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Impact of bottom ash addition on
Pleurotus ostreatus cultivation on
coffee ground substrate
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The study aimed to explore the potential use of coal-fired power plant bottom ashes in Pleurotus
ostreatus cultivation using spent coffee grounds. The study analyzed five compositions of growth
substrate for mushrooms: pure coffee grounds (l) as a control sample; coffee grounds substrate with
the addition of 1% (lI); 5% (lll); 10% (V) bottom ash; and bottom ash alone (V). The study revealed
that compared to the control sample (1), the addition of 1% bottom ash (l1) did not affect the time of
mycelium growth but slowed fruiting body growth by 4 days. With 5% addition (l1I), mycelium growth
slowed by 6 days, and fruiting body growth by 7 days. At 10% (IV), growth was completely inhibited.
Compared to sample (1), fruiting bodies grown on sample (ll) had higher phosphorus, copper, and zinc
accumulation, while chromium, nickel, and lead levels were lower in fruiting bodies grown on samples
(I1) and (111). Additionally, fruiting bodies grown on samples (Il) and (Ill) contained less iron, silicon,
selenium, aluminum, calcium, and magnesium. The results presented in the article regarding the levels
of contamination in the cultivated mushrooms and in the substrate after cultivation, indicate the
potential for their further management.
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The Pleurotus species is the second most widely grown and disseminated edible mushroom genus after Agaricus
species'. Due to its versatility, it may be grown on agro-industrial, food, and cellulose waste materials, replacing
industrial substrates, which provide the necessary conditions for fungal growth?3. Given these characteristics,
scientists continue to explore the potential of P. ostreatus for waste management in a closed-loop system. The
"closed-loop" concept in this study demonstrates how waste can be transformed into valuable resources, creating
a system where materials are reused multiple times, thereby minimizing negative environmental impact. In
coffee-producing countries, spent coffee grounds are already being used as suitable substrates for cultivating
Pleurotus ostreatus, offering an innovative approach to recycling spent coffee grounds (SCG)*. Despite the
observed reduction in mycelium growth rate, researchers have explored the incorporating spent coffee grounds
into the substrates of Pleurotus pulmonarius and Pleurotus floridanus, noting that highest concentration of SCG
used (89% w/w) did not support mycelial growth of both Pleurotus mushrooms’. Nevertheless, the growth rate
inhibition does not pose a complete barrier to recycling coffee grounds in the production of Pleurotus ostreatus.
This is due to environmental awareness and the reevaluation of the benefits of SCG recycling, considering the
ongoing global coffee production®’. Utilizing SCG as a substrate in the production of Pleurotus ostreatus ensures
waste utilization as resources in a new production process, contributing to environmental pollution reduction
through closed-loop utilization®.

In addition to its enormous adaptability, Pleurotus ostreatus mushrooms possess the ability to bioaccumulate,
including the accumulation of heavy metals®!?. Green Biotechnology, as a component of a closed-loop economy,
allows the use of Pleurotus ostreatus mushrooms for mycoremediation of contaminated soil and water. It also offers
opportunities for biofermentation, providing substantial benefits for the natural environment and improving
living conditions in impoverished countries grappling with hunger and malnutrition!!. P. ostreatus also exhibits
antioxidant, anti-cancer, anti-inflammatory, anti-hypercholesterolemic, antiviral, and immunostimulatory
properties, making it a valuable food source'2.

The disposal and accumulation of coal ashes (FA and BA) in the environment is also a concern, particularly
as it pertains to electricity generation!®. Bottom ash is a byproduct that contains high concentrations of heavy
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metals and salts. Environmental risk assessments of coal ash storage for the selected power plant were made
in a study'* where the risks of ash disposal and its environmental impact are described in detail. Therefore, its
safe disposal is essential to mitigate environmental concerns, by using this waste as recyclable materials. One
viable option for managing bottom ash is its use in agriculture as a soil amendment!®. Bottom ash (BA) has
shown potential as a soil additive, with over 100,000 tons annually stored in Portugal meeting PTE limits for soil
fertilizers in some countries. In'® researchers found that adding BA to mining soils increased soil water pH and
enhanced macro and microelement solubilization. In'? researchers explored using BA from biomass combustion
in forestry. In'® researchers demonstrated BAs benefits as a fertilizer, improving soil texture, yields, and crop
quality. Paper!’ noted BAs ability to improve low-quality soils by enhancing pH and nutrient composition.
In?° researchers reported increased soil pH and nutrient levels with BA and humus addition. Another paper?!
showed BA’s positive effects on seedbed conditions for Acacia mangium cultivation. Notably, BA enhances soil
water retention®.

Bottom ash has potential uses in agriculture and forestry. In article!” scientists studied its use from woody
biomass power plants in forestry. In'® researchers found that bottom ash as fertilizer improved soil texture,
water and air conditions, and crop yields. It can raise soil pH, K, Ca, Mg, and total N content. In'® they noted its
benefits for low-quality soils. Paper?® reported increased soil pH and nutrient levels with bottom ash and humus
addition. Article’! showed improved seedbed conditions for Acacia mangium cultivation. Notably, bottom ash
enhances soil water retention'®. While some increase in soil Cd and Co was observed, crop concentrations
remained unchanged?2.

