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Abstract 

Oyster mushrooms (Pleurotus ostreatus) are known to metabolize polycyclic aromatic hydrocarbons in petroleum crude oil, making 
them candidates for oil spill remediation studies. This work aimed to assess P. ostreatus for its hydrocarbon degradation potential in 
estuarine conditions. In vitro experiments evaluated nutrient amendments based on P. ostreatus carbon: nitrogen: phosphorous (C: 
N: P) ratios to optimize mycelium growth, increase degradation efficiencies, and reduce potential nutrient runoff in broader applica
tions. Image analysis was used to track mycelium growth response to various salinities, nutrient amendments, and oil types. 
Subsequent evaluation of alterations within the saturate, aromatic, resin, and asphaltene (SARA) fractions constituting Louisiana 
sweet crude (LSC) was conducted via SARA analysis. Results indicate that P. ostreatus mycelium tolerates estuarine salinities, with 
maximum growth between 5 and 15‰. Relative to 0‰, growth was reduced at salinities >25‰, but positive growth was still observed. 
Nutrient amendments significantly increased growth over 7 days relative to untreated samples (p< 0.0001). The combination of am
monium chloride and potassium phosphate yielded optimal mycelium growth after 7 days. Mycelium and nutrients significantly al
tered saturate (p¼ 0.0015) and asphaltene (p¼ 0.0124) fractions in LSC. This study suggests that mycelium growth is viable under es
tuarine salinities and can be enhanced with nutrient amendments. Introducing nutrient factors was shown to influence oil 
degradation. Results also indicate that mycelium can reduce recalcitrant oil fractions. Thus, this study highlights the adaptability of 
P. ostreatus to estuarine conditions and its response to nutrient amendments, all while offering a promising approach to crude oil bio
remediation.
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Introduction
Estuarine ecosystems contain vital habitats that act as natural 
buffers against storm surges and coastal erosion, provide water 
filtration, and serve as crucial nurseries for recreationally and 
commercially important species (Barbier et al., 2011). Petroleum 
pollution can severely impact these environments because com
pounds such as polycyclic aromatic hydrocarbons (PAHs) are 
known to be persistent, toxic, and linked to developmental ab
normalities and physiological disruptions in aquatic species 
(Bagby et al., 2017; DeLorenzo et al., 2017; Gan et al., 2021; Hou 
et al., 2019; Meador & Nahrgang, 2019; Truskewycz et al., 2019; 
Whitehead et al., 2013; Zerebecki et al., 2022). Since the 
Deepwater Horizon oil spill in 2010, which released 4.6 million bar
rels of Louisiana sweet crude oil (LSC) into the Gulf Coasts, re
search on oil spill effects in salt marshes has grown. However, 
despite the increasing demand and transportation of petroleum 
products over the past 150 years, the majority of restoration 
methods have remained unchanged, and there are persisting 
data gaps in understanding the influence of bioremediation on 

these impacted areas (Demirbas & Taylan, 2016; Houghton, 1996; 
Kumar & Kaur, 2018).

Mycoremediation is a form of bioremediation where fungi are 
used to detoxify environmental pollutants, offering a natural and 
sustainable approach to mitigating their impacts (Akhtar & 
Mannan, 2020). Many oil-degrading fungi have been isolated 
from areas impacted by oil spills, and some species have been 
found to metabolize oil components more effectively than bacte
ria (Gan et al., 2021). This is due to the release of digestive 
enzymes that oxidize chemical bonds, including the ringed struc
tures of many PAHs, leading to their mineralization (Kirchman, 
2012; Zhuo & Fan, 2021). Additionally, the reduction of ringed 
structures increases the efficiency of microbial degradation pro
cesses (Acevedo-Sandoval et al., 2018). Research has also shown 
that Pleurotus ostreatus, commonly known as oyster mushrooms, 
alters the oil composition in polluted soils (Bhatt et al., 2002; 
White et al., 2006). A field trial reported that P. ostreatus myce
lium produced fruiting bodies after inoculation in oil- 
contaminated soil piles (1%–2% ¼ 10,000–20,000 ppm). In this 
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study, the oiled soil pile was reduced in 16 weeks to less than 
200 ppm of oil, allowing plants, insects, and invertebrates to in
habit it. In contrast, control piles remained toxic to plants and 
worms (Thomas et al., 1999). This terrestrial research on soils is 
promising, but little research has been published evaluating 
mycoremediation in marine or estuarine systems (�Sa�sek, 2003). 
Current media reports reference field trials using biodegradable 
floating hemp bags inoculated with mycelium on straw called a 
MycoBoom, a device that absorbs oil and acts as a corral to con
tain oil slicks. However, there are currently no reported data on 
the effectiveness of these booms in degrading oil on a large scale. 
With more research and understanding of these fungi as tools for 
bioremediation, compared to using heavy equipment to clean up 
oil, the in situ application of oil-degrading fungi may serve as a 
lower-cost and less invasive option (Akpasi et al., 2023). Also, 
these tools have the potential to engage local communities and 
serve as educational and collaborative initiatives to promote en
vironmental awareness and involvement (Thomas et al., 2009).

