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Abstract

In the last decade, Poland has become the leader in mushroom production in Europe. Mu-
shroom cultivation generates large amounts of spent substrate, which is a waste material and
must be recycled. The substantial content of macroelements, including nitrogen, prompts using
this organic material as a soil fertilizer.

The objective of the paper was to determine the proportion of nitrogen in different forms
extracted from spent mushroom substrates. The studies were aimed at determining the po-
tential for the rational use of spent mushroom substrate in soil fertilization. The sequential
extraction of nitrogen compounds was performed with a 0.25 M KCI solution (for the extraction
of mineral nitrogen forms and the most labile organic nitrogen compounds) and with 0.25 M
and 0.25 M H,SO, (hot hydrolysis for sequencing of organic nitrogen linkage that are easily hy-
drolysing and difficult to hydrolyse). The prepared solutions were tested for the total content of
nitrogen with the method by Kjeldahl and for carbon with the oxidative-potentiometric method.
The samples were also subjected to extraction of nitrogen bound to humic substances. It was
found that spent mushroom substrate had a substantial potential for enriching fertilized soil
with organic nitrogen compounds, which are, to a large extent, potentially liable to degradation.
In summary, approximately 2/3 of the total nitrogen pool in the organic complexes and about 1/3
of the carbon pool were extracted using sequential extraction with a neutral salt solution and
acid hydrolysis at different concentrations of hydrogen ions. The calculated C/N values suggest
that the extracted organic compounds are vulnerable to degradation and indicate the resistance
of compounds present in post-extraction residues. While fractioning organic matter, it was found
that a relatively large amount of nitrogen was sequenced at the stage of decalcification of the
samples, and the proportion of humic substances equalled about 1/5 of the total content of this
element.
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FRAKCJE AZOTU W PODLOZU POPIECZARKOWYM
Abstrakt

W ostatniej dekadzie Polska stata sie liderem produkeji pieczarek w Europie. Podczas upra-
wy powstaje duza iloéé zuzytego podtoza, ktére jako odpad musi podlegaé utylizacji. Znaczna za-
warto§¢ makroelementéw, w tym azotu, zacheca do wykorzystania tego organicznego materiatu
odpadowego do nawozenia gleb.

Celem pracy byla ocena udzialu réznych form azotu wydzielonych z podioza po uprawie
pieczarki. Badania prowadzono uwzgledniajac perspektywe racjonalnego wykorzystania zuzy-
tego podloza do nawozenia gleb. Do sekwencyjnego wydzielenia zwiazkéw azotu zastosowano
roztwory 0,25 M KCl1 (do wyekstrahowania mineralnych oraz najbardziej labilnych organicznych
form azotu) oraz 0,25 M i 2,5 M H,SO, (hydroliza na goraco — do wydzielenia organicznych po-
laczen azotu, tatwo 1 trudno ulegajacych hydrolizie). W uzyskanych roztworach oznaczono ogélng
zawarto$¢ azotu metoda Kjeldahla, a wegla — metoda, oksydacyjno-miareczkowa. W pobranych
préobkach wykonano takze ekstrakcje azotu zwiazanego z substancjami humusowymi. Stwier-
dzono duzy potencjat podloza popieczarkowego do wzbogacania nawozonych gleb w zwiazki
organiczne azotu, w znacznym stopniu potencjalnie podatnych na procesy rozkladu. W sumie,
za pomoca ekstrakcji sekwencyjnej z wykorzystaniem roztworu soli obojetnej oraz w wyniku
hydrolizy kwasnej o réznym stezeniu jonéw wodorowych wydzielono ok. 2/3 catkowitych zasobéw
azotu w polaczeniach organicznych oraz ok. 1/3 zasobéw wegla. Obliczone warto$ci C/N sugeruja
podatno$é na procesy rozktadu wydzielonych zwigzkéw organicznych oraz odpornoéé zwiazkéw w
poekstrakeyjnej pozostatoéci. Podezas frakcjonowania materii organicznej stwierdzono relatywnie
duza iloé¢ azotu wydzielonego na etapie dekalcytacji prébek, a udzial azotu substancji humuso-
wych wynosit ok. 1/5 catkowitej zawartosci tego pierwiastka.

Stowa kluczowe: podloze popieczarkowe, frakcje azotu, hydroliza kwaséna.

