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Ash from Jerusalem artichoke and biopreparations enhance the growth
and physiological activity of sorghum and limit environmental pollution
by decreasing artificial fertilization needs**
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Abstract. An increase in plant productivity and the limi-
tation of environmental pollution through the use of natural
fertilizers are becoming the most important issues in contempo-
rary sustainable agriculture. Therefore, the purpose of the research
was to demonstrate the effect of Jerusalem artichoke ash, used
alone or together with biopreparations and biogas plant waste,
on the growth and physiological activity of sorghum and to show
their applicability as an alternative to chemical fertilization. The
sorghum plants, cultivated in Central and North Poland, were fer-
tilized with the YaraMila Complex, a chemical fertilizer (0, 150,
300 kg ha') and each concentration was supplemented with
Jerusalem artichoke ash (0-4 t ha'), applied separately or together
with Apol-Humus (10 L ha™), biogas plant waste (30 m*ha™') and
Stymjod (5 L ha™). Within each YaraMila Complex addition, the
all ash doses (preferably 2-4 t ha), biopreparations and biogas
plant waste significantly enhanced plant growth, biomass yield,
chlorophyll content, gas exchange (net photosynthesis, transpi-
ration, stomatal conductance, intercellular CO, concentration),
enzyme activity (acid and alkaline phosphorylase, RNase, dehy-
drogenase) and slightly enhanced the content of the measured
elements in plants and their energy properties. The ash applied
together with a lower than recommended amount of YaraMila
Complex (0 or 150 kg ha™) increased plant development slightly
more than twice the dose of YaraMila Complex used alone (150 or
300 kg ha™, respectively). This demonstrates that the studied ash
can serve as a natural fertilizer and may halve the recommended
chemical fertilizer doses.
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INTRODUCTION

One of the most important necessities in the contem-
porary economy is to reduce greenhouse gas emissions
through the use of biomass as a raw material for obtaining
energy instead of fossil fuels. Another goal is to lower soil
contamination by decreasing synthetic fertilization through
the use of natural fertilizers that do not pollute the envi-
ronment. These requirements are driving the development
of new plant cultivation technologies which allow for the
attainment of the maximum yield of biomass convertible to
energy and decrease environmental contamination (Faaij,
2006; Biofuels in the EU, 2006; Biofuels Progress Report,
2007; Fernando et al., 2018).

It is assumed that the limitation of the contamination of
the agrological environment, caused by the use of exces-
sive doses of synthetic fertilizers and pesticides, can be
reduced through plant fertilization with ash from the burnt
biomass of plant species containing no toxic substances.
Due to the fact that this ash may contain the majority of
elements necessary for plant growth and is environmen-
tally benign, its use in agriculture as a fertilizer may be
beneficial. Moreover, such an application of ash could
solve the problem of its storage, which is dangerous for
the environment (Romanowska-Duda et al., 2019b). The
use of biomass ash in agriculture as an organic fertilizer
and an alternative to chemical soil enrichment may be very
advantageous in global plant production from an economic
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and environmental point of view and thus appropriate tech-
nologies for its application should be developed. This is
particularly important since there are predictions that the
amount of biomass converted into electricity will continue
to grow, already in 2020, electricity production from bio-
mass will be higher by 25%, compared to 2010.

The literature concerning the use of ash from burnt
biomass is inadequate and treats this problem in a compart-
mentalized fashion. In the majority of cases, it concerns
the use of ash from burnt wood which originates from for-
estry. This ash may contain toxic substances absorbed by
the trees during their long period of growth (Santalla ez al.,
2011; Vassiliev et al., 2013). Buss et al. (2019) indicated
that the application of wood ash could provide nutrients and
increase the pH of forest soil and it could also temporarily
change its chemistry within a relatively short period of time.
Jagodzinski et al. (2018) demonstrated the positive effect
of ash from burnt wood on Lemna minor L. development,
whereas Romanowska-Duda et al. (2019c) showed the
stimulating influence of sorghum ash on the development
and physiological activity of Lemnaceae. Piekarczyk et al.
(2014), Ciesielczuk et al. (2011) and Meller and Bilenda
(2012) demonstrated the increased content of nutrients in
soil fertilized with ash from burnt plant biomass including
barley, wheat and rape. Schiemenz and Eichler-Lébermann
(2010) and Schiemenz et al. (2011) have revealed different
structures of ash which depend on the plant species burnt,
while Park et al. (2005) have shown that the composition
of ash from wood was not consistent during three years of
research. It is assumed that the use of ash from burnt bio-
mass is more satisfactory than the use of sewage sludge,
which may contain not only nutrients important for growth
but also toxic substances which must be removed before its
use in plant cultivation (Fang ef al., 2017; Pszczotkowska
etal., 2019).

