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Abstract
Purpose  The potential toxic effects due to the application of sophorolipid and the novel saponin biosurfactant extracted 
from the leaves of Eucalyptus camaldulensis for the purpose of bioremediating PAH-contaminated soils and sediments were 
studied.
Methods  The phytotoxic effects of sophorolipid and eucalyptus saponin were determined based on the seed germination 
assays carried out using the seeds of Lactuca sativa L and compared with commonly used rhamnolipid and Tween 20 
surfactants. Further, biosurfactant-induced changes in soil/sediment bacterial structure and diversity were investigated by 
conducting Miseq amplicon sequencing of the bacterial genes.
Results  Germination indices (GI) demonstrated the non-phytotoxic effects (GI > 80%) of saponin and sophorolipid bio-
surfactants (100–500 mg/L), while rhamnolipid demonstrated greater phytotoxicity than Tween 20 at high concentra-
tions (500 mg/L). Saponin-amended soil resulted in greater bacterial diversity and richness compared to controls, while 
sophorolipid produced the opposite effect. These significant variations were not observed in sediment samples. Incubation 
of biosurfactants for 20 and 40 days did not result in significant changes in bacterial diversity and structure in any of the 
samples. Increased abundance of some of the PAH-degrading bacteria was noted at OTU level, in the presence of saponin 
and sophorolipid. Saponin had less impact on native soil/sediment bacteria relative to sophorolipid based on the prevalence 
of the significantly shifted OTUs.
Conclusion  As saponin and sophorolipid were shown to have no adverse impacts on the microbiome, and non-phytotoxic 
effects, their sustainable applications to remediate PAH-contaminated soils and sediments can be recommended.
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1  Introduction

Polycyclic aromatic hydrocarbons (PAHs) are toxic and 
carcinogenic organic pollutants that have accumulated in 
the natural environment mainly as a result of anthropo-
genic activities such as the combustion of fossil fuels and 

biomass (Kumar et al. 2021). Due to their hydrophobicity 
and low aqueous solubility, PAHs are primarily associated 
with soil and sediment particulate matter. Many PAH-con-
taminated soils and sediments host active populations of 
bacteria that can degrade PAHs. Bacterial species such as 
Pseudomonas, Bacillus, Mycobacterium, Rhodococcus and 
other Alpha-, Beta- and Gammaproteobacteria have been 
studied extensively for PAH degradation (Srivastava and 
Kumar 2019). However, the failure of soil/sediment bound 
PAHs to desorb back into the aqueous phase can severely 
limit microbial degradation due to low bioavailability (Li 
and Chen 2009). Desorption of soil/sediment bound PAHs 
through thermal or chemical methods enhances the bio-
availability of PAHs, promoting microbial degradation 
(Kuppusamy et al. 2017; Li and Chen 2009). Neverthe-
less, the implementation of thermal methods and synthetic 
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industrial solvents such as surfactants, to desorb PAHs, 
is offset by their energy intensiveness, treatment expense 
and environmental incompatibilities. Biosurfactants are  
promising substitutes for chemical surfactants and are 
used in various industries due to their surface-active prop-
erties (Jahan et al. 2020). When compared to artificially 
synthesised chemical surfactants derived from petroleum 
feedstock, biosurfactants produced by plants and microbes 
possess low toxicity, higher biodegradability and effective-
ness under a wide range of environmental conditions (Lee 
et al. 2018).

Rhamnolipid, sophorolipid, saponin and lipopeptide 
are well-known biosurfactants used in the remediation 
of soils contaminated with PAHs and other hydrocarbons 
(Kariyawasam et al. 2022a, b). By reducing surface tension 
and interfacial tension, micelles formed by biosurfactants 
solubilise or emulsify and release of PAHs sorbed to soil 
organic matter. Consequently, micelle-bound PAHs and 
PAHs desorbed to the aqueous phase become available 
for microbial uptake (Li and Chen 2009). Despite the fact 
that biosurfactants are generally considered low or non-
toxic biomolecules, potential toxic effects on soil/sediment 
microbiome and plants have received little attention, 
essentially at high concentrations. Moreover, it is vital to 
consider the impact of these biosurfactants on native PAH-
degrading bacteria in soils and sediments.