Oyster mushrooms are promising candidates for the mycore
mediation of oil spills in estuarine ecosystems. Their life cycle 
starts with the germination of spores that produce a branched 
network of fungal cells, or hyphae. These highly branched struc
tures meet and combine to produce mycelium, which will grow 
along substrates and attach to their food source. The mycelium 
secretes digestive enzymes that break down large molecules into 
usable resources. They can be classified as “white rot” fungi, 
meaning they are primary degraders of lignin in woody sub
strates, resulting in the adaptation to metabolize complex hydro
carbons, including those in crude oil (Glumoff et al., 1990; 
Kirchman, 2012; Langer et al., 2021). They are also known for 
their low production cost, high yield, and high bio-adsorption 
potential due to their extensive biomass (Girmay et al., 2016; 
Kapahi & Sachdeva, 2017). Moreover, P. ostreatus is relatively sim
ple to cultivate because it can thrive in diverse environments, in
cluding saline habitats (Bumpus et al., 1985; Da Luz et al., 2013; 
Rodrigues da Luz et al., 2012). This study aimed to examine how 
P. ostreatus mycelium growth dynamics are influenced by salinity 
ranges common to estuarine environments. Whereas previous 
research has focused on enhancing oyster mushroom fruiting 
body growth for increasing production (Elkanah et al., 2022; 
Girmay et al., 2016; Muswati et al., 2021), this study introduces 
the framework of a novel remediation approach by considering 
the stoichiometric ratio of carbon (C), nitrogen (N), and phospho
rus (P) in a substance or organism (C: N: P) for growth and devel
opment (Chen et al., 2020; Tang et al., 2018). By understanding 
the specific C: N: P ratio of a target organism, nutrient amend
ments can be tailored to provide a balanced and optimal nutrient 
supply, promoting a more robust product while mitigating nutri
ent imbalances that may limit biodegradation performance 
(Yang et al., 2019). This targeted nutrient amendment strategy 
aligns with sustainable practices by potentially reducing the risk 
of nutrient runoff into water bodies and ecological damage (Liu 
et al., 2021). In addition, we explored how P. ostreatus and nutri
ent amendments affect the composition of crude oil through sat
urate, aromatic, resins, and asphaltenes (SARA) analysis.

Methods
Cultivation of P. ostreatus
Pleurotus ostreatus was obtained in a sawdust fruiting block from 
Field and Forest (Peshtigo, WI). Culturing substrate consisted of 
potato dextrose agar (PDA) or oatmeal agar (OMA) plates pre
pared by mixing 400 ml distilled water with 8 g dextrose (Sigma- 

Aldrich), 6 g agar (Sigma-Aldrich), and either 1.6 g potato starch 
(Millipore-Sigma) for PDA or 32 g strained cooked oatmeal for 
OMA. The solution was heated to 100 �C, stirred on a hot plate 
with a stir bar for 10 mins, and then autoclaved to 120 �C for 
30 mins. The agar was poured (30 ml) into 100 mm Petri plates; 
the plates were covered and allowed to cool and solidify over
night. Sterile plates were then stored at 4 �C. To culture P. ostrea
tus, mycelium was directly transferred from the fruiting block to 
sterile agar plates and labeled as P0 for initial inoculation to agar. 
After 2 days, this mycelium was transferred to a new sterile agar 
plate labeled P1 (Stamets, 1993). If P1 mycelium growth reached 
the plate margin, a subsequent transfer followed and was identi
fied as P2. Mycelium transfer cohorts were thus tracked as P1, P2, 
P3, and so forth, where all experiments contained mycelium 
from P1 to P3 to maintain consistency. Oyster mushroom myce
lium has been shown to grow between 55 �C and 29 �C per fruiting 
block instructions, but cultures in this study were incubated at 
25 �C to simulate average temperatures of the Gulf Coast. 
Mycelium on agar was stored at 4 �C until used for experiments 
(Stamets, 2000).