Because of the inadequate and sometimes inconclu-
sive information concerning this subject, further research
is required to explore the influence of ash from particular
plant species on different crops under specific soil condi-
tions. Moreover, information concerning the use of plant
biomass ash as an alternative to artificial fertilizers, which
is the key to decreasing agro environment pollution, is
difficult to find in the literature. The possibility of decreas-
ing chemical fertilization through the foliar application
of microalgae was demonstrated by Pszczotkowska et al.
(2019), Debowski et al. (2018) and Grzesik et al. (2017a).
To the best of our knowledge, a study concerning the use
of ash from burnt Jerusalem artichoke in sorghum crops,
separately or combined with waste from biogas plant and
biopreparations, as well as their impact on plants and soil
properties under the conditions of limited artificial fertili-
zation has not been performed to date. Sorghum (Sorghum
bicolor L.) variety Rona 1 was selected for the research
presented, because this plant is a novel crop with a bright
future in Poland and is cultivated for silage and energy pro-
duction in a changing climate (Krzystek ef al., 2018).
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The aim of the presented research was to assess the
possibility of decreasing artificial fertilization by using ash
from burnt Jerusalem artichoke, waste from biogas plants,
Apol-Humus and Stymjod. Therefore, the impact of these
fertilizers on soil properties and on the development and
physiological activity of sorghum under reduced doses of
artificial YaraMila Complex was studied.

MATERIAL AND METHODS

Commercial seeds of sorghum (Sorghum bicolor L.)
‘Rona 1’ were obtained from a distributor, Kutno Sugar
Beet Breeding Company (Poland). The chemical fertilizer
YaraMila Complex (Yara), is commercially available in
stores with gardening supplies. The ash came from burn-
ing fully matured Jerusalem artichoke plants as part of own
research. It was sifted on sieves (with 2 x 2 mm mesh)
before use. Three-year studies showed that the ash pre-
pared in this way was uniform and had a similar effect on
plant growth. Thus, from a practical point of view there
was no need to divide it into additional factions. Non-
centrifuged waste from corn grain biodigestion to methane
was obtained from Gamawind Ltd., Piaszczyna, Poland,
a distillery integrated with a biogas plant. Apol-Humus,
a soil improver, was supplied by the manufacturer Poli-Farm
Sp. z o0.0., Poland, whereas Stymjod, a nano-organic-min-
eral fertilizer, was supplied by the producer, PHU Jeznach
Ltd., Poland. The soil, used for filling 5-litre pots and in
field plots was characterized as podzolic.

To demonstrate the beneficial effect of applied fertiliz-
ers regardless of the climate and conditions of sorghum
cultivation, the studies were performed in diverse weather
conditions in Central Poland, where the plants were cul-
tivated in 5 L pots and also in the north of the country in
a field. In Central Poland, the temperature in July usually
fluctuates from 8 to 32°C, average annual precipitation is
528.3 mm and more frequent sunny days with drier air are
noted than in North Poland where the average temperature
ranges from 11 to 21°C, precipitation reaches 655 mm and
moist air from the nearby Baltic Sea is observed. All soil
and plant treatments and their assessments were performed
over the same time period.

The research was performed simultaneously in three
experimental blocks, all in the two localities mentioned
above and in 3 repetitions. In the second decade of April,
the soil in each block was enriched with the synthetic
fertilizer YaraMila Complex (YMC) at a dose of 0, 150 or
300 kg ha'', the latter one was recommended by the pro-
ducer. Each block, was fertilized to a different extent with
YMC, and consisted of 8 plots, each containing 10 plants
grown separately in 5 L pots (pot experiment in Central
Poland) or 6 plots with a size of 3x3 m (field experiment in
North Poland).