Moderate to non-toxic effects of biosurfactants have 
been detected for plants, invertebrates and selected micro-
bial species by employing bioluminescence assays, seed  
germination assays, determining biomass, microbial res-
piration and survival percentages (de Bezerra Souza et al. 
2013; Edwards et al. 2003; Wolf and Gan 2018). Further, 
shifts in soil microbial communities in the presence of 
rhamnolipid were observed by conducting Miseq sequenc-
ing of bacterial genes (Lu et al. 2019; Wang et al. 2016). 
Considerable toxic effects and antimicrobial properties 
associated with high application rates of biosurfactants 
have also been reported for rhamnolipids (Ławniczak et al. 
2013; Millioli et al. 2009; Vatsa et al. 2010). Although 
sophorolipid and saponin biosurfactants were effective in 
removing PAHs from soil and sediment (Kobayashi et al. 
2012; Schippers et al. 2000), the individual toxic effects 
of these surfactants on seed germination and soil/sediment 
microbes have not been studied.

This study aims to reveal the potential toxic effects of 
sophorolipid from Candida bombicola and saponin biosur-
factant extracted from the leaves of Eucalyptus camaldu-
lensis on lettuce seed germination and compare those with 
a commonly used biosurfactant, rhamnolipid and synthetic 
industrial surfactant Tween 20. Further, the response of 
soil and sediment microbial communities to sophorolipid  
and saponin was investigated.

2 � Materials and methods

2.1 � Chemicals and other materials

Tween 20 and rhamnolipid biosurfactant (90% purity) 
extracted from Pseudomonas aeruginosa were purchased 
from Sigma-Aldrich, Australia. Sophorolipid biosurfactant 
(> 80% purity) from the yeast Candida bombicola produced 
by Cayman Chemical, USA, was purchased from Sapphire 
Biosciences, Australia. Saponin biosurfactant was extracted 
from the leaves of Eucalyptus camaldulensis (Hajimohammadi 
et al. 2016).

The soil was collected from an agricultural field in 
Yanco, NSW, Australia (34°360ʹ S, 146°240ʹ E), and 
was characterised as a brown Chromosols. Sediment was 
collected from Bullenbung Creek, Galore (35°182ʹ S, 
146°944ʹ E), NSW, Australia. While PAHs were detected 
in the sediment, their concentrations were below limit of 
quantification for sediments. Any PAHs in the soil were 
below limit of detection for soil. Characteristics of the 
soil and sediment have been previously reported (Kari-
yawasam et al. 2022c). Lettuce seeds (Lactuca sativa L.)  
were purchased from a local market in Wagga Wagga, 
NSW, Australia.

2.2 � Inhibition of seed germination assay

An experiment determining inhibition of seed germina-
tion by biosurfactants was performed in Petri dishes (9 cm 
in diameter) containing one layer of filter paper and 3 mL 
of sterile distilled water (control) or aqueous surfactant 
solutions prepared in sterile distilled water. Each dish 
(n = 4) contained a single surfactant at a concentration of 
100 mg/L, 200 mg/L or 500 mg/L. Ten seeds were placed 
in each dish, and covered dishes were incubated at 22 °C in 
continuous white light in a growth chamber for 4 days. The 
viability of seeds was pre-determined following the above 
procedure in the absence of surfactants and was shown to 
be > 90%. Roots longer than 3 mm were only considered, 
and root lengths of emerged plantlets were measured after 
4 days, and the percentage germination, root elongation and 
germination index (GI) were calculated according to the 
following formulae (Agrawal and Shahi 2017):

Seed germination (%) =
No. of seeds germinated in the sample

No. of seeds germinated in control
× 100%

Root elongation (%) =
Mean root length of plant in sample

Mean root length of plant in control
× 100%

Germination index (GI) =
Seed germination (%) × Root elongation (%)

100
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2.3 � Incubation of the surfactant‑amended soil 
and sediment

Surfactant solutions (500 mg/L) prepared in deionised water 
were sprayed (5 mL) into soil/sediment samples (20 g) in 1 
L glass jars (n = 8), and the moisture contents were adjusted 
to 70% field capacity. Jars with surfactant-free soil/sedi-
ment were used as the controls. Sealed jars were aerobically 
incubated at 22 °C, maintaining the moisture contents. Four 
replicate jars were removed for each treatment after 20 and 
40 days of incubation periods, and samples were collected 
for DNA extraction.