Effect of salinity on mycelium growth
To determine the salinity tolerance of P. ostreatus, we measured 
mycelium growth over time in vitro with varying salinity concen
trations under sterile conditions. For this test, PDA was prepared 
and sterilized. Aliquots of agar were amended with Instant 
Ocean in 600 ml glass beakers to achieve salinities of 0, 5, 10, 15, 
20, 25, 30, and 35 g/L (‰). The salinity agar treatments were then 
mixed with a stir bar, and 30 ml were poured into Petri dishes, 
stored at room temperature while cooling, and allowed to solidify 
for 18 hrs and then transferred to 4 �C until use. Three plates for 
each salinity were inoculated with a 10 mm mycelium plug in the 
center of each plate and incubated at 25 �C for 7 days. Digital 
images were acquired using a standard frame to control for focal 
distance. They were taken every 24 hrs to determine surface area 
growth via the open-source National Institute of Health’s FIJI 
Software. All other testing in this work included agar without salt 
amendments (0‰ salinity) in accordance with normal PDA and 
OMA agar recipes (Stamets, 2000).

Effect of nutrient amendments on 
mycelium growth
The average C: N: P ratio of P. ostreatus was calculated to be 44:5:1 
from supplementary data reported by Zhang & Elser (2017). The 
chosen nutrient amendments for nitrogen and phosphorus 
amendments based on the P. ostreatus C: N: P ratio were ammo
nium chloride (NH4Cl), urea (CH4N2O), and potassium phosphate 
(KH2PO4), as well as the combinations of the N and P solutions 
(NH4Cl þ KH2PO4 and CH4N2O þ KH2PO4; Table 1). Nutrient stock 
solutions were prepared with sterile filtered deionized water. 
Fresh and/or weathered crude oil serves as the amended carbon 
source in the system based on the percent of carbon in petroleum 
crude oil, which is approximately 85% (Hyne, 2001). Both weath
ered and fresh LSC was obtained from Louisiana State University. 
Fresh LSC oil was a blend of crude oil from several reservoirs in 
offshore Louisiana. The oil underwent evaporation, reducing its 
weight by 25%–30%. It was achieved by passing air through it to 
force the evaporation of the light hydrocarbons sourced from a 
nearby oil drilling platform (referred to as fresh oil). The same oil 
was also subjected to artificial weathering through UV radiation 
and motion to simulate wave action (weathered oil). Samples 
were stored in sealed amber vials at 4 �C. The concentrations for 
carbon, nitrogen, and phosphorus ratios were calculated based 
on the molecular weight of each compound. For each treatment, 
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they were used as follows: 0.1 ml crude oil (fresh or weathered) to 
0.05 g/ml NH4Cl, 0.03 g/ml CH4N2O, and/or 0.01 g/ml KH2PO4 

(Table 1). Nutrient solutions were added to each PDA plate before 
inoculation of mycelium. Aliquots of 50 μl of each stock solution 
of either nitrogen, phosphorus, combinations of both nutrients, 
or deionized water (as a control) were added to the surfaces of 
Petri dishes. The dishes were then allowed to dry at room tem
perature for 24 hrs and labeled accordingly by nutrient. After 
24 hrs, 0.1 ml of fresh or weathered oil was spread over the sur
face of the agar. Finally, 10 mm plugs of mycelium were 
extracted using a 10 mm core borer from the cultured commu
nity. The mycelium plugs were then placed on each PDA agar 
plate to assess the ideal mycelium growth at various C: N: P nu
trient combinations. Inoculated plates were incubated at 25 �C, 
and images were taken every 24 hrs for 7 days to determine sur
face area growth via FIJI Software. Given a noticeable decrease in 
the pH of overlying water (�5.7 pH) in PDA in P. ostreatus myce
lium and oil tests, oatmeal agar was used as the primary sub
strate for mycelium (Crescent et al. 2024, unpublished data) in all 
future testing.