INTRODUCTION

In the last decade, following the introduction of modern cultivation sys-
tems and the concentration of large-scale industrial mushroom producing
operations located mainly in the eastern part of the province of Mazowieckie,
Poland has become the leader in mushroom production in Europe. According
to the Polish regulations, spent mushroom substrate, as a by-product of mu-
shroom cultivation, is regarded to be waste material (Regulation ... 2001).
This has prompted a search for methods for its rational and judicious utili-
zation. This organic waste material, which in modern cultivation techniques
is disinfected (at 70°C) following mushroom collection, contains:

- substrate for mushroom cultivation (the most important quantita-
tive component) made of straw and chicken manure (often with the
addition of peat, urea, soy protein, dolomite or gypsum);

- surface cover made of valley peat with an alkalizing compound (which
contains CaCO,);

- remnant mycelium and unharvested mushroom fruiting bodies.

Numerous studies on the elementary composition of spent mushroom

substrate have demonstrated a substantial amount of organic matter and
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nutrients, including nitrogen (STEWART et al. 1998, ZMoRA-NAHUM et al. 2007,
JORDAN et al. 2008, KALEMBASA, MAJCHROWSKA-SAFARYAN 2009, MEDINA et al.
2009, Rutkowska et al. 2009, KaLEmBAsA, BEcHER 2011, 2012). The applica-
tion of spent mushroom substrate as a soil fertilizer seems to be the most
appropriate method for its utilization, as it improves the nitrogen balance in
soil. It 1s particularly recommended for fertilization of soil with a low content
of humus, where nitrogen is present at lower concentrations than required
by plants, which reduces the profitability of plant production. The cultiva-
ted soil in the Siedlce Upland (Poland), where mushroom operations are
concentrated, often has low humus and nitrogen reserves and good aerobic
conditions, which makes them suitable for the recycling of spent mushroom
substrate (BECHER, KALEMBASA 2011, Pakura, KAaLEMBASA 2012, BEcHER 2013).

The speciation analysis of nitrogen compounds found in the organic mat-
ter of environmental samples consists in their hydrolysis with mineral acid
or base solutions and in the quantitative analysis of hydrolysates (SCHULTEN,
ScuNITZER 1998). Until recently, the studies conducted in the Department of
Soil Sciences and Agricultural Chemistry, University of Natural Sciences
and Humanities in Siedlce (Poland), have demonstrated that over 97% of
nitrogen reserves in spent mushroom substrate are enclosed in organic com-
pounds with different resistance to degradation, of which 47% belong to the
non-hydrolysing organic nitrogen pool (KALEMBASA, BECHER 2011).

The objective of the paper was to evaluate the proportion of nitrogen
in the fractions sequenced from spent mushroom substrate. The study was
encouraged by the need to rationalise applications of spent substrate in soil
fertilization.

MATERIAL AND METHODS

The study was conducted in three modern mushroom producing ope-
rations located near Siedlce, Poland. The samples of spent substrate used
for common mushroom, Agaricus bisporus, cultivation were collected from
8 cultivation rooms (with a shelf surface of 620 m?) following steam disin-
fection and immediately before the removal of substrate with mushrooms.
In the selected rooms, the substrates for mushroom cultivation originated
from different suppliers. The samples were collected from 23.10.2011 to
15.01.2012 with each being taken from five points. The averaged samples
(DM, n=8) were dried at 40°C, comminuted in an agate mill to particles < 25
mm in diameter and chemically analysed (in three repetitions). The results
were referred to the absolute dry matter of the tested material that was
determined by weight after drying the substrate at 105°C. The total content
of carbon (TC) and nitrogen (TN) were determined on a Series II 2400 auto-
analyser (Perkin Elmer) equipped with a thermal conductivity detector and
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acetanilide as the standard material. The sequential extraction of different
nitrogen-containing compounds was performed by modifying the method de-
scribed by KaLEMmBASA (1995). The following solutions were used (m/v = 1/25):
0.25 M KCl (extraction at room temperature for 3 hours); 0.25 M H,SO, and
2.5 M H,SO, (hydrolysis at boiling temperature of the mixture, under an aqu-
eous reflux condenser for 3 hours); and concentrated H,SO, (mineralization
of organic compounds in residuum). Following the extraction and hydrolysis
reactions, the solution was clarified by centrifugation (4000 rpm) and filtered
through a 0.45 pm filter. After each stage of the extraction procedure, the
tested material was washed three times with deionised water. The applied
method of sequential fractioning allowed us to define soil nitrogen in mineral
and organic forms (operational fractions) with different potential degradibili-
ty in soil after fertilization (Table 1).