2.4 � DNA extraction

Total bacterial DNA was extracted from 250 mg soil/sedi-
ment (n = 4) with the DNeasy PowerSoil Kit (QIAGEN, 
Chadstone, Victoria, Australia) according to the manufac-
turer’s instructions. The concentration and purity of extracted 
DNA samples was determined both via gel electrophoresis 
and a NanoDrop Spectrophotometer (Thermo Fisher Scien-
tific, Scoresby, Victoria, Australia), and the concentration 
of each was adjusted to approximately 10 ng/μL prior to the 
polymerase chain reactions (PCR) and gene sequencing.

2.5 � PCR amplification of the 16S rRNA gene 
and MiSeq amplicon sequencing

PCR amplification and sequencing were performed at the 
Australian Genome Research Facility (AGRF, Sydney, 
NSW, Australia). The V3–V4 hypervariable region of the 
bacterial 16S rRNA gene was amplified with the forward 
primer (341F: 5ʹ-CCT​AYG​GGRBGCASCAG-3ʹ) and 
the reverse primer (806R: 5ʹ-GGA​CTA​CNNGGG​TAT​
CTAAT-3ʹ) according to the protocol of Yu et al. (2005). 
Thermocycling was performed on an Applied Biosystem 
384 Veriti and using AmpliTaq Gold 360 Master Mix (Life 
Technologies, Australia) as follows: initial denaturation at 
95 °C for 7 min, followed by 29 cycles of 94 °C for 30 s, 
50 °C for 60 s and 70 °C for 60 s and a final extension at 
72 °C for 7 min.

Illumina indexing of the amplicons was carried out in a 
second PCR utilising TaKaRa Taq DNA Polymerase (Clon-
tech). Quantification of the indexed amplicon libraries was 
achieved by fluorometry (Promega Quantifluor) and normal-
ised. An equimolar pool was created and adjusted to 5 nM 
for sequencing on an Illumina MiSeq (San Diego, CA, USA) 
with a V3, 600 cycle kit (2 × 300 base pairs paired end).

2.6 � Data analysis

Sequences were clustered into operational taxonomic 
units (OTUs) following the default Quantitative 

Insights into Microbial Ecology (QIIME 1.8) pipeline 
with reference to 97% sequence similarity against the 
SILVA database. Microbial diversity profiling data 
generated from soil and sediment samples treated with 
biosurfactants or deionised water (controls) and sampled 
at 20 and 40 days were analysed using the Marker Data 
Profiling module of MicrobiomeAnalyst (Dhariwal et al. 
2017), which implements R version 3.6.1. The OTU and 
Simpson rarefaction curve were used to evaluate whether 
the sequencing data amount was enough to cover all the 
sampled species and to reflect the species richness in 
samples. The alpha diversity was evaluated by Chao1 
and Shannon indices. Beta diversity was assessed 
with Bray–Curtis distance between two samples and 
visualised by principal coordinate analysis (PCoA). Core 
microbiome analysis was conducted by considering the 
sample prevalence and the relative abundance (fractions) 
of taxa or features in order to consider them as a part of 
the core member.

Statistical analysis was conducted using one-way ANOVA 
and Tukey’s post hoc test (Wawra et al. 2018). A two‑tailed 
P < 0.05 was considered statistically significant.

3 � Results 

3.1 � Seed germination study

Phytotoxicities of the saponin biosurfactant extracted 
from eucalyptus leaves and sophorolipid were assessed 
based on their GI and compared with those of rham-
nolipid and the industrial chemical surfactant Tween 
20. The percentage seed germination for all the biosur-
factants was above 80% at concentrations of 100, 200 and 
500 mg/L (Fig. 1a). The results suggested no significant 
difference (P > 0.05) in lettuce seed germination with 
the addition of any of the surfactants. In contrast, root 
elongation was markedly varied among the surfactants 
and with the doses of surfactants applied (Fig. 1b). Root 
elongation was over 80% for saponin and sophorolipid 
biosurfactants over the 100–500 mg/L range, while the 
rhamnolipid biosurfactant reduced root length to 33% at 
the 500 mg/L treatment. Tween 20 was the only chemical 
surfactant tested and consistently reduced root growth 
to 50–67% across the entire concentration range tested. 
Among the three biosurfactants, sophorolipid and sapo-
nin exhibited the least impact on root elongation at all 
the concentrations tested. Rhamnolipid resulted in the 
retardation of root growth at 500 mg/L.