Clearly, exploring the potential use of agro-industrial waste like bottom ash and coffee grounds as substrates
for cultivating P. ostreatus represents an exciting and promising avenue for development. It encourages a deeper
exploration of this subject and warrants further investigation. The use of these additives allows for assessing their
recycling capabilities and the accumulation of harmful compounds found in bottom ashes while simultaneously
reducing environmental pollution. Furthermore, the research results can be compared with the findings of
previous experiments conducted by?’, who examined the bioremediation potential of Pleurotus ostreatus
cultivated using a substrate enriched with fly ash. A comparative analysis will help identify any differences in
their applications and enable the selection of suitable additives beneficial for both cultivation and the natural
environment.

The main objectives of the study are to investigate the potential use of bottom ash from coal-fired power
plants in the cultivation of Pleurotus ostreatus on coffee grounds and to evaluate the accumulation of heavy
elements in mushrooms grown on a substrate with added bottom ash. Potential applications of the research
results include the use of bottom ash as an additive to the substrate in edible mushroom cultivation, especially at
low concentrations (1-5%). It also offers possibilities for using mixtures of coffee grounds and bottom ash as soil
additives in conventional cultivation, particularly for poor or degraded soils. This method can be utilized as an
element of a circular economy, combining the recycling of industrial waste (bottom ash) and food waste (coffee
grounds). There is also potential application in the bioremediation of contaminated soils, leveraging the ability
of mushrooms to accumulate heavy metals, as well as the use of post-mushroom cultivation substrate as fertilizer
or soil additive due to its enrichment with nutrients.

These studies open up new possibilities in sustainable waste management and food production, while
simultaneously contributing to solving problems related to environmental pollution.

Materials and methods

This study employed a completely randomized design (CRD) to investigate the potential use of bottom ash from
coal-fired power plants in the cultivation of Pleurotus ostreatus using spent coffee grounds as a substrate. Five
treatments were prepared with different substrate compositions (Table 1).

Each treatment was replicated three times, resulting in a total of 15 experimental units. The substrate mixtures
were placed in plastic bags and inoculated with P. ostreatus mycelium. The bags were randomly arranged in
a controlled environment chamber maintained at 20 °C with 50% humidity. After four days, the bags were
perforated to ensure air circulation. Throughout the cultivation process, the following data were collected:

Mycelium growth rate

Time to fruiting body development

Environmental conditions (temperature and humidity)

Growth and size of mycelium and mushrooms over time

Elemental composition of raw materials, substrates, mycelium, and fruiting bodies

S

Analytical techniques used for elemental analysis included:

Treatment code | Description

I (Control) 300g of coffee grounds

I 300g of coffee grounds, 20g of straw, 3g of bottom ash (1% bottom ash)
11 300g of coffee grounds, 20g of straw, 15g of bottom ash (5% bottom ash)
v 300g of coffee grounds, 20g of straw, 30g of bottom ash (10% bottom ash)
v 100g of bottom ash

Table 1. Table summarizing the treatments.
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Substrates for sample
creation

1. ICP-OES for metals, metalloids, silicon, and phosphorus
2. Flame emission photometry for macronutrients (Ca, Mg, Na, K)
3. CHNS elemental analysis

Statistical analysis was performed to evaluate the effects of different bottom ash concentrations on P. ostreatus
cultivation and the accumulation of heavy metals and other elements in the mushrooms and post-cultivation
substrates.

One-way analysis of variance (ANOVA) was conducted using the average values of elements (As, Cd, Co,
Cr, Cu, Fe, Mo, Ni, P, Pb, Si, Zn, N, C, H, S) obtained from the three replicates for each sample type: mycelium,
fruiting bodies, and post-cultivation substrate. The significance level was set at a=0.05. Duncan’s test was
performed for post-hoc comparisons to determine which treatments were significantly different from each other
(Appendix 1).

The statistical analysis aimed to identify significant differences in elemental composition among the different
treatments and sample types, as well as to evaluate the effectiveness of the applied methods compared to the
control.

Sample preparation

Five different substrate compositions were prepared for inoculation with Pleurotus ostreatus mycelium. The
substrates were composed with the following ratios: I. sample: 300g of coffee grounds II. sample: 300g of coffee
grounds, 20g of straw, 3g of bottom ash, III. sample: 300g of coffee, 20g of straw, and 15g of bottom ash, IV. sample:
300g of coffee, 20g of straw, and 30g of bottom ash, V. sample: 100g of bottom ash. The blends were placed into
plastic bags and inoculated with mycelium, which was carried into the bags on a layer of wheat grains serving
as a carrier. Inoculation trials were done on each mixture three times. These 50 percent humidity substrate
bags were placed in a 20 °C chamber. Airflow and separation were ensured by spacing the bags at least 10 cm
apart. 4 perforations with dimensions of 1 cm were done in each bags, four days after mycelium inoculation,
to provide air circulation. Total mycelium overgrowth was observed in mixes I and II after 14 days. Mix III
achieved full overgrowth at 20 days. The bag temperature was monitored during mycelium growth to maintain it
below 28 °C. Elevated temperatures may kill mycelium. The substrate turned pale yellow as mycelium colonised
it. To promote mushroom development, the temperature was decreased to 18 °C. Periodically ventilating the
cultivation chamber removed excess CO,.