Table 1
Nitrogen forms and the methods of their recovery

Nitrogen form (operational) Method of recovery

distillation from 0.25 M KCl extract after
alkalization with MgO

distillation from 0.25 M KCl extract after
N-NO, - nitrate forms (III and V) distillation with N-NH, and application
of Devard’s reductive mixture

N-NH, - ammonia form

N,y — hitrogen in mineral compounds Ny = N-NH, + N-NO_
Ny — nitrogen in organic compounds Nope = TN = Nyio
N measured in 0.25 M KCl extract after minera-

KCL . N .
lization of the solution

N,y — soluble organic nitrogen Nor = N — Ny

. . N measured after hydrolysis in 0.25 M H,SO,
Noy;; — easily hydrolysing organic nitrogen and mineralization of the solution
N, ;-NH, — ammonia form in easily nitrogen distilled off from the hydrolysate
hydrolysing fraction after alkalization with 10 M NaOH

measured after hydrolysis in 2.5 M H,SO, and

N,y — organic nitrogen difficult to hydrolyse mineralization of the solution

measured after post-extraction mineralization

N of the residues in concentrated H,SO,

ong — Don-hydrolysing organic nitrogen

The total content of nitrogen was determined with the method by
Kjeldahl. The mineralization of nitrogen incorporated in organic compounds
present in the extraction solution was carried out in Kjeldahl’s flasks, from
which ammonium was distilled off immediately after mineralization.

The omission of dilution of the mineralized samples and the use of a
micropipette for titration allowed for the determination of nitrogen in the
samples with low concentrations of this element. The analytical fractioning
procedure and determination of nitrogen in organic compounds were verified
with acetanilide (the standard material, Perkin Elmer 0240-1121) (Table 2)
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Table 2
Verification of the procedure of quantitative nitrogen analysis
Expected value Recorded value, mean for n=5 Recovery
(%) (%) (%)
10.36 10.24 98.8
Table 3

Comparison of the summary nitrogen content in the sequenced fractions with
the total content of this element

Number of samples 8

Number of sequential extractions 24

Recovery (%) = N, + Ny, + Ny + Ny, /TN - 100

Range 93.4 — 96.6
Mean 94.5
SD 1.06

SD — standard deviation

and by comparing the total amount of nitrogen in the selected fractions with
the total content of this element in the sample (Table 3).

The solutions generated by fractioning were also tested for the content
of carbon with the oxidative-potentiometric method (KaLeEmMBASA 1991). The
analogical fractions of organic carbon were identified: soluble (C ), easily hy-
drolysing (C, ), difficult to hydrolyse (C,,) and non-hydrolysing (C ,). The
calculations of C_; content included the amount of Cl ions (derived from KCI)
that during mineralization of organic compounds cause the reduction of Cr®
in K,Cr,0,. The amount of C was calculated with the following formula:
CONH =TC - (COR + COLH + COTH)'

In addition, humic substances were extracted from the samples accor-
ding to the following procedure: decalcification (0.05 M H,SO,) — extraction
of humic substances (0.1 M NaOH) — separation into humic acids and fulvic
acids by means of acidification — pH = 1.5 (Dziapowikc, GoNET 1999). The
extracted solutions were tested for the content of nitrogen with the method
by Kjeldahl and the following fractions were obtained: N ., — nitrogen in
the fraction after decalcification; N, — nitrogen in the fraction of humic
substances (sequenced with 0.1 M NaOH); N, — nitrogen in the fraction of
humic acids; N, — nitrogen in the fraction of fulvic acids; Ny, — nitrogen in
non-humified substances: N, = TN — (N + N

DEKA SH) :