Effects of nutrient addition on oil composition
Agar dishes were prepared with OMA and P. ostreatus mycelium 
plugs with various oil and nutrient treatment factors (Table 2). 
To determine the possible effects of mycelium growth on 
changes in oil composition for carbon utilization, samples were 
collected from each treatment on Day 7 and Day 14 for SARA 
analysis. The SARA method used was adapted from methods de
tailed in Dettman et al. (2005), Dutta and Harayama (2000), and 
Kharrat et al. (2007). Agar samples were placed in 1,000 ml sepa
ratory funnels and soaked in 60 ml dichloromethane (DCM) for 
18 hrs to separate hydrocarbons from the agar. The extracts were 
collected into tared 60 ml glass collection vials.

The sample extracts were concentrated to dryness using a ni
trogen evaporator (Organomation, N-Evap 11) and weighed to de
termine the oil mass. Afterward, the dried oil samples were 
resuspended in 60 ml pentane, then sonicated for 45 mins, and 
allowed to sit for 18 hrs to enable the precipitation of the asphal
tenes. The asphaltenes were collected by passing the pentane 
mixture through a 0.45-µm polytetrafluoroethylene (PTFE) sy
ringe filter (Thermo Scientific, 30 mm PTFE membrane) and 
rinsed with 60 ml of pentane. The deasphalted fraction (i.e., mal
tene fraction) was collected into a TurboVap tube (�120 ml total). 
The asphaltenes were then eluted from the filter using 50 ml of 
dichloromethane into a tared 60 ml collection vial. The DCM was 
removed via nitrogen evaporation and weighed to determine 
asphaltene mass. For the maltene fraction, samples were con
centrated to 1 ml (Zymark TurboVap II concentration worksta
tion, nitrogen 14 PSI water temperature¼ 40 �C), transferred into 
4 ml amber autosampler vials, and brought up to 4 ml with pen
tane. Next, 1 ml of the maltene fraction (containing resins, aro
matics, and saturates) was separated using 5 g silica solid-phase 

extraction columns. Saturates were first eluted with 50 ml hex

ane and then collected into a tared glass collection vial. 

Aromatics were eluted with 1:1 hexane/benzene (% v/v) and col

lected into a tared glass collection vial. Resins were collected into 

two tared collection vials, with 50 ml of DCM and 50 ml of metha

nol. Each sample was concentrated under nitrogen, and the mass 

of each fraction was measured and reported. The reported resin 

fraction is the sum of the DCM and methanol eluents. The pro

portion of each oil fraction was statistically analyzed using a 

two-way analysis of variance (ANOVA) with assigned factors of 

oil type (fresh or weathered oil), nutrient amendments (with or 

without nutrients), and time (7 or 14 days) transformed using arc

sine square root transformation.

Data analysis
Imaging analysis
The National Institutes of Health FIJI software was used to esti

mate the surface area of mycelium in each of the collected 

images (Figure 1). The experiment collected images in a dark

room using a 108 megapixel camera. Each imaging session used a 

calibration image to determine the global scale. Collected images 

were converted to a grayscale, and a highlight mask that in

cluded the mycelium was selected. The calibration image and 

the highlighted mask generated the surface area measure associ

ated with inoculated mycelium. The surface area was recorded 

daily in Excel to evaluate the rates of mycelium growth 

over time.

Statistical analyses
Subsequent surface area measurements determined calculated 

growth rates of mycelium for the various nutrient/oil treatments 

over time fitted to an exponential regression model in Excel. 

Growth rates were compared using ANOVA tests in JMP statisti

cal software. Mycelium surface area data were analyzed using 

ANOVA and multiple comparisons of Tukey-Kramer tests. 

Saturate, aromatic, resin, and asphaltene values were compared 

via ANOVA tests using JMP statistical software.

Table 1. Nutrient amendment treatment parameters based on Pleurotus ostreatus C: N: P of 44:5:1 where nutrient ratio levels were 
derived using 0.1 ml crude oil (for carbon, fresh, or weathered oil) to 0.05 g/ml NH4Cl, 0.03 g/ml CH4N2O, (for nitrogen), and/or 0.01 g/ml 
KH2PO4 (for potassium).

Oil amendment Nutrient amendments

No oil None NH4Cl CH4N2O KH2PO4 NH4ClþKH2PO4 CH4N2OþKH2PO4

Fresh oil None� NH4Cl CH4N2O KH2PO4 NH4ClþKH2PO4
� CH4N2OþKH2PO4

�

Weathered oil None� NH4Cl CH4N2O KH2PO4 NH4ClþKH2PO4
� CH4N2OþKH2PO4

�

Note. The control group did not include oil. Sample groups also chosen for saturate, aromatic, resin, and asphaltene analysis were included in this table and 
indicated by (�).