The room was in a muted light with 12 h of daily natural light. Fruiting bodies began developing in the
perforations and partly under the protective coverings on the fifth, ninth, and twelfth days subsequent to
reducing the substrate temperatures for types I, II, and III. To accommodate the mushroom fruiting bodies
without causing harm, we delicately widened the holes in our bags to 2 cm. As depicted in Fig. 1, the harvesting
process commenced once the cap margins of the largest specimens began to flatten, which is in line with Cornell
Small Farms Program guidelines*!. Following harvesting, mushroom samples underwent drying and crushing
for laboratory analysis.

Stage of mushroom

Mycelium stage harvesting

SPC

Straw

Bottom ash

Sample preparation stage Fruiting body growth
stage

Fig. 1. Developmental phases of mushroom as well as mycelium growth in P. ostreatus cultivated on coffee
grounds.
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Investigation approach

The mushroom and substrate samples were tested for metals (Al, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Zn), metalloids
(As, Se), Si, and P using the ICP-OES method (ICPE-9800, Shimadzu). After mineralization in an inorganic
acid mixture per PN-EN 16170: 2017-02. Additionally, macronutrients (Ca, Mg, Na, K) were measured using
flame emission photometry (BWB-XP, BWB Technologies UK LTD) in compliance with PN-ISO 9964-3 and
PN-R-04024:1997. Also, elemental analysis was done using a CHNS analyzer (Elementar Analysesysteme Gmbh,
Hanau, Germany) according to?>?%. The growth of mycelium and mushrooms was also assessed by measuring
their growth and size over time. The cultivated mushrooms from sample 1 reached a height of 63 mm, from
sample 2 a height of 52 mm, and from sample 3 only 30 mm. Diameter of the fruiting bodies cap from sample 1
was 75 mm, from sample 2 was 68 mm, and from sample 3 was 34 mm.

These methods are commonly used in analytical chemistry for determining the elemental composition of
samples. ICP-OES is particularly useful for trace element analysis, flame emission photometry is effective for
alkali and alkaline earth metals, and CHNS analysis provides information about the organic composition of the
samples. In the study, 3 independent experimental replications were conducted.

Mineral processing method
The approach of*” mineralized mushroom and substrate biomass samples in HNO,, H,0,, and HE. 9 mL of 65%
HNO, was added to 0.5+0.001 g of the sample and left in a Teflon vessel covered with a lid for 12h for initial
mineralization. Then, 1 mL of 30% H,0, was added and slowly heated at 40 °C for 1h, observing the turbulence
of mineralization. After this time, the temperature was raised to 100 °C and mineralized for the next 1h. If
necessary, the acid (HNO,) in the vessel was was topped up to a volume of 10 mL. At the end of mineralization, 1
mL of 40% HF was added and heated for 0.5 h. After mineralization, the vessel was cooled and rinsed with water.
The mineralizate was transferred to volumetric flasks (50 mL) and topped up with water.

Bottom ash samples were mineralized in aqua regia, i.e. 10 mL of a mixture of 35% HCl and 65% HNO, in
a 3:1 ratio was added to the sample and left in a Teflon vessel covered with a lid for 12 h. The mineralization
methodology described above was then followed. The mineralizate was quantitatively transferred with water to
volumetric flasks (PP, 50 mL). The mineralizates were analyzed for the content of elements. All reagents were
pure for analysis (p.a.) (Chempur, WarChem).

Quality management

Certified Reference Material 0C6A.K1.5N.L5 'Solution of 32 components’ (CPAChem LTD) and the control
standard 'ICP-multielement standard XI" HC394644 (Merck) were used to analyze the elements using the ICP-
OES method (used to test for metals (Al, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Zn), metalloids (As, Se), Si, and P). In
order to assess the quality of mineralization and analysis, certified reference material ‘Lichen’ (trace elements)'
(IRMM, No. BCR-482) was used. The recovery range for metals and metalloids was 93-111%. Additionally, to
control the quality of elemental analysis, the certified reference material ‘AlfaAlfa B2273” (Cert. No. 41505) was
used. The quality management methods used are crucial to ensure the accuracy, precision, and reliability of the
ICP-OES analysis results. They helped to validate the analytical procedure and ensure the confidence of the data
obtained from the study.