ONH

RESULTS AND DISCUSSION

The contents of nitrogen and carbon (Table 4) in the spent mushroom
substrate indicate considerable potential for enrichment of soil with these
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Table 4
Selected parameters of the examined spent mushroom substrates
Dry TN TC
Sample matter TC/TN
(%) (g kg’ DM)
SMS-1 22.8 23.3 303 13.0
SMS-2 41.6 25.9 312 12.0
SMS-3 27.5 23.6 299 12.7
SMS-4 42.8 23.7 301 12.7
SMS-5 38.9 20.0 237 11.8
SMS-6 37.0 19.6 233 11.9
SMS-7 36.7 20.6 244 11.8
SMS-8 28.0 23.8 304 12.8
Mean
Standard deviation 34.4 22.6 279 12.4
Relative standard 7.35 2.23 34.4 0.47
deviation (%) 21.4 9.88 12.3 3.93

elements. According to Mazur and Mokra (2009), the content of nitrogen in
fresh biomass of the spent mushroom substrate approximates the content of
this element in natural fertilizers. The recorded TC/TN values suggest a high
degree of organic matter transformation in the examined samples. The low
value of coefficient of variation indicates that this quotient is a very stable
characteristic. The TC/TN values are comparable with the levels in the humus
horizons of arable mineral soil with good conditions for mineralization of orga-
nic matter (KALEMBASA, BECHER 2009b, BECHER, KaLEMBASA 2011). It is supposed
that the application of spent mushroom substrate will not significantly influ-
ence a change in the ratio between these compounds in soil and will probably
prompt intensification of the mineralization of organic nitrogen compounds.
The results reported by other authors (Zmora-Nanum et al. 2007, JORDAN et al.
2008, KaLEMBASA, MAJCHROWSKA-SAFARYAN 2009, Rutkowska et al. 2009, KALEM-
BasA, BECHER 2011) have indicated some differences in the content of C and
N and C/N ratio in spent mushroom substrates depending on the method of
preparation, especially on the components and cultivation technology.

A characteristic feature of the tested spent mushroom substrates was
considerable variation in the content and proportion of mineral nitrogen
forms (Table 5) and a substantial advantage (app. 10-time) of reduced am-

Table 5
Content and proportion of mineral and organic nitrogen forms in the spent mushroom
substrates
NMIN NORG N-N H4 N 'Nox
Parameter
(gkg' DM)| (%TN) |(gkg' DM)| (%TN) (g kg’ DM)

Mean 1.02 4.65 21.5 95.3 0.94 0.09
Range 0.510-1.44 | 2.19-7.04 | 18.2-25.1 | 93.0-97.8 | 0.49-1.26 | 0.02-0.18
SD 0.323 1.73 2.42 1.73 0.28 0.05
Relative SD (%) 31.5 37.3 11.2 1.82 29.7 60.0
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monia form (as an effect of ammonification) over oxidized nitrate forms.
In other studies, it has been found that the proportion of mineral nitrogen
forms was lower and amounted to, on average, 2.62% TN (KALEMBASA, BECHER
2011).

The organic compounds constituted over 95% of the total nitrogen con-
tent. The sequential extraction allowed for recovery of organic nitrogen com-
pounds in different forms (Table 6, Figure 1). The use of extraction reagents
with incremental “extraction potency” (0.25 M KCI < 0.25 M H,SO, < 2.5 M
H,SO, < concentrated H,SO,) permitted the separation of nitrogen fractions
which represented the organic compounds with varied susceptibility to mi-
crobiological degradation. The probable susceptibility of extracted organic
nitrogen compounds to degradation in soil (following the application with

fertilization) is arranged in the following order: N, > N, .. > N .. > N/ ..

Thanks to the applied extraction procedure, app. 2/3 of the total nitrogen
reserves in organic compounds was extracted. Assuming the proportion of
nitrogen, the selected forms can be arranged in the following order of incre-
asing quantitative importance: N, < N, < N <N . In the case of car-
bon, the efficiency of extraction with the reagent was substantially lower as

only 31.1 - 37.4% of the total carbon pool was extracted (Table 7, Figure 2).