Table 2. The mean surface area (mm2) of Pleurotus ostreatus 
mycelium at Day 7 of incubation with nutrient amendments in 
order from greatest growth to least growth.

Treatment Mean surface area (mm2) Standard deviation

NH4Cl þ KH2PO4 4012 534
NH4Cl 3249 393
KH2PO4 2609 841
CH4N2O 2165 189
Control 1911 416
CH4N2Oþ KH2PO4 788 420

Note. Treatments include the no oil, fresh oil, and weathered oil treatments for 
each nutrient category.
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Results/discussion
Mycelium growth in various salinities
Mycelium growth on PDA, reported as surface area, was recorded 
for 7 days over a range of salinities (0–35‰) typical of a south
eastern U.S. estuary. Growth metrics (imaged surface area;  
Figure 2) indicate that P. ostreatus mycelium grew at all tested sal

inities, but growth was most robust between the 5–15 ppt range, 
simulating brackish or estuarine ranges in the natural environ
ment (Figure 2). Comparisons of treatments for each pair using 

Tukey-Kramer’s test resulted in significant differences between 
salinities in the 5–20‰ range (letter group A) and 0‰ including 
the 20–35‰ range (letter group C; Figure 2). Mycelium growth in 
this salinity range exceeded salinities >30‰ (Figure 2).

Mycelium growth with nutrient amendments
To maximize P. ostreatus growth, optimal nutrient conditions 
must exist. Based on nutrient ratios found in P. ostreatus as 
reported by Zhang and Elser (2017), various nutrient (carbon as 

amended with LSC, nitrogen, and phosphorous ratio of 44:5:1) 
combinations were tested to evaluate the conditions that would 
maximize mycelium growth. Recorded surface area measure
ments were analyzed using a two-way ANOVA and multiple 

mean comparisons among oil type and nutrient amendments us
ing JMP Ver. 12 software. Carbon sources for this test included 

fresh or weathered LSC and control PDA media (no oil; Figure 3). 
The results from Tukey-Kramer’s test on the least square means 
indicate that the addition of oil had no significant impact on my
celium growth, and there was no significant difference between 
the oil types. These results suggest that carbon is unlimited 
within the system for mycelium to grow, regardless of adding oil. 
The two nitrogen sources for this test included urea (CH4N2O) or 
ammonium chloride (NH4Cl), and the sole phosphorus source 
was potassium phosphate (KH2PO4). The two nutrient combina
tions included each nitrogen source with phosphorus 
(CH4N2OþKH2PO4) and (NH4ClþKH2PO4). The multiple compari
son model comparing mean surface area results for nitrogen and 
phosphorus amended treatments indicated no significant differ
ences between the control and single nutrient treatments 
CH4N2O or KH2PO4 (Figure 3). The results show that nitrogen 
amendment NH4Cl had significantly increased mycelium growth 
compared to the control (p¼0.0004). This model indicated sub
stantially higher surface area growth when mycelium was grown 
in the nitrogen NH4ClþKH2PO4 and a significant decrease in the 
recorded surface area of the CH4N2Oþ KH2PO4 combination 
treatment. The multiple-factor analysis of variance indicated 
that oil type was not a significant factor (p¼ 0.59), but the nutri
ent amendments were the considerable drivers in mycelium sur
face area measurements (p< 0.0001). The interaction between oil 
type (carbon) and nitrogen or phosphorus (nutrient) treatments 

Figure 1. Potato dextrose or oatmeal agar in vitro where agar was amended with salts, nutrients, and oil as assigned before inoculation of freshly cut 
(10 mm) mycelium plugs. Plugs were placed in the center of the plates and incubated at 25 �C. Images were captured daily, and the surface area of 
mycelium was tracked using Image J software.