Risk assessment

The uncertainty analysis included two categories: u(A) for sample repeatability and u(B) for alpha-alpha 43221.
These uncertainties involve C=43.73%, H=6.05%, N=3.01%, and S=0.27%. The CERTIFIED REFERENCE
MATERIAL BCR® - 482 was used to analyse metal samples using the BWB-XP photoelectric flame photometer
from BWB Technologies UK LTD. In?® uncertainty propagation approach was used to analyse Y_i’s uncertainties.
The Joint Committee for Guides in Metrology (2011) recommends this procedure. The formula for estimating
u(Y_i) is as follows:

n

> (5x) (an | (1)

u(Yy) =

1=

In this context, u(X_i) signifies the standard uncertainties associated with the measured variables (X_i). The
determination of the expanded uncertainty U(Y_i) assumed a coverage factor k of 2, corresponding to a 95%
confidence level. The calculation is expressed as follows:

U(Yi) =k-uc(Yi) (2)
The documented acceptable margin of error for the tested samples is also provided.

Results and discussions

Ingredients utilized in creating mixtures

Coffee grounds, straw, and bottom ash were mixed to grow Pleurotus ostreatus. The elemental makeup is shown
in Table 5. Among the materials utilized, the highest concentration of elements, including C, H, N, and S (as
shown in Table 5), is predominantly present in coffee grounds (C=53%; H=6.74%; N=2.32%; S=0.17%),
followed by straw (51.22%). In contrast, bottom ash exhibits a significantly lower content of these elements at
just 6.13%. Pleurotus species rely on carbon and nitrogen as their primary nutritional sources, in addition to
inorganic compounds. Furthermore, maintaining a higher carbon content relative to nitrogen content is crucial,
as emphasized by”.
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Mycelium and fruiting bodies of mushrooms cultivated on substrates |, II, and 11l

Despite inoculation of the mixtures No. IV (300 g grounds, 20 g straw, 30 g bottom ash) and V (bottom ash)
with mycelium, mycelium and fungal fruiting bodies were not grown. The fungal fruiting bodies grown on
substrates I, IT and III (Fig. 2) had a higher content of carbon (42.16-43.06% on average), hydrogen (5.54-5.79%
on average) and nitrogen (3.68-5.91% on average) than mycelium (carbon average: 39.81-41.50%, hydrogen
average: 4.70-4.80%, nitrogen average: 2.81-3.31%). However, in the case of sulfur, the highest content was
obtained for mycelium from substrate I (0.82%) and the lowest for fungal fruiting bodies from substrate III
(0.3%) despite the fact that the content of this element found in substrate III was the highest of the three
substrates tested and amounted to 0.41% (Table 2).

Findings of substrate post-cultivation

The substrates I-IV (Fig. 3) were depleted in carbon by an average of 11.91% after mushroom cultivation, with
the largest decrease recorded for substrate I, i.e. 100% coffee grounds. The reductions for hydrogen were also
achieved (by an average of 1.79%) with the highest reduction for coffee grounds, i.e. -2.73%. In the case of 100%
bottom ash substrate after inoculation with mycelium (substrate V), there was a significant increase in carbon
content compared to bottom sediments alone — from 0.35% to 17.18%, and an increase in hydrogen from 0.02%
to 1.58%. This phenomenon may result from the processes carried out by the grafted mycelium during the
cultivation period despite the lack of visible growth of mycelium and fungal fruiting bodies, and from the addition
of water. The post-cultivation substrates II-V contained higher amounts of nitrogen, and a slight decrease in this
element (0.06%) was obtained in substrate I. The sulfur content increased in substrates I-IV (by an average of
0.41%) with the largest increase of 1% recorded for substrate I. While for the bottom ash, a significant reduction
in sulfur content from 5.74% to 1.61% was achieved. The enrichment of post-cultivation substrates with nitrogen
(substrates II-V) and the increase in sulfur content (substrates I-V) gives them useful fertilizer properties. The
use of bottom ash as an ingredient to improve soil properties has been part of the research of many authors!82%22,
They pointed out, among other things, to the increase in nitrogen content of soils fertilized with bottom ash.
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Fig. 2. Elemental composition of C, H, N, and S in mycelium and fruiting bodies of mushrooms cultivated on
the assessed growth substrate mixtures.
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Element Spent coffee grounds (SPC) | Straw Bottom ash