Nitrogen and carbon which can be extracted with a neutral reagent at
a low concentration (0.25 M KCI) are the components of organic compounds

Table 6
Content of organic nitrogen forms (g kg* DM) in the spent mushroom substrates

Parameter NOR Nom Nom'NHz; NOTH NONH
Mean 3.12 5.49 1.27 4.77 6.93
Range 2.50-3.99 4.59-6.18 1.05-1.75 3.86-5.69 5.43-8.50
SD 0.507 0.497 0.209 0.699 1.22
Relative SD (%) 16.2 9.06 16.4 14.6 17.5

SMS-8 : O —

SMS-7 = e ——

SMS-6 = I ——

SMS-5 = C —
| |

SMS-4 , I ——
| |

SMS-3 = I#

SMS-2 \ : :#
|

SMS-1 : *

0 20 40 60 80 100%
CN-OR  CIN-OLH EN-OTH  MN-ONH

Fig. 1. Proportion of the selected nitrogen fractions in spent mushroom

substrates (%N, .)
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Table 7
Content of organic carbon forms (g kg'' DM) in the spent mushroom
substrates

Parameter Cox Corn Comn Conn
Mean 23.3 44.4 29.2 182

Range 19.2-28.8 38.0-51.3 24.0-35.5 148-209
SD 3.10 4.50 4.00 26.8
Relative SD (%) 13.2 10.2 13.8 14.7

SMS-8 | —
SMS-7 [ T ————
SMS-6 [ T ————
SMS-5 [ T
SMS-4 [ T ——
SMS-3 [ I ———
SIS+ 2 [ —
SMS-1 [T —

0 20 40 60 80 100%
CON-OR ON-OLH EN-OTH EN-ONH

Fig. 2. Proportion of the selected carbon fractions in spent mushroom
substrates (%TC)
that probably represent the so-called dissolved organic matter (DON — dis-
solved organic nitrogen, DOC — dissolved organic carbon). This is the most
mobile fraction and may comprise carbohydrates, amino acids, hydrocarbons
and their derivatives, low-molecular humic acid fractions and other simple
organic compounds (McpowkLL 2003, DEBska 2004, PauL, WiLLiams 2005).

Of the form extracted with acid hydrolysis, on average 47.7% of the total
organic nitrogen was separated with a minor advantage of readily hydroly-
sing form (N, ) — Figure 1. Moreover, on average, 1.27 g kg N as ammonia
form (N, ,,-NH,) was detected, which constituted on average 5.90% of organic
nitrogen in the tested material (Table 6).

During acid hydrolysis, nitrogen bound to the humic matter and nitrogen
incorporated in microbial proteins is released into a solution and is partially
hydrolysed to ammonium, amino acids, amino sugars and other organic com-
pounds (KaLEMBASA 1995).

While investigating different types of soil, SowpeN et al. (1977) found
that hydrolysing nitrogen constituted 84-89% of the total content of this ele-
ment (following hydrolysis in 6 M HCI) with nitrogen in amino acids amoun-
ting to 33-42%, in amino sugars — 4.5-7.4%, and in ammonia form — 18-32%.
The studies on organic soil (KALEMBASA, BECHER 2009a) have demonstrated
(with the same method) that the proportion of hydrolysing nitrogen ranges
from 43-64%.
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Non-hydrolysing organic nitrogen constituted the largest pool (30.7-
39.4%) of organic nitrogen reserves in the examined spent mushroom sub-
strates (Figure 1). SCHULTEN and ScHNITZER (1998) reported that within the
fractions of non-hydrolysing nitrogen, derivatives of aromatic and heterocyc-
lic compounds were predominant. KNICKER et al. (1995) suggested that the
organic matter in soil contained peptide structures resistant to microbiologi-
cal degradation.

The application of the tested substrate for fertilization at the dose
permitted by the Nitrates Directive — 170 kg N ha! (Code ... 2004), i.e. app.
7.5 t DM ha', will enrich soil in app. 31 kg N ha!in mineral and soluble
organic forms (that potentially mineralize very rapidly) and app. 77 kg N
in hydrolysing forms, including 41 kg in easily hydrolysing form.

The determination of carbon content in the individual fractions allowed
for calculation of carbon-to-nitrogen ratios which is the parameter commonly
referred to in discussions on the vulnerability of organic compounds to mi-
neralization. In general, the value of this quotient in the recovered fractions
was characterized by minor variations in the recovered extracts (Table 8).