At the end of April, the soil in each subsequent plot
within every block was fertilized as follows:
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A) pot experiment:

— ash from burnt Jerusalem artichoke (AT) at doses of 0,

0.5,1,2,4tha’;

— ash (4 t ha) together with Apol-Humus (AH: 10 L ha™)
and double leaf spraying with Stymjod 1.5% (S: 5 L con-

centrate ha), at two-week intervals in July;

— ash (4 t ha') together with the waste from corn grain bio-

digestion to methane (E: 30 m® ha™);

— all 4 of the previously mentioned fertilizers (AT, AH, S,

E) used together.
B) field experiment:

— ash from burnt Jerusalem artichoke (AT) at doses of 0,

1,2,4tha';

— ash (4 t ha) together with Apol-Humus (AH: 10 L ha™)
and double leaf spraying with Stymjod 1.5% (S: 5 L con-

centrate ha), at two-week intervals in July;

— all 4 fertilizers (AT, AH, S, E) used together at the doses

mentioned above.
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The YaraMila Complex, ash, Apol-Humus and the waste
from a biogas plant, were mixed with the soil directly after
their application. The plants were sprayed with Stymjod in
the amount of 5 L of the commercial substance ha™ at a con-
centration of 1%. The configurations of all experimental
variants are presented in Figs 1-3.

In the second decade of May, sorghum seeds were
planted in the soil (enriched beforehand with YaraMila
Complex, ash, waste and Apol-Humus), one seed in each
pot, while in the field 175 seeds per plot in rows at a dis-
tance of 35 cm from each other and every 12 cm in a row,
as recommended in practice. Each plant was grown in the
field or set up in pots in the same area.

Plants were also grown on unfertilized plots and served
as controls. The applied doses of waste, Apol-Humus and
Stymjod were selected to be optimal based on previous
tests carried out in the laboratory, pot tests and in the field
(Romanowska-Duda et al., 2019a, 2019b).
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Fig. 1. Kinetics of growth and the final height of sorghum plants cultivated in pots, fertilized with YaraMila Complex at doses of: a — 0 (I),
b— 150 (II) and ¢ — 300 kg ha™ (III) and as a part of each dose, with the ash from burnt Jerusalem artichoke biomass (AT 0 —4.0 t ha™)
used alone or supplemented with Apol-Humus (AH: 10 L ha™"), Stymjod (S: 5 L ha™) and biogas plant waste (E: 30 m’ ha™). The LSD

was calculated at a significance level of p = 0.05.
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Fig. 2. Fresh and dry weight of one sorghum plants cultivated in pots, fertilized with YaraMila Complex at doses of: a — 0 (I), b — 150 (II)
and ¢ — 300 kg ha™" (III) and as a part of each dose, with the ash from burnt Jerusalem artichoke biomass (AT 0 —4.0 t ha™) used alone or
supplemented with Apol-Humus (AH: 10 L ha™), Stymjod (S: 5 L ha) and biogas plant waste (E: 30 m® ha™). The LSD was calculated

at a significance level of p = 0.05.

The effects of the studied fertilization treatments in pots
and in field conditions were assessed by periodical height
measurements of whole plants throughout the entire veg-
etative period, physiological activity was measured in July
and biomass yield and its energy properties were assessed
in the autumn. Assessments of plant physiological activity
(gas exchange, chlorophyll content index, enzyme activ-
ity), the health of the plants and tests measuring the content
of elements were carried out on fully developed leaves
from as close as possible to the top of the plants. For each
experimental variant and repetition, one leaf from each of
10 plants was removed for evaluation of quality in terms
of health, gas exchange and enzyme activity. The meas-
urements were carried out on separate leaves. In order to
assess the element content, 100 g of leaves was taken from
10 plants and they were mixed together before analysis.

The leaves were collected in the third decade of July (2.5
months after seed sowing) at 25-30°C, under conditions of
sunshine and air humidity of 50-60%.

The height of the plants was measured at monthly inter-
vals throughout the whole growing season (Grzesik et al.,
2017a).

The weight of the fresh green biomass and the dry
one (dried at 130°C for 3 days) was assessed at the end of
November on the basis of 5 plants taken from each experi-
mental variant. The data presented in the figures were
calculated for one plant to represent the average for the
treatment (Grzesik et al., 2017a).

The assessment of gas exchange, was evaluated on
the basis of net photosynthesis, transpiration, stomatal
conductance and intercellular CO, concentration meas-

urements, these measurements were performed using
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Fig. 3. Kinetics of growth and the final height of sorghum plants cultivated in a field, fertilized with YaraMila Complex at doses of: a— 0 (I),
b— 150 (II) and ¢ — 300 kg ha™ (III) and as a part of each dose, with the ash from burnt Jerusalem artichoke biomass (AT 0 —4.0 tha™)
used alone or supplemented with Apol-Humus (AH: 10 L ha™), Stymjod (S: 5 L ha™) and biogas plant waste (E: 30 m’ ha™). The LSD

was calculated at a significance level of p = 0.05.