GIs calculated based on the percentages of seed 
germination and root elongation were all greater than 
80% for all four of the surfactants, with the exception 
of rhamnolipid at 500 mg/L (Fig. 1c). GI values < 50%, 
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3.2 � Response of soil and sediment microbial 
communities to surfactant addition

3.2.1 � Biosurfactant‑induced changes in soil and sediment 
bacterial structure and diversity

According to the previous section, rhamnolipid and Tween 
20 toxicity was manifested as suppression of root growth 
in lettuce plants, while sophorolipid and saponin showed 
much lower impacts, particularly at higher concentrations. 
A previous study also indicated that rhamnolipid exhibited 
toxicity directly towards soil microbes (Ławniczak et al. 
2013; Millioli et al. 2009; Vatsa et al. 2010). Consequently, 
the impact of only sophorolipid and saponin biosurfactant 
application on soil and sediment microbial communities was 
investigated using amplicon sequencing. Rarefaction analy-
sis of identified OTUs indicated that the sequencing depths 
of these samples were well represented (Fig. S1). Beta diver-
sity profiling based on Bray–Curtis distance between soil 
and sediment samples depicted the presence of significantly 
(P < 0.05) different microbial communities in the two matri-
ces (Fig. S2).

Bacteria in non-treated soil- and biosurfactant-amended 
soil showed distinct community structure (P < 0.05, 
F = 9.37) as was revealed by PCoA based on Bray–Curtis 
distance (Fig. 2a). Two alpha diversity indices were calcu-
lated to compare the richness and the diversity of the bacte-
rial communities in soil with the treatments. According to 
Chao 1 index (Fig. 2b), a significant difference (P < 0.05, 
F = 5.74) in the species richness among the two treatments 
and control was observed. Furthermore, diversity in terms 
of species richness was greater for saponin applied soil 
compared to the non-treated soil, and it was the lowest in 
sophorolipid applied soil. Shannon index indicated that the 
species evenness in control soil samples was significantly 
(P < 0.05, F = 8.09) higher than in the treated samples 
(Fig. 2c). Alpha and beta diversity profiling at phylum and 
feature levels for sediment samples treated with two biosur-
factants showed no significant difference in diversity and 
richness. Further, soil and sediment samples treated with 
saponin and sophorolipid did not show a significant differ-
ence in bacterial communities in 20- and 40-day incubated 
samples, as revealed by alpha diversity indices and PCoA 
based on Bray–Curtis distance.

According to the univariate analysis conducted at the fea-
ture level, there were 11 OTUs that reported significantly 
(P < 0.05) different abundances in biosurfactant-treated 
and control soils. OTUs and the corresponding bacterial 
genera are listed in Table S1. Higher abundances of bac-
terial OTU50 (Methylobacterium), OTU109 (Bradyrhizo-
bium), OTU401 (Caulobacteraceae) and OTU637 (Xan-
thobacteraceae), which represent the bacterial classes 
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Fig. 1   Effect of surfactants on lettuce a seed germination, b root 
elongation and c germination index

50–80% and > 80% represent high toxicity, low and 
non-toxicity, respectively (Agrawal and Shahi 2017). 
This defines the non-toxicity of biosurfactants towards 
the lettuce plant. However, rhamnolipid at 500  mg/L 
concentration demonstrated high toxicity, whereas Tween 
20 showed low toxicity under the three concentrations 
tested. Based on our study on the optimisation of the 
experimental conditions for the surfactant mediated 
desorption of PAHs (Kariyawasam et  al. 2022b), 
optimal concentrations of the biosurfactants were within 
60–100  mg/L. It is likely that surfactants will not be 
uniformly distributed throughout the soil/sediment 
when applied, and discrete regions of high surfactant 
concentration will result. Hence, toxicity studies on the 
concentrations above the applied rates are necessary.
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Alphaproteobacteria and Gammaproteobacteria were 
detected in the presence of saponin compared to the con-
trol soils (Fig. S3). A significantly (P < 0.05) lower over-
all abundance of bacteria was noted in sophorolipid-added 
soil samples compared to the controls and saponin-treated 
samples. Notably, OTU1288 (Gemmatimonadetes) found 
in non-treated samples was absent in the presence of bio-
surfactants. The univariate analysis reported significant 
changes (P < 0.05) in the abundance of six bacterial OTUs 
(Table S1), which represent the classes Alphaproteobacte-
ria and Actinobacteria due to the biosurfactant treatment 
in sediment. Enrichment of bacteria representing OTUs 50 
(Methylobacterium), 57 (Phenylobacterium), 1058 (Micro-
bacteriaceae) and 2114 (Solirubrobacter) was observed in 
the presence of sophorolipid, whereas OTU50 was predomi-
nately found in saponin applied sediment samples (Fig. S4).