C [%] 53+0.30 45.01+0.32 0.35+0.30
H [%] 6.74+0.08 5.39+0.09 0.02+0.07
N [%] 2.32+0.06 0.65+0.09 0.02+0.20
S [%] 0.17+0.02 0.17+0.03 5.74+0.38
Cd [mg/kg] | 0.05+0 0.05+0 0.736+0.02
Cr [mg/kg] 2.29+0.02 3.33+0.03 68.89+0.71
Cu [mg/kg] |18.16+0.51 6.17+0.17 | 52.88+1.48
Zn [mg/kg] | 10.78+0.39 16.02+0.59 123.3+4.51
Ni [mg/kg] 2.99+0.39 6.05+0.78 40.93+£5.29
Pb [mg/kg] 3.85+0.01 6.39+£0.02 81.26+0.3
Fe [mg/kg] | 978 251420 31,979+2566
Si [mg/kg] 201+7 1174 +41 160,481 + 5606
Pmg/kg] |472+3 643 +4 1005+6
Mn [mg/kg] | 33+1.5 393+1.7 352+15.7
Se [mg/kg] | 0.23+0.01 0.12+0.01 5+0.28
Al [mg/kg] |18.8+1.3 49403 80,990 + 566
Na [mg/kg] | 124+5 77+3 17247
K [mg/kg] | 42048 721 1643
Ca [mg/kg] |361+11 648+19 23,031+691
Mg [mg/kg] | 142+10 202+ 14 626 +44

Table 2. Elemental composition of the raw materials.

In a study presented by”, the use of bottom ash mixed with humus affected its nutrient content. Thus, it seems
possible to achieve similar fertilizer properties by adding coffee grounds and straw. As reported in reference®,
the deposition of metals in mushroom fruiting bodies is significant and can exceed their concentrations in the
growth substrate. Sample values for cadmium (Cd), referenced to organizational guidelines and consumption
norms, are presented in Table 3. Interesting results were obtained for Cd concentrations in fungal fruiting bodies.
As previously mentioned, fruiting bodies were grown only for mixes I, II and IIT (Fig. 4). The Cd content for
fruiting bodies grown on coffee ground substrate was the highest — as high as 0.316 mg/kg. A smaller content
(approx. six times less) was observed for samples of P. ostreatus grown on substrate with 3 g of bottom ash (mix
II), i.e. 0.063 mg/kg, and a similar amount of 0.05 mg/kg in fruiting bodies grown on substrate with 15 g of
bottom ash (mix III). Referring to the latest European Commission guidelines ((EU) 2021/1323), for Pleurotus
ostreatus grown on coffee grounds, the Cd value is exceeded twice. In the study®!, the average cadmium content
of mushrooms (Agaricus bisporus, Lentinula edodes and Pleurotus ostreatus) was 0.17 mg/kg. A similar value was
obtained for both mycelium for mixes II and III, and for mushrooms and it amounted to: 0.05 mg/kg, while the
Cd level for the sample grown on coffee grounds was 0.163 mg/kg, and thus approx. three times less than in the
mushrooms.

When analyzing the raw materials (Table 2) used to prepare growth substrate mixtures for the presence of
cadmium (Cd), variations indicating significantly different levels of the analyzed element within the sample
areas can be observed. The highest concentration of cadmium (0.736 mg/kg) was observed in bottom ash
samples (Fig. 5), which, when combined with fly ash and straw (0.05 mg/kg), clearly indicates the direction of
transfer. It's worth noting that the methodology employed allowed for the detection of elements at a level as low
as 50 pg, which, in fact, was the lowest recorded value among all the analyzed groups. With such a detection
limit, the results indicating differences in the chemistry of growth substrates before and after cultivation become
of significant importance. The analysis of cadmium content showed declines in all groups. Confirmation of
the accuracy of the statistical data processing method used can also be found in the observation of a positive
correlation between the amount of bottom ash added and the Cd content in the post-cultivation substrate.
Similarly, for chromium (Cr), values related to consumption are presented in Table 4.

The bottom ash substrate samples had the greatest concentration of chromium (Cr) among the raw materials
tested (68.89 mg/kg), whereas the coffee grounds and straw samples had similar concentrations of 2.29 and 3.33
mg/kg, respectively. This element was found in the highest concentration in the bottom ash substrate sample.
A decrease in Cr was observed in all post-cultivation substrates containing bottom ash compared to the initial
state for bottom ash alone. Another correlation emerged: as the content of bottom ash increased, so did the
Cr content in the substrate after cultivation. Nonetheless, a decline in Cr content was noted in the substrates
post-cultivation, where bottom ash was added and fungal fruiting bodies were cultivated, in contrast to those
exclusively composed of coffee grounds. The Cr concentration in mushrooms grown solely on coffee grounds
measured 21.21 mg/kg, whereas the mycelium on this substrate exhibited notably lower Cr content, at 15.61
mg/kg. The Cr content was low in the samples of fungal fruiting bodies grown on the substrates containing 3 g
and 15 g of bottom ash: 3.86 mg/kg and 1.95 mg/kg, respectively, while the content of this element fund in the
mycelium was higher, i.e.: 8.05 mg/kg (mix II) and 11.09 mg/kg (mix III). Calcium, magnesium, potassium,
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Fig. 3. The biogenic element content of C, H, N, and S in the substrate after mushroom cultivation.