Figure 2. Surface area of Pleurotus ostreatus mycelium grown in vitro with varying salinities after 7 days at 25 �C. The range of salinities represents 
ranges typically found in coastal habitats. Salinities not connected by the same letter are significantly different, as determined by a one-way analysis 
of variance followed by a Tukey-Kramer test. Values represent the mean of replicates ± standard deviation.
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did not significantly influence surface area growth (p¼ 0.051;  
Figure 3). The order of most significant growth enhancement to 
least was NH4Cl þKH2PO4 > NH4Cl > KH2PO4> CH4N2O > Control 
> CH4N2O þ KH2PO4 (Table 2). These results align with previous 
research suggesting nitrogen is the primary nutrient limited dur
ing oil spill bioremediation, followed by phosphorus (Atlas & 
Hazen, 2011; Jabbar et al., 2022). Nitrogen is essential for synthe
sizing fungal cell walls, and phosphorus is vital for proteins, lip
ids, and nucleic acid synthesis (Megharaj et al., 2011). Oyster 
mushroom substrates typically include nitrogen and 
phosphorus-rich sources, such as wheat straw, spent coffee 
grounds, or cow manure. However, achieving a precise ratio of 
these nutrients can be challenging (Stamets, 2000). When select
ing the nitrogen and phosphorus compounds for the in vitro 
experiments, we considered previous studies that looked at opti
mal growth conditions, which included ammonium chloride and 
potassium phosphate (Hoa & Wang, 2015). Notably, the combina
tion of urea and phosphate significantly inhibited mycelium 
growth compared to the control (Figure 3). Previous research sug
gests urea can serve as a readily available nitrogen source for 
fungi when present in the environment but can be toxic to cer
tain species (Navarathna et al. 2010; Veverka et al. 2007). Thus, it 
is essential to understand that the specific nutrient amendments 
required may vary depending on the organism, specific ecosys
tem, and the specific purpose for amending. Understanding the 
target organism’s C: N: P ratio provides valuable information for 
developing effective nutrient-amending strategies that maximize 
benefits while minimizing potential drawbacks. To evaluate the 
efficiency of oil–mushroom–nutrient interactions, we must be 
able to track chemical changes in addition to mycelium growth 
rates in oil over time.

Compositional analysis of oil with mycelium and 
nutrient amendments
Oil constituents change when exposed to surface conditions. 
Thus, it is crucial to identify and monitor changes in their com
position (Overton et al., 2022). This study conducted a SARA 
analysis of the various oil–mycelium–nutrient treatments 
(Table 2). The saturate fractions were significantly affected by 

the presence of nutrients (p¼0.0015), time (p< 0.0001), and the 
interaction of nutrients�time (p¼0.001), but oil type did not sig
nificantly affect the saturate fraction. These results indicate that 
regardless of oil type, time and nutrients reduced the saturate 
fractions in fresh and weathered LSC (Figure 4). This supports 
previous studies showing that microbes’ saturate oil fraction is 
more readily biodegradable (Gros et al., 2014; Wu et al., 2023). 
The multiple-factor analysis of variance indicated that the 
asphaltene fractions of LSC were significantly affected by 
nutrients (p¼0.0124), oil type (p¼0.0189), and the combined in
teraction treatment oil�time (p¼ 0.0147). These results indicate 
that P. ostreatus can alter the asphaltene fractions by adding 
nutrients in fresh oil (Figure 4). The aromatic fraction in fresh oil 
significantly differed from weathered oil (p¼ 0.0178). This is likely 
a volatilization factor (Bacosa et al., 2018) but may be influenced 
by bioremediation agents using available carbon for 
growth (Figure 4).

Additionally, the multiple-factor analysis test revealed that 
the proportion of resins in both oil types was significantly af
fected by time (p¼ 0.0014; Figure 4). Weathered LSC may contain 
higher proportions of asphaltenes, potentially influencing their 
alterations by the mycelium and nutrient combination. 
Asphaltenes are recalcitrant fractions in crude oil, and thus my
celium or other bioremediation agents could benefit from nutri
ent amendments to reduce (i.e., mineralize) these compounds. 
Saturates are the most prevalent component of LSC and are read
ily altered by various environmental factors and biological 
agents, including fungi, which was observed in this study. This 
fraction showed significant differences were reported for both 
time and nutrients (p¼ 0.0010). Resins generally may take longer 
to degrade as they aggregate in oil mixtures, limiting the fungi’s 
ability to access them (Overton et al., 2022).

The surface area growth data of P. ostreatus in each treatment 
was recorded on Days 7 and 14, followed by oil extraction for 
SARA analysis to determine differences between adding fresh oil 
and the treatments amended with NH4CLþKH2PO4. Image analy
sis data showed that after approximately 7 days, mycelium 
growth slows and reaches a stationary phase. This is often an in
dication of where growth becomes nutrient-limited. Still, in this 

Figure 3. Average mycelium growth on potato dextrose agar (PDA) at Day 7, with the addition of Louisiana sweet crude and nutrient amendments 
concentrations based on the average C:N:P ratio (44:5:1) of Pleurotus ostreatus. Control treatment contained mycelium on agar. The following treatments 
included fresh or weathered oil and with or without nitrogen and/or phosphorus amendments.