The identification of core bacterial communities in bio-
surfactant-added samples may help to predict the commu-
nity responses to the addition of biosurfactants. The core 
microbiome of biosurfactant-added soil samples consisted 
of Firmicutes, Proteobacteria, Actinobacteria and Bacteroi-
detes (Fig. 3a). The prevalence of nearly 50% soil micro-
bial phyla was observed in both treated and non-treated 
samples. At the feature level (Fig. S3), Bacillus (OTU2), 
Nocardioides (OTU5), Massilia (OTU10) and Phenylobac-
terium (OTU17) were the most prevalent members, which 
represented the above phyla. In biosurfactant-supplemented 
sediment, Proteobacteria, Actinobacteria and Bacteroidetes 
were the prominent phyla in the core microbiome (Fig. 3b). 
Rhodanobacter (OTU1), Streptomyces (OTU3) and Strepta-
cidiphilus (OTU8) were the most prevalent OTUs found in 
the core microbiome of all the sediment samples (Fig. S4).

3.2.2 � Relative abundance of soil and sediment bacteria 
in the presence of biosurfactants

Taxonomic analysis based on representative sequences 
of OTUs showed (Fig. 4) that Bacilli was the most domi-
nant bacterial class in soils with sophorolipid, saponin 
and non-treated soil accounting for 47%, 37% and 31% 
abundance, respectively. This was followed by Actino-
bacteria, Alphaproteobacteria and Gammaproteobacte-
ria in sophorolipid-added soil and controls. In saponin-
amended soil, the bacterial class Alphaproteobacteria 
was more abundant than Actinobacteria. Although there 
were no significant differences in the abundance of the 
four most dominant classes among treatments, a shift of 
bacterial community composition was observed mainly 
in sophorolipid-amended soil compared to the other 
samples. Most prominently, the relative abundances of 
Bacilli and Alphaproteobacteria were influenced by the 

sophorolipid biosurfactant, resulting in a slight increase 
in Bacilli and a reduction in Alphaproteobacteria com-
pared to the control.

Actinobacteria, Gammaproteobacteria and Alphaproteo-
bacteria were the most dominant classes of bacteria both 
in treated and non-treated sediment samples (Fig. 5). The 
abundance of Actinobacteria was higher in treated samples 
(44–49%) compared to non-treated sediment (33–37%). 
Members of the class Gammaproteobacteria showed a slight 
reduction in the presence of surfactants. Alphaproteobac-
teria and Bacteroides also accounted for around 6 to 10% 
of abundance and had not been changed by the addition of 
the biosurfactant. Notably, Bacilli the most predominant 
bacterial class in soil was found only less than 2% in sedi-
ment samples.

Taxonomic analysis based on representative sequences 
of OTUs showed a shift in microbial communities in 
treated soil and sediments compared to the controls. All 
the sediment samples after day 20 and 40 incubations 
demonstrated an increase in Actinobacteria and a decrease in 
Gammaproteobacteria abundance. Although the abundance 
of bacterial genera in sophorolipid applied sediments had not 
changed during the 20 to 40 days of incubation, the increase 
in Gammaproteobacteria composition was detected with 
time in saponin-amended sediment samples.

4 � Discussion

4.1 � Potential phytotoxic effects of biosurfactants

This study evaluated the phytotoxic potential of 
sophorolipid and eucalyptus saponin based on lettuce seed 
germination and root elongation. Although the impact of 
sophorolipid on seed germination in the presence of soil 
has been explored, this is the first study that investigated 
the individual effect of sophorolipid and saponin in the 
absence of soil. The lack of toxic effects of the studied 
biosurfactants, compared to Tween 20, during the early 
stages of lettuce growth, suggests their applicability to 
remediate contaminated soils.

