDA) and incubated in a growth chamber for 10 days at 25 °C for mycelial growth, 
and for an additional 20 days for sclerotia production.

Bacterial strains and culture conditions.  Fourteen strains of Xenorhabdus and two of Photorhabdus 
(Table 3) were isolated from entomopathogenic nematodes (EPNs) stored in the collection of the Biological 
Institute (Campinas-São Paulo-Brazil). For isolation of each bacteria, hemolymph from Galleria mellonella (Lep-
idoptera: Pyralidae) larvae reared on bee wax and previously infected (28–32 h) with the nematode strains was 
extracted, streaked onto NBTA (nutrient agar 31 g/L, bromothymol blue 25 mg/L, and 2,3,5-triphenyl tetrazolium 
chloride 40 mg/L), and incubated at 27 °C in the dark according to the methodology described previouly10,26. A 
selected colony from NBTA medium was subcultured to generate a pure Xenorhabdus or Photorhabdus culture. 
For long-term storage, the bacteria strains were maintained in Tryptic Soy Broth (TSB) medium supplemented 
with 20% glycerol, storage at − 80 °C. Before storage, the bacterium culture was checked for its purity based on 
the morphology and color of its colony on fresh NBTA10,32.

Metabolites of Xenorhabdus and Photorhabdus to inhibit mycelial growth.  This experiment was 
conducted to assess the effects of metabolites (cell-free supernatants) from 16 strains of Xenorhabdus and Pho-
torhabdus on the mycelial growth of S. sclerotiorum. Methods to assess metabolite activity were based off of those 
described previously10,32. The bacterial strains were confirmed to be in Phase-I by growing them in TSB medium 
and shaken at 150 rpm and 27 °C for 144 h. The cultures were centrifuged for 60 min (3067.34 RCF, 4 °C) and 
the supernatants were filter-sterilized (0.22 µm pores)10,32. The cell-free supernatants (CFS) were mixed with 
autoclaved PDA that had been cooled down to about 60 °C, at 10% concentration and, then, poured into Petri-
dishes (9 cm)32. One plug (0.5 × 0.5 cm) of S. sclerotiorum grown for 10 days on PDA was inoculated onto the 
center of each dish. For each treatment, there were six replicates, with each replication consisting of one dish. For 
the control, TSB was mixed with PDA at a 10% concentration32.

All dishes were incubated at 25 °C in the dark once this fungus is a soilborne phytopathogen and grow in 
the dark. The colony diameter was recorded daily (cross directions) until the control treatment covered 100% 
of the medium surface inside the dish. The diameters (cm) of the colonies were transformed to percentages of 
inhibition growth based on growth in the control treatment [(Mycelial growth in the control − Mycelial growth 
in the treatment) ÷ Mycelial growth in the control) × 100]. The experiment was conducted twice under the same 
conditions. The strain that caused the highest mycelial inhibition was selected for the subsequent tests.

Metabolites of Xenorhabdus szentirmaii to inhibit mycelial growth.  This experiment was designed 
to assess the effects of X. szentirmaii PAM 25 CFS on S. sclerotiorum mycelial growth and sclerotium. The bac-
teria were grown for 3, 6 and 9 days in TSB, the CFS were mixed with PDA in concentrations of 3, 10 and 30%. 
Thus, 10 treatments were established, represented by the combinations of the metabolites obtained after three 
times of bacteria growth and diluted in three concentrations, and by the control (PDA medium). The bacteria 
were grown in three different Erlenmeyer flasks, each containing 300 mL of TSB medium, shaken at 150 rpm 
and 27 °C, for 3, 6 and 9 days. After each incubation time (3, 6 or 9 days), the bacterial culture was centrifuged 
and the supernatant was filtered. Then, the CFS obtained was mixed with PDA medium and poured in Petri 
dishes10,32 as mentioned above.

Table 3.   Symbiotic bacteria on the genus Xenorhabdus and Photorhabdus, and their associated nematodes on 
the genus Steinernema and Heterorhabditis, respectively.

Bacteria Nematode Strain Place of the soil source

X. nematophila S. carpocapsae All USA

Xenorhabdus sp. S. brazilense IBCB n6 Porto Murtinho—MS—Brazil

Xenorhabdus sp. S. brazilense PONTO 2C Porto Murtinho—MS—Brazil

X. bovienii S. feltiae IBCB n47 German

Xenorhabdus sp. Steinernema sp. IBCB n48 Itapetininga—SP- Brazil

X. doucetiae S. diaprepesi IBSC n15 Teodoro Sampaio—SP—Brazil

X. szentirmaii S. rarum PAM 11 Bagé—RS—Brazil

X. szentirmaii S. rarum PAM 25 Bagé—RS—Brazil

X. romanii S. puertoricense CER 09 Rio Verde—GO—Brazil

X. romanii S. puertoricense CER 16 Rio Verde—GO—Brazil

Xenorhabdus sp. Steinernema sp. CER 21 Rio Verde—GO—Brazil

X. romanii S. puertoricense CER 129 Rio Verde—GO—Brazil

Xenorhabdus sp. Steinernema sp. CER144 Rio Verde—GO—Brazil

X. doucetiae S. diaprepesi AM 163 Sinop—MT—Brazil

P. luminescens H. amazonensis IBCB n10 Santa Fé do Sul—SP—Brazil

P. luminescens H. bacteriophora HB EN01 German
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For each treatment, 10 replications were established, each replication consisting of a Petri dish containing PDA 
medium with or without the CFS. The fungus was inoculated as a mycelium plug according to the methodology 
described above, and as sclerotium obtained from colonies grown on PDA medium for 20 days in the dark. For 
both forms of inoculation, the percentage of mycelium inhibition was assessed as previously described, and the 
number of sclerotia formed per dish was record 20 days after inoculation. The experiment was conducted four 
times under the same conditions.