Environmental Toxicology and Chemistry, 2025, Vol. 00, No. 0 | 5  
D

ow
nloaded from

 https://academ
ic.oup.com

/etc/advance-article/doi/10.1093/etojnl/vgae078/7942979 by N
O

AA Library user on 28 February 2025



Figure 4. Percent composition of saturate, aromatic, resin, and asphaltene (SARA) components based on time and nutrients: (A) in fresh Louisiana 
sweet crude (LSC) oil and (B) in weathered LSC oil. The saturate fractions were significantly affected by time (analysis of variance [ANOVA],  
p < 0.0001) and nutrients (ANOVA, p ¼ 0.0015). There was a significant decrease in aromatic fractions in fresh oil compared to weathered oil (ANOVA,  
p ¼ 0.015). The proportion of resins were significantly affected by time (ANOVA, p ¼ 0.032). The analysis revealed that the asphaltene fractions were 
significantly affected by nutrients (ANOVA, p ¼ 0.0124), oil type (ANOVA, p ¼ 0.0189), and the interaction of oil and time (ANOVA, p ¼ 0.0147).

Figure 5. Average mycelium growth on oatmeal agar (OMA) at 7 days, with the addition of petroleum crude oil and nutrient amendments 
concentrations based on the average C:N:P ratio (44:5:1) of Pleurotus ostreatus. Control treatment contained mycelium on agar. The following treatments 
included fresh or weathered oil with or without either nutrient amendment. Results from all pairwise t test indicated significant differences (p ¼ 0.016).
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case, mycelium covered the entire surface area of the Petri dish 
and was limited by a physical boundary. Although the data also 
shows that by Day 7, treatments without oil had higher surface 
areas, the treatments containing oil and nutrients were markedly 
higher than oiled treatments without nutrients (Figure 5). A mul
tifactorial repeated-measures ANOVA was performed on the my
celium surface areas recorded on Day 7. These results suggest 
that nutrients significantly affected the mycelium surface area 
(p¼0.0164). The Student t test indicated that treatments with 
nutrients significantly differ from treatments without nutrients 
(p¼0.016). Furthermore, mycelium surface area measurements 
were significantly different in treatments, including fresh, 
weathered, and oil-free. They also suggest that surface area un
der treatments without oil (control) and weathered oil with nutri
ent amendments were significantly higher than treatments 
without nutrient amendments and fresh oil with nutrients.

Knowing that mycelium growth was affected by nutrient 
amendments and oil, it was important to compare mycelium 
growth rates within each treatment. The surface area data set 
(between Day 3 and Day 7) was parsed from the entire surface 
area data set, and the resulting linear trendline was determined 
to identify each replicate’s growth rate (i.e., slope). The calcu
lated growth rates were sequentially analyzed by two-way 
ANOVA, with assigned oil type and nutrient amendment factors. 
The interaction term of nutrients�fresh oil showed significantly 
increased growth rates (p¼0.015) between Days 3 and 7 com
pared to treatments without nutrients and the interaction of 
nutrients with weathered oil. These results indicate that when 
fresh oil is combined with nutrient amendments, a faster growth 
rate of mycelium occurs. Growth rates from Days 3–7 were then 
compared to the individual SARA proportions at Day 7 by one- 
way ANOVA. The results indicated that the saturate proportions 
decreased across all treatments as the growth rates and resin 
proportions increased. These results suggest that the oil propor
tions of saturates and resins relate to growth rate. However, fu
ture studies must confirm the relationship between LSC oil 
fractions and P. ostreatus mycelium growth rates.

Determining the mass fractions of oil associated with SARA 
analysis in fresh and weathered oil helped evaluate the possibil
ity of mycelium-derived mycoremediation. The mass of total re
covered oil in fresh oil was greater in mycelium treatments, and, 
inversely, the weathered oil total recovered mass was signifi
cantly greater in the controls (Table 3). The mass increase in 
fresh oil fractions may be impacted by sampling techniques, but 
it is well known that initial weathering of crude oil is being driven 
by well-documented abiotic processes such as evaporation (Lee 
et al., 2023; Lundstedt et al., 2007; Overton et al., 2022). 
Weathered oil tends to have more complex, recalcitrant hydro
carbons (like resins and asphaltenes), which are harder to 