Table 8
Quotients of carbon and nitrogen contents in the selected fractions
Parameter Cor/Nia Cor/Nops ComNom | Conu/Noxu
Mean 5.66 8.09 6.14 26.4
Range 5.06-6.38 7.35-8.93 5.75-6.52 24.5-29.1
SD 0.469 0.477 0.263 1.50
Relative SD (%) 8.29 5.90 4.28 5.67

These values also confirm the qualitative changes of organic compounds
found in the recovered extracts. The narrowest C/N ratios (<10) were detec-
ted in the solution after extraction of the substrate with potassium chloride
and in both hydrolysates (0.25 and 2.5 M H,SO,). The lowest value of this
ratio (5.66 on average) was measured in the extract with 0.25 M KCI, i.e.
in the pool of soluble organic compounds (C,./N.). It confirms the highest
potential susceptibility of organic compounds which represent this fraction
to degradation in soil. The narrower ratio was detected in the fraction that
was difficult to hydrolyse (6.14 on average) in comparison with the easily
hydrolysing fraction (8.09 on average). The value of this ratio demonstrates
that organic compounds extracted with acid hydrolysis are probably suscep-
tible to mineralization. The widest C/N value was determined in the non-hy-
drolysing fraction, which probably confirms the highest resistance of organic
compounds that are left in the examined material after extraction procedures
(residuum) to microbiological degradation. Following the application of sub-
strate as a fertilizer, the group of these organic compounds will show the
longest life in soil.

The content and proportion of nitrogen in the fraction generated with
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the procedure of extraction of organic matter are presented in Table 9. A
relatively large amount of nitrogen extracted at the stage of decalcification
of the samples (N ..,) was detected. This fraction is probably represented
mainly by simple organic compounds which are relatively low-molecular,
loose and poorly bound to mineral components of the examined material and
potentially most labile in soil after the application with fertilization (STEVEN-
SON 1985). A minor fraction of nitrogen that passes into 0.05 M H,SO, extract
also represents the mineral forms of this element.

Table 9

Content (g kg DM) and proportion of nitrogen in the fractions of organic matter
in the spent mushroom substrates

Parameter Npeka Ny, Nig Ny Nowu Np/Np
Mean 3.52 4.96 2.53 2.43 14.1 1.11
Range 2.12-4.32 | 3.36-7.59 | 1.68-3.44 | 1.50-4.15 | 11.9-16.5 | 0.83-1.59
SD 0.782 1.33 0.488 0.901 1.55 0.29
Relative SD (%) 22.2 26.8 19.3 37.1 11.0 26.0
% TN
Mean 15.8 21.7 11.1 10.6 62.5
Range 9.10-20.0 | 16.8-29.3 | 8.40-13.3 | 7.65-16.0 | 57.5-70.6

During alkaline extraction (with 0.1 M NaOH), slightly over 1/5 of the
nitrogen pool was extracted (Table 9). The organic compounds in this fraction
probably represent the part which is transformed as a result of humification.
In the examined material, the proportion of fulvic acids was more variable.
A minor advantage of nitrogen in the more stable fraction of humic acids
was detected. Fulvic acids, as a fraction of the humus which is soluble in a
wider array of reagents (e.g. in acidic solutions), were partially extracted in
the first phase of the procedure, i.e. with 0.05 M H,SO,. In the examined ma-
terial, the residual fraction (Ng,) which constituted the largest proportion
should be largely categorized as non-humified organic matter and, to a minor
extent, as humins. It probably contains difficult to degrade organic residues
(lignin and cellulose) which are genetically associated with straw and peat
(used in the production of mushroom substrate).

CONCLUSIONS

1. The mushroom substrates used to cultivate common mushroom, Aga-
ricus bisporus, had considerable potential for enriching fertilized soil in mi-
neral and organic nitrogen compounds which were substantially susceptible
to degradation in soil.
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2. With the sequential extraction, app. 2/3 of the total organic nitrogen
pool and app. 1/3 of the carbon pool were extracted.

3. The proportion of nitrogen in humic substances constituted app. 1/5 of
the total pool of this element.

4. The presented procedure of extraction may serve as a potential me-
thod of qualitative evaluation of organic nitrogen with a perspective for judi-
cious use of waste organic materials in soil fertilization.

5. Further research is warranted in order to investigate the relations
between the proportions of individual fractions and the release of nitrogen
during mineralization and the possibility for its absorption by plants (in
conjunction with time and soil conditions). Furthermore, it is recommended
to conduct a qualitative analysis of organic nitrogen compounds which repre-
sent the individual fractions.
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