When compared to sophorolipid and saponin, rham-
nolipid exhibited higher toxicity at high concentrations, 
which demonstrates the suitability and more environmen-
tal compatibility of sophorolipid and saponin. Millioli 
et al. (2009) investigated the impact of the rhamnolipid 
application on lettuce seed germination and reported a 
decreased seed germination from 120 to < 40% when 
the surfactant concentration in soil was increased from 
2 to 4 mg/g. Mekwichai et al. (2020) did not observe any 
toxic effects of rhamnolipid on the growth of corn plants 
when low concentrations (up to 3.2 mg/g) were applied. 
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However, in the above studies, observed phytotoxic/non-
phytotoxic effects of rhamnolipid may not only be due to 
the influence of rhamnolipid. Rather, interactions of soil 
constituents and microbes with rhamnolipid, as well as 
the interactions of soil microbes with seed constituents, 
may have affected the final outcome. In the presence of 
soil, the phytotoxic effects of surfactants can be affected 
by the soil composition and types of microbes present. 
Priji et al. (2017) conducted a phytotoxicity study in the 
absence of soil and observed a non-inhibitory effect of 
rhamnolipid at low concentrations (50 and 100 mg/L) 
on rice seed germination. While individual phytotoxic 

effects of sophorolipid have not been previously explored, 
Vaughn et al. (2014) observed no impact on corn seed bio-
mass when plants were grown in sophorolipid-amended 
potting substrate. Moreover, Shah and Daverey (2021) 
observed stimulation of shoot and root growth of Med-
icago sativa and Bidens pilosa in sophorolipid augmented 
soil (100 mg/kg) in the presence of cadmium.

Based on the GIs, rhamnolipid at low concentration 
(< 500 mg/L) and sophorolipid and saponin were found 
to be less inhibiting of root growth when applied to soil 
than Tween 20. According to Wen et al. (2009), 20% 
of rhamnolipid applied at 1.3 g/kg to soil was degraded 
after 3–7 days in three different soil types, while rham-
nolipid applied at 6.6 g/kg took 5–11 days. As the current 
study was undertaken in an aqueous solution, the toxic 
effect of rhamnolipid on lettuce root growth may have 
been more exaggerated than if it was performed in soil. 

Fig. 2   Shifts in soil microbial communities due to surfactant amend-
ment (E, eucalyptus saponin-amended soil; S, sophorolipid-amended 
soil; none, non-treated soil). a PCoA analysis of soil bacterial com-
munities based on Bray–Curtis distance at the phylum level. Different 
colours of dots represent different treatments. Alpha diversity includ-
ing Chao1 (b) and Shannon (c) indices of bacterial communities

◂

Fig. 3   Core microbiome analysis based on relative abundance and sample prevalence of bacterial OTUs grouped by phyla in biosurfactant-
treated and non-treated soil (a) and sediment (b) samples
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Moreover, it is important to note that soil constituents 
also play a significant role in rhamnolipid dissipation.

4.2 � Shifts in soil and sediment microbial community 
structure in response to biosurfactants

The use of two matrices having significantly (P < 0.05) 
different microbial diversities (Fig. S1) helped to demon-
strate the responses of a wide range of soil and sediment 
microbes to the addition of biosurfactants. Although Act-
inobacteria, Alphaproteobacteria and Gammaproteobac-
teria were the most abundant classes in both soil and 
sediment, the abundance of Bacilli was markedly higher 
in soil compared to sediments with varied treatments 
(Figs. 4 and 5). Despite the insignificant shifts in soil and 
sediment bacterial classes due to treatments and incuba-
tion times (20–40 days), no bacterial class seems to have 
been totally inhibited by biosurfactant application.

Shifts in bacterial abundance in the soil due to the 
addition of surfactants could be attributed to the abil-
ity of microbes to utilise the surfactants as carbon 
sources. Surfactant addition could also wipe out bacterial 

communities due to inhibitory effects and favour the 
more surfactant tolerant bacterial communities to thrive 
under reduced competition. Lu et al. (2019) and Single-
ton et al. (2016) also observed shifts in different classes 
of microbes due to rhamnolipid supplementation. Feng 
et  al. (2021) reported stimulation of cell growth and 
microbial activity in sophorolipid-amended contaminated 
soil. Similar to the present study (Fig. 5), the enrich-
ment of Actinomycetes in the presence of surfactants has 
also been noted (Kappeler and Gujer 1994). However, 
in the presence of contaminants in soils and sediments, 
toxic effects can be expected owing to the synergistic 
effects of the surfactants with the contaminants. Lu et al. 
(2019) revealed a marked reduction in the soil microbial 
classes Alphaproteobacteria, Gammaproteobacteria and 
Bacilli in the presence of PAHs and rhamnolipid when 
compared to the PAH-free rhamnolipid applied soil. This 
underscored the influence of PAHs in the presence of 
surfactants in driving the variations in soil microbial 
communities.