degrade by natural processes. In this case, mycelium may pro
vide unique enzymatic pathways that enhance the breakdown of 
these more resistant oil fractions. Our data show significant 
reductions in weathered oil saturate, aromatic and asphaltene 
fractions when mycelium is present, and these data (Table 3) are 
supportive of mycoremediation. In fact, results for each of these 
fractions indicated an approximate two-fold decrease when my
celium and weathered oil were incubated. Fresh oil degradation 
is more naturally driven by environmental processes, with myce
lium playing a less effective or even inhibiting role in 14 days. 
Weathered oil degradation, on the other hand, benefits from the 
specialized enzymatic activity of mycelium, which is likely more 
effective in breaking down the complex hydrocarbons that per
sist in weathered oil. This difference highlights how bioremedia
tion strategies may need to be targeted to the age of the oil spill 
(fresh vs. weathered). In this study, mycelium was found to be 
more effective in altering oil composition in older, weath
ered oils.

Conclusion
This study describes the concept and potential for mycoremedia
tion of oil in estuarine systems using P. ostreatus. The salinity tol
erance of P. ostreatus mycelium was between 5 and 15‰ and 
declined markedly at salinities greater than 25‰. This work also 
examined the growth response of P. ostreatus mycelium to nutrient 
variations. Altering nutrient availability significantly impacted 
mycelium growth, as expected. However, identifying specific nu
trient combinations (such as ammonium chloride and potassium 
phosphate) that will optimize mycelium growth is essential when 
assessing its mycoremediation potential. The nutrient assays 
emphasized the importance of tailored nutrient amendments, as 
specific nitrogen sources, like urea, can inhibit mycelium growth. 
This study aimed to define relationships between surface area, 
nutrient amendments, and oil fractions. The results indicate that 
nutrient amendments and time influence the proportions of 
SARA fractions in the oil, particularly affecting saturates and 
asphaltene fractions. The aromatic fraction displays differences 
between fresh and weathered oil, suggesting potential bioremedi
ation effects. The findings indicated that mycelium and the N: P 
nutrient combination could alter recalcitrant fractions like 
asphaltenes, promising for enhancing bioremediation effective
ness. And, finally, the significant decreases in saturates, aro
matics, and asphaltenes in weathered oil with the presence of 
mycelium support the presence of mycoremediation in this ef
fort. Further research aimed at understanding the intricate rela
tionships between oil composition, mycelium growth, and 
nutrient amendments is crucial for developing efficient mycore
mediation strategies. Although mycoremediation has shown 

Table 3. The average mass (and range) estimates of saturate, aromatic, resin, and asphaltene fractions from fresh and weathered oil at 
14 days when incubated in agar plates with and without Pleurotus ostreatus mycelium.

Fresh oil Weathered oil

Oil fraction No mycelium (g) Mycelium (g) p-value No mycelium (g) Mycelium (g) p-value

Saturates 0.0220 
(0.0015–0.0399) 

0.0305 
(0.0259–0.0376) 

0.0207� 0.0649 
(0.0360–0.1058) 

0.0155 
(0.0086–0.0290) 

<0.0001�

Aromatics 0.0067 
(0.0046–0.0109) 

0.0071 
(0.0035–0.0092) 

0.0309� 0.0184 
(0.0064–0.0285) 

0.0106 
(0.0051–0.0201) 

0.0001�

Resins 0.0065 
(0.0047–0.0088) 

0.0093 
(0.0041–0.0131) 

0.0399� 0.0090 
(0.0075–0.0113) 

0.0070 
(0.0049–0.0127) 

0.7224

Asphaltenes 0.0013 
(0.0005–0.0028) 

0.0024 
(0.0016–0.0028) 

0.0074� 0.0047 
(0.0025–0.0073) 

0.0021 
(0.0012–0.0028) 

0.0001�

Note. Significant differences between mycelium and no-mycelium exposures are indicated by (�).
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promise in laboratory and small-scale studies, large-scale field 

studies and real-world applications still need to be augmented to 

evaluate effectiveness and scalability in various environments 

and contamination scenarios. The regulatory acceptance and 

standardization of mycoremediation as a recognized remediation 

technique still needs to be reformed, calling for further research 

to develop guidelines, regulations, and protocols for implement

ing mycoremediation projects and addressing potential liability 

concerns. With this added knowledge, mycoremediation using P. 

ostreatus could offer a promising and environmentally friendly 

approach for mitigating oil pollution in estuarine ecosystems.
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