Antifungal efficacy of VOCs of Xenorhabdus szentirmaii against mycelial growth of S. sclero-
tiorum.  This study evaluated the impact of volatile organic compounds (VOCs) generated by cultures of 
X. szentirmaii PAM 25 on mycelial growth and sclerotia of S. sclerotiorum. The bacterium, X. szentirmaii, was 
grown inside Erlenmayer flasks (200 ml) containing 150 ml of TSB medium, shaken at 150 rpm and 27 °C10,32. 
The bacterium was grown for three periods (3, 6 and 9 days). After that the cultures with three growth periods 
were diluted to 33% in sterile distilled water in a laminar flow chamber or undiluted (100%). Thus, there were 
eight treatments represented by the combinations of VOCs generated by bacteria cultures grown for three peri-
ods, and diluted at 10% or undiluted, and the two control groups water and TSB.

For each treatment, 10 replications were established. Each replication consisted of a sterile two partitioned 
Petri dish: one compartment containing the bacteria culture, and the other containing 10 discs of mycelium 
(obtained after 10 days of growth in PDA, at 25 °C, in the dark), or 10 sclerotia of S. sclerotiorum (obtained after 
20 days of growth in PDA, at 25 °C, in the dark) (Fig. 7). To avoid the splash of culture to the opposite side of the 
dish during transport or handling, the TSB liquid medium with the bacterium as well as the controls TSB and 
water were thickened by the addition of 0.6% agar before their autoclavation and their use for the experiment. 
The dishes were capped and sealed with parafilm to prevent loss of the volatiles produced by the bacteria, and 
then incubated for 14 days at 25 °C in the dark. Subsequently, the mycelium discs and sclerotia were removed 
and inoculated individually in the center of Petri dishes (9 cm) containing PDA medium. Fungal growth was 
assessed as previously described. For the plates inoculated with S. sclerotiorum mycelium discs, evaluation was 
carried out 4 days after inoculation. For plates inoculated with sclerotia, evaluations were made after 20 days. 
The experiment was conducted four times under the same conditions.

Metabolites of Xenorhabdus szentirmaii to protect soybean seeds.  This study assessed the effects 
of X. szentirmaii PAM 25 metabolites on the protection of soybean seeds from S. sclerotiorum. The bacterium 
was grown in Erlenmeyer flasks containing 300  mL of TSB medium and shaken at 150  rpm and 27  °C for 
6 days. The bacterial culture was centrifuged at 3067.34 RCF (3800 rpm) for 2 h and then filtered as previously 
described. The obtained CFS was diluted in sterile distilled water and tested in 3 different concentrations: 10%, 
33% and 100% (undiluted). The metabolites were thickened with 1% guar gum and then fixed and coated on 
soybean seeds (variety BMX Potência—Embrapa). Distilled water and TSB medium thickened with guargum 
(1%) were used as control. Thus, there were 10 treatments represented by CFS diluted to 10% and 33% in water, 
and undiluted (100%), coated on soybean seeds and, then, inoculated or not with S. sclerotiorum, and by two 
control treatments with water and TSB medium on the seeds inoculated or not with the fungus. The coated seeds 
were distributed individually over filter papers moistened with sterile distilled water (2 mL/plate) in Petri dishes. 
For the seeds with S. sclerotiorum, each seed was inoculated with a fungus mycelium disk obtained after 10 days 
of growth in PDA at 25 °C in the dark. The dishes were sealed with PVC film and incubated at 25 °C for 7 days 
in the dark.

There were three replications per treatment with each replication consisting of a Petri dish containing 10 
seeds. Evaluation was carried out 7 days after the experiment was initiated by counting the number of germinated 
and non-germinated seeds. The test was conducted twice under the same conditions.

Cultures of Xenorhabdus szentirmaii to protect soybean seeds.  This experiment was carried out 
to determine the effects of X. szentirmaii PAM25 cultures on the protection of soybean seeds against S. sclero-
tiorum. Treatments were established at the same manner as described in the previous study but for this time the 
chemical fungicide Certeza (Methyl Thiophanate + Fluazinam) was included. The methodology used was the 

Figure 7.   Two partitioned Petri dish containing the bacteria culture on one side, and on the other side 10 discs 
of mycelium or 10 sclerotia of S. sclerotiorum for their exposition to the volatile organic compounds.



11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20649  | https://doi.org/10.1038/s41598-020-77472-6

www.nature.com/scientificreports/

same as described in the previous study, except that the coated seeds were distributed individually in plastic cups 
(1 L), over cotton soaked with sterile distilled water (200 mL). The pots were sealed with PVC film (with three 
small openings) and incubated at 25 °C and 12 h of photoperiod for 21 days. For each treatment, three replica-
tions were established with each replication consisting of a plastic pot containing ten seeds. Evaluations were 
carried out after 7 days by counting the number of germinated seeds, after 14 days by counting the number of 
live plants, and after 21 days, by measuring fresh biomass and plant length (root + shoot). The test was conducted 
twice under the same conditions.

Statistical analyzes.  Data were analyzed using the General Linear Model (GLM). Means were compared 
at the P = 0.05 level, and Tukey’s Honestly Significant Difference (Tukey HSD) test was used to separate means 
(SPSS,2011). Percentage of growth inhibition, seeds germination and live plants were arcsine transformed 
(√x/100) before analysis10,53. Data on the number of sclerotia, diameter of sclerotium, height and fresh weight of 
soybean plants were square-root transformed (√X + 0.5). Non-transformed means are presented in the results.

Received: 9 July 2020; Accepted: 10 November 2020
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