Sophorolipid and eucalyptus biosurfactants are 
reported to have a potential application in soil/sediment 

Fig. 4   Class level distribution of bacterial genera expressed as the relative abundance of the OTUs in the biosurfactant-amended and control soil 
((E, eucalyptus saponin-amended soil; S, sophorolipid-amended soil; none, non-treated soil at 20 and 40 days of incubation)
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bioremediation of PAH-contaminated sites (Kariyawasam 
et al. 2022b). Hence, it is vital to consider the impact of 
these biosurfactants on PAH-degrading microbes in soils 
and sediments. An increased abundance of known PAH-
degrading bacteria would be beneficial to utilise targeted 
assays to determine if this increase results in increased 
gene activity. Gaiella, Massilia, Lysobacter, Tumebacil-
lus, Geobacillus, Solirubrobacter, Nocardioides, Phe-
nylobacterium, Novosphingobium, Methylobacterium 
and Arthrobacter belonging to phyla Alphaproteobac-
teria, Gammaproteobacteria and Bacilli are known PAH 
degraders in soil (Lu et al. 2019; Singleton et al. 2016; 
Wang et al. 2016), and the most prevalent OTUs in the 
core microbiome of the treated and non-treated soil in 
the present study were potential PAH degraders. Despite 
the bacteria belonging to phyla Alpha and Gammaproteo-
bacteria being found in the core microbiome according 

to the univariate analysis, increases in the abundances of 
some of the OTUs (Figs. S5 and S6) affiliated with the 
above phyla in biosurfactant-treated soil have shown to 
be beneficial, as these OTUs are relevant for PAH deg-
radation. Biosurfactant application negatively impacted 
the existence of OTU1288 (Fig. 6), which belongs to the 
bacterial class Gemmatimonadetes, although it is not a 
prominent class of bacteria associated with PAH degra-
dation. Complete inhibition of some of the OTUs (Fig. 6) 
that demonstrated significant shifts in abundance based 
on univariate analysis was observed in the presence of 
sophorolipid. As presented in Fig. 6, most of the shifted 
OTUs can still be found in saponin-amended samples. 
Thus, saponin biosurfactant resulted in a lesser impact 
on the soil and sediment microbial communities than 
sophorolipid, as most of the OTUs shown in Fig. 6 were 
prevalent both in saponin-amended and control samples.

Fig. 5   Class level distribution of bacterial genera expressed as the 
relative abundance of the OTUs in the biosurfactant-amended and 
control sediment (E, eucalyptus saponin-amended sediment; S, 

sophorolipid-amended sediment; none, non-treated sediment at 20 
and 40 days of incubation)
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5 � Conclusion

Eucalyptus saponin and sophorolipid biosurfactants are 
more environmentally compatible than the chemical sur-
factant Tween 20 due to the lack of phytotoxic effects 
based on lettuce root elongation and seed germination 
studies. In addition, Miseq sequencing indicated that the 
relative abundance, diversity and structure of soil and 
sediment microbial communities were not significantly 
affected by the saponin and sophorolipid amendment 
after 20 and 40 days of incubation. However, at the OTU 
level, stimulation of the growth of potential PAH degrad-
ers Methylobacterium and Phenylobacterium was observed 
mainly in the presence of saponin biosurfactant, while the 
growth of Methylobacterium, Solirubrobacter and Phe-
nylobacterium was stimulated by sophorolipid. Thus, the 
application of eucalyptus saponin and sophorolipid to 
remediate PAH-contaminated soils and sediments may not 
cause adverse effects on the native microbiome. In terms of 
the prevalence of the significantly shifted OTUs, saponin 
is preferred by soil/sediment microbes over sophorolipid. 
Future work should focus on the impact of different doses 

of biosurfactants under varying environmental conditions 
(pH, salinity, temperature) on soil/sediment microbial 
communities. Further, the effect of residual concentrations 
of the biosurfactants on microbial populations over the 
incubation period needs to be considered in future studies.
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