TPS-2 — Portable Photosynthesis System (PP Systems,
USA) (Grzesik et al., 2017a, 2017b; Romanowska-Duda
et al.,2019a).

An index of chlorophyll content, in leaves which were
not infected with pathogenic fungi, was estimated using
an SPAD-502 chlorophyll meter (Konica Minolta, Japan)
(Grzesik et al., 2017a).

The activities of the acid (pH 6) (EC 3.1.3.2) and alka-
line (pH 7.5) (EC 3.1.3.1) phosphorylases (U g' (FM)
min™) in leaves and RNase (EC 3.1.27.5) (U g"(FM) min™)
were studied using procedures demonstrated by Knypl and
Kabzinska (1977).

The activity of dehydrogenases (EC 1.1.1.-) was meas-
ured with a technique presented by Gérnik and Grzesik
(2002) and Grzesik et al. (2017b). The spectrophotometer
UVmini-1240 (Shimadzu, Japan) with a wavelength of
480 nm were used for formazan quantity assessment.

The element contents of the ash from burnt Jerusalem
artichoke, Apol-Humus, Stymjod, and fully developed
leaves from under a plant top and in podzolic soil, were
measured before and after fertilization with the ash, the
results were assessed using certified procedures in a licen-
sed laboratory at the Research Institute of Horticulture in
Skierniewice (Poland). The biomass of the leaves was con-
centrated through the evaporation of excess water and then
mineralization took place in a microwave oven “Etho-1”
(Milestone, Italy). Then, the composition and quantity of
elements were studied in this concentrated biomass with
the use of a plasma spectrometer (ICP), model DV2000
(Perkin-Elmer, USA). For assessment, different wave-
lengths which were characteristic of the examined elements
were used. The total nitrogen content was studied using the
Kjeldahl procedure following mineralization in concen-
trated H,SO, with the addition of a catalyst. The nitrogen
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content was evaluated using a titration (Antweiler et al.,
1996). Plant energy properties were estimated by a certified
laboratory (Carbochem, Poland) using Polish procedures
(Grzesik et al., 2017a).

The presented studies were carried out in three series
(over subsequent years) in central (pot experiment) and
northern Poland (field tests), and within each series, each
experimental variant was studied using three replications
(experimental plots). The experimental blocks, pot and
field plots and replicates, with differently fertilized soil
and plants, were situated randomly. The obtained data,
presented as means from series and repetitions, were
elaborated by applying an analysis of variance (ANOVA
I), using Statistica 12. The means of the chosen parame-
ters were displayed in Tables and grouped by employing
the Newman-Keuls multiple range test. The statistical dif-
ferences between the samples were presented at o = 0.05
significance level.

RESULTS

The ash from burnt Jerusalem artichoke contained sig-
nificantly higher amounts of macro- and microelements than
the podzolic soil used. The application of this ash resulted
in increased quantities of nutrients in this soil (Table 1).
The fertilizers used enhanced the quantity of nutrients in
the soil and positively affected sorghum development, the
changes depended on the method used. The improvements
in growth, fresh and dry biomass yield and the physiologi-
cal activity of the sorghum plants were closely related
to increasing the doses of both fertilizers. Increasing the

Z. ROMANOWSKA-DUDA et al.

doses of the applied ash caused a proportional increase in
the growth and physiological properties of sorghum, it was
found that 4 t ha' was the most favourable concentration for
plant development for each amount of YaraMila Complex.
The positive influence of the YaraMila Complex and ash on
plant development was heightened by the additional appli-
cation of Apol-Humus (10 L ha™) or waste from a biogas
plant (30 m’ ha') added to the soil and boosted further, by
plant spraying with Stymjod, 1.5% (5 L concentrate ha™).
As a result, the greatest enhancement in sorghum growth
was found after the application of YaraMila Complex
(300 kg ha™), Jerusalem artichoke ash (4 t ha'), waste
from a biogas plant (30 m’ ha™), Apol-Humus (10 L ha™)
and Stymjod (5 L ha™). When ash was applied at a dose of
4 t ha' together with lower amounts of YaraMila Complex
(0 or 150 kg ha') it enhanced the growth kinetics and
biomass yield to a slightly greater degree than a doubled
dose of this artificial fertilizer used alone (150 or 300 kg
ha”, respectively). This means, that the application of ash
together with a lower dose of synthetic fertilizer produces
the same effect as twice the amount of this chemical ferti-
lizer used alone (Figs 1-3).