The latest guidelines from the European Commission®? 0.01-3 mg/kg

The recommendations of the GAO/WHO (General Accounting Office/World Health
Organization) include

Permissible cadmium intake for adult humans® 60-70 ug/per day

Safe intake threshold for adults* 51-71 pg/per day
Pleurotus ostreatus (COMMISSION REGULATION (EU)*? | 0.15 mg/kg

Table 3. Selected values of cadmium (Cd) referenced to regulatory standards and content in Pleurotus
ostreatus mushrooms.

phosphorus as essential minerals, and trace elements such as copper, zinc, manganese, molybdenum, and iron
found in mushrooms depict mushrooms as a valuable source of these nutrients.

The European Food Safety Authority (EFSA) recommends Adequate Intake (AI) copper consumption®.
Copper intake for adults over 18 years old varies by European country, ranging from 1.15 to 2.07 ug/day*.
A vegetarian diet increases copper intake, which affects the average intake. The average adult copper intake
was 1.15-2.07 mg/day*’. Copper content in research raw materials was highest in bottom ash (52.88 mg/
kg), followed by coffee grounds (18.16 mg/kg) and straw (6.17 mg/kg). This element was found in the post-
cultivation substrate at 27.23-40.49 mg/kg, and the higher the bottom ash additive quantity, the higher the
fraction. All samples had similar mycelium copper content (40.9-44.08 mg/kg). The copper content of the fungal
fruiting bodies varied: mix I mushrooms had 45.37 mg/kg copper, mix II mushrooms had 71.27 mg/kg, and mix
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Fig. 4. Results from heavy metal analysis of mycelium and fruiting bodies of mushrooms cultivated on
substrates I, II, and III.

111 mushrooms had 32.07 mg/kg. According to*!, Pleurotus ostreatus had 8.72 mg/kg Cu. The average copper
content of oyster mushroom was 2.70 mg/kg (dry weight)*’. The EFSA indicates that elevated consumption levels
of nickel, chromium, manganese, chlorine, phosphorus, iron, tin, potassium, silicon, sodium, and vanadium do
not pose health risks. There were fluctuations in the concentration of nickel among the raw materials studied.
Most was 40.93 mg/kg in bottom ash, followed by 2.99 mg/kg in coffee grinds and 6.05 mg/kg in straw. After
mushroom development, the substrate had 11.24 to 67.51 mg/kg nickel. Interestingly, bottom ash addition did
not affect nickel content in the post-cultivation substrate. Mycelium nickel content ranged from 12.97 to 17.32
mg/kg among samples. However, fungal fruiting bodies have more nickel variation. After growing mushrooms
on mix I, mix II, and mix III, the nickel concentration was 28.63, 7.6, and 3.35 mg/kg, respectively.

According to*!, Pleurotus ostreatus had a nickel concentration of 1.16 mg/kg, ranging from 0.33 to 4.44 mg/
kg. Nickel was detected at 0.248 mg/kg (dry weight) in champignon mushroom (Agaricus bisporus) fruiting
bodies by*2. Adamiak et al.** investigated the heavy metal content of selected forest mushroom species from
the Wysoczyzna Siedlecka region in 2013. Brown bay bolete mushrooms had an average nickel concentration of
1.66 mg/kg (dry weight), ranging from 1.44 to 2.14. Regulation** limits lead in mushrooms, including Pleurotus
ostreatus, to 0.03 mg/kg (fresh weight). The available information regarding the lead content in edible mushrooms
lacks consistency. Adamiak et al.*> and Spodniewska et al.*® reported lead concentrations within permissible
limits set by national regulations*® and EU regulations®® and*’ for all edible mushrooms they examined. However,
specific varieties such as chanterelles, birch bolete, porcino, and brown bay bolets could contain lead levels
reaching 0.3 mg/kg (fresh weight) under these established criteria. In*® researchers found lead concentration
above threshold values in parasol mushrooms from Poniatowa, Lublin voivodeship. Lead was highest in bottom
ash at 81.26 mg/kg in this study’s raw material samples. Coffee grounds had 3.85 mg/kg lead, while straw had
6.39 mg/kg. The substrate’s lead concentration ranged from 9.06 mg/kg to 64.15 mg/kg after mushroom culture.
Note that coffee ground substrate has 22.54 mg/kg lead after cultivation. Bottom ash incorporation correlated
with post-cultivation substrate lead levels. Bottom ash increases substrate lead content. Mushroom lead levels
varied too. The lead concentration of mix I mushrooms was 29.34 mg/kg, while mix II mushrooms had 6.35 mg/
kg. Lead concentration in mix IIT mushrooms was 2.88 mg/kg. Lead levels in mycelium ranged from 16.92 to
20.25 mg/kg. According to*® study on heavy metals in Wysoczyzna Siedlecka forest mushroom species, brown

Scientific Reports |

(2024) 14:31890 | https://doi.org/10.1038/s41598-024-83434-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

80

70

’

67,51 ¥8.73
69,02 +2.52

60

64,15+0.23

mCd mCr mCu mNi mPb mZn

50

47,57 +6.15

40

46,76 10.48

44,24/ 1572
42,35+548

39,33 +1.44

30

33,03 10.93

30,19 +0.85
30,36%0.85

Elemental content [mg/kg]

20

10 +

0,178 0

110.16

Spent coffee grounds (SPC)

27,33 £1
27,2310.76

25,52 £0.93

22,54 +0.08

15,82 £0.58

12,940,113

0,064 +0
0,155 10

300g SPC, 20 g straw, 3 g
bottom ash

300g SPC, 20g straw, 15 g
bottom ash

300g SPC, 20 g straw, 30 g
bottom ash

Bottom ash

Substrate after fungi cultivation

Fig. 5. Elemental concentrations of heavy metals Cd, Cr, Cu, Ni, Pb, and Zn detected in the soil following
mushroom cultivation.

Daily, health-safe doses (RDA, or recommended dietary allowances) 50-200 ug

Sufficient daily intake (AI, or adequate intake)

For the female demographic 25 g
For the male demographic® 35 ug
European Commission Regulation®® 40 pg
The highest allowable daily dosage in dietary supplements for adults®” | 200 ug

Table 4. Selected chromium (Cr) values related to utility standards.

bay bolete mushrooms had an average lead concentration of 0.234 mg/kg (dry weight), ranging from 0.142 to
0.357. Zinc is crucial for more than 300 enzymes, encompassing those involved in protein production®’. It plays
avital role in the synthesis of chemicals that regulate plant growth. Mushrooms serve as a source of this essential
nutrient®. On average, European adults intake between 8.0 to 14.0 mg of zinc daily*’. The Recommended
Dietary Allowance (RDA) stands at 11 mg for men and 8 mg for women®” to meet the body’s zinc needs. Top zinc
content in test mixture raw materials was 123.3 mg/kg in bottom ash. Coffee ground contains 10.78 mg/kg zinc,
while straw had 16.02 mg/kg. After mushroom development, the substrate had 15.82-69.02 mg/kg zinc. After
cultivation, coffee ground substrate contained 27.33 mg/kg zinc. Higher bottom ash fractions increased zinc
levels in the post-cultivation substrate. Zinc levels varied in farmed mushrooms. Mix I mushrooms had 96.76
mg/kg, while mix II mushrooms had 103.06 mg/kg. Mix III mushrooms had 59.68 mg/kg zinc. Zinc levels in
mycelium ranged from 43.85 to 64.08 mg/kg. The typical amount of zinc found in brown bay boletes (Xerocomus
badius), white and brown champignons (Agaricus bisporus), and oyster mushroom (Pleurotus ostreatus) was
reported by*!: 60.6 mg/kg (dry weight) for brown bay bolete, 29.8 mg/kg for white champignons, 31.3 mg/kg
for brown champignons, and 25.7 mg/kg per oyster mushroom. Kalembasa et al.*? study on trace elements and
heavy metals in champignon mushroom (Agaricus bisporus) fruiting bodies showed zinc at 48.5 mg/kg (d.w.),
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300 g SCG, 20 g straw, 3 g 300 g SCG, 20 g straw, 15 g
Substrate Spent coffee grounds (SCG) bottom ash bottom ash
Elementary body [mg/kg] | In mycelium | In fruiting body | In mycelium | In fruiting body | In mycelium | In fruiting body
Fe 3410+274 6669 + 535 669+ 54 390+31 22524181 173+ 14
Si 655+23 647 +23 3831+134 395+ 14 1890 + 66 129+5
P 3579423 7496 +48 5342+34 11,936 +76 2492+16 5692+ 36
Mn 55+2.4 35+1.6 37+1.6 38+1.7 25+1.1 | 23+1
Se 3.5+0.19 1.7+0.09 0.55+0.03 0.59+0.03 2.3+0.13 | 0.36£0.02
Al 155+1.1 21.1+1.5 63.1+4.4 136+1 49.4+3.5 17112
Na 100+4 156+6 236+9 157+6 1757 88+4
K 2502+ 50 4025+381 1655+33 4041+381 1754+ 35 3516+70
Ca 1503 +45 2350470 1877 £56 519+16 2252468 470+ 14
Mg 315422 510+36 236+17 242417 259+18 168 +12

Table 5. Results for mycelium and fruiting bodies of mushrooms cultivated on different substrates.

Elemental composition [mg/kg]
Substrate Fe Si P Mn Se Al Na K Ca Mg
SCG 5104+410 899+31 713+5 | 28+1.2 1.05+0.06 | 25+1.8 74+3 | 432+9 | 2722482 | 304+21
300 g SCG, 20 g straw, 3 g bottom ash 1075+86 | 5403+189 | 704+4 |125+5.6 |1.1+0.06 1138.3+79.7 | 102+4 | 527+11 1101+33 | 141+10
300 g SCG, 20 g straw, 15 g bottom ash 4058 +326 831+29 | 634+4 |51.7+2.3 | 1.1+0.06 1272.4+89.1 69+3 | 373+7 | 2495+75 | 274+19
300 g SCG, 20 g straw, 30 g bottom ash 5995 +481 967+34 | 799+5 | 101+4.5 | 0.55+0.03 | 1988.7+139.2 | 195+8 | 461+9 |3529+106 | 272+19
Bottom ash 16,244+ 1304 | 226179 | 10207 | 143+6.4 |2.7+0.15 | 1326+92.8 210+8 | 356+7 |6683+200 | 559+39

Table 6. The elemental composition present in the substrate post-cultivation.

ranging from 35.0 to 59.8 mg/kg. Adamiak et al.** study on heavy metals in selected forest mushroom species
from Wysoczyzna Siedlecka found that brown bay bolete mushrooms had an average zinc content of 26 mg/kg
(d.w.), ranging from 12.1 to 13.1 mg/kg.