The positive effect of the applied doses of YaraMila
Complex or ash (supplemented or not supplemented with
waste, Apol-Humus and Stymjod) on plant growth in pot
trials were confirmed in field tests carried out in northern
Poland under more favourable weather and soil conditions
for growth than in the centre of the country. In that loca-
tion, increasing the doses of fertilizers also proportionally
improved plant development. However, sorghum plants
cultivated in the field grew more intensively than those in

Table 1. Content of elements in the ash originating from Jerusalem artichoke burnt biomass and in the soil before and after fertiliza-
tion with ash from Jerusalem artichoke (4 t ha™), the non-centrifuged waste from the biogas plant, Stymjod and Apol-Humus

Assessed N P K Ca Mg Fe Mn Cu Zn B Dry
ol o ¥ ) mass

materia (%) (mg kg dry weight) (%)

Ash from

Jerusalem 040c 8469c 155211c 143813¢ 11703¢ 2462¢  169c  253c  849¢  269b 94.1b

artichoke

Soil not 1.05a 951a  3835a 25951a 1591a 667a 459a 219a 303a 63.6a 257a

fertilized

il +
::ﬁl Jerus.a- 1 0ob 1069b 4939b  32887b 2555b  1007b 764b 248b 362b 6582 260a
LSDy,s 0.009 102.0  200.0 449.1 2289 124 13.0 22 5.8 10.3 0.3
(mgL™)

Waste 2459¢ 274b 998 b 302a  119b 9.1a 0326a 0.177a 0979a 3.367b 15a

Stymjod 1231b 6652¢  62720c  943c¢  11570c 189b  886c  682¢ 1476¢  576¢ -

Apol-Humus 152.120 15.7a 20.0a 466 b 71a 142 ¢ 598b 0.89b 242b 09%4a -

LSDoys 1.1 1.1 1.0 13 1.4 1.1 0.1 0.05 0.2 0.2 0.3

pH: ash 12.0, soil 5.1, non-centrifuged waste 7.6, Apol-Humus 12.0. The data marked with the same letters within a column are not
significantly different, according to the Newman-Keuls multiple range test at an alpha level of 0.05.
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pots in all experimental variants. Thus, the tests in the con-
tainer area were completed 111 days after sowing, i.e. in
September, because the limited amount of soil in the five-
litre pots did not create adequate conditions for the further
growth of plants beyond 160 cm. The unlimited amount of
soil available for plants in the field allowed for the sorghum
to be cultivated until November and it even reached 240 cm
in height (Figs 1 and 3).

The dependence between the advantageous chang-
es in the kinetics of plant growth, the yield of fresh and
dry biomass and the doses of YaraMila Complex and ash
from burnt Jerusalem artichoke in pot and field studies
demonstrated above, was confirmed by the proportionally
increased activity of gas exchange and the index of chloro-
phyll content in leaves. Increasing the doses of YaraMila
Complex and ash, either used separately or combined
with the waste, Apol-Humus and Stymjod, proportionally
enhanced the index of chlorophyll content, net photosyn-
thesis, transpiration, stomatal conductance and decreased
intercellular CO, concentration, inversely proportional
to the three aforementioned parameters of gas exchange.
The dependence between the increased doses of YaraMila
Complex or ash and the activity of gas exchange and index
of chlorophyll content was comparable to that established
between both fertilizer amounts and plant growth or bio-
mass yield. The ash and biopreparations applied together
with lower doses of YaraMila Complex (0 or 150 kg ha™)
enhanced the gas exchange and the index of chlorophyll
content to a slightly greater extent than this synthetic ferti-
lizer used separately in a higher amount of 150 or 300 kg
ha™, respectively (Figs 1-3, Table 2).

The increased doses of YaraMila Complex and of the
studied ash applied alone or supplemented with the waste
and both biopreparations also proportionally enhanced the
activity of acid and alkaline phosphorylases, RNase, and
dehydrogenases, to a similar extent in plants grown in pots
and in a field. The activity of these enzymes was enhanced
in all experimental variants and this was closely related to
the increasing doses of YaraMila Complex and ash. Here
also the ash dose of 4 t ha™ was most favourable for enzyme
activity for each synthetic fertilizer dose used. As men-
tioned above, the applied ash together with the lower doses
of YaraMila Complex (0 or 150 kg ha") also resulted in
a slightly increased enzyme activity than when