Iron (Fe) (Tables 5 and 6) uptake by mushrooms was inhibited by bottom ash in the growing substrate.
Post-cultivation substrate iron increased due to bottom ash’s high iron content. Compared to coffee grounds
and straw, bottom sediments have somewhat more structural phosphorus (P). In the coffee ground and bottom
ash substrates, both mycelium and mushrooms exhibited the highest phosphorus levels, particularly in mix II
mushrooms, showcasing the highest concentration. Post-cultivation substrate No. II, combined with mycelium
in bottom ashes, showcased the highest manganese (Mn) levels, albeit only reaching half the initial bottom
ash concentration pre-cultivation. While silicon (Si) primarily resided in bottom ashes, its impact on substrate
chemistry was minimal, yet it persisted in substantial quantities within the mycelium. Conversely, an escalation
in bottom ash within the mix hindered the mushrooms’ absorption of silicon. Selenium, a trace element, varied
from 5 mg/kg in bottom ash to 0.12 mg/kg in straw. However, bottom ash had almost 80,000 mg/kg aluminium.
Similar aluminium values of 13.6 to 17.1 mg/kg showed that mushrooms grown on bottom ash substrates could
not bioremediate aluminium. Mixture No. II had more than 1,100 mg/kg more aluminium than Mixture No.
I in the post-cultivation substrate. Growth substrate No. 2 mycelium has 236 mg/kg sodium (Na), while straw
had 77 mg/kg. Mycelium-inoculated post-cultivation bottom ash substrate had 38 mg/kg more sodium than
pure bottom ash. Potassium (K) was collected by mushrooms on substrate No. II at 4041 mg/kg, similar to
coffee ground substrate (4025 mg/kg). From 356 mg/kg for bottom ash to 527 mg/kg for substrate No. 2, the
five post-cultivation substrates had similar potassium concentration. More bottom ash in the substrate lowered
mushroom potassium bioaccumulation. However, 1% bottom ash increased mushroom potassium content. The
bottom ashes contain almost 23,000 mg/kg of calcium (Ca), yet adding them to the growing substrate lowered
mushroom calcium concentration compared to coffee grounds. Only substrates 2 and 3 mycelium had high
calcium content. Calcium concentration in post-cultivation substrates exceeded that of coffee powder substrate
by 800 mg/kg only with at least 10% bottom ash. Post-cultivation substrates with less bottom ash had less
calcium. Inoculation mycelium with bottom ash reduced calcium (Ca) levels by over twofold. Mg uptake by
mycelium and mushrooms on bottom ash substrates was similar. Lower magnesium content was found in the
post-cultivation substrate with bottom ash than in coffee grounds alone. The post-cultivation substrate did not
exceed the magnesium level of coffee grinds.

Conclusions

The study reveals promising potential for the management of both cultivated mushrooms and post-cultivation
substrate. Mushrooms grown on substrates with 1-5% bottom ash addition demonstrated lower levels of
chromium, nickel, and lead compared to those grown solely on coffee grounds. Notably, mushrooms cultivated
on 1% bottom ash substrate showed higher accumulation of beneficial elements such as phosphorus, copper, and
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zinc, while maintaining similar levels of manganese, sodium, and potassium across all samples. These findings
suggest that mushrooms grown with small amounts of bottom ash could potentially be safe for consumption,
though further testing is necessary to confirm this.

Regarding the post-cultivation substrate, the addition of bottom ash increased levels of certain nutrients like
phosphorus and potassium. The substrate with 1% bottom ash exhibited lower heavy metal content compared to
the coffee ground substrate alone and improved moisture retention properties. These characteristics indicate that
the post-cultivation substrates, particularly those with low percentages of bottom ash, could potentially serve as
soil amendments or fertilizers, especially for depleted or light soils.

The authors emphasize the need for additional research and trials before confirming the feasibility of using
these materials on a larger scale, particularly for human consumption or agricultural use. The optimal rate of
bottom ash addition appears to be between 1 and 5%, balancing mushroom growth and minimizing heavy
metal accumulation. The study provides a promising foundation for exploring circular economy approaches in
mushroom cultivation and waste management, showcasing the diverse potential applications for post-cultivation
substrates. However, further safety and efficacy assessments are required before implementing these findings on
a broader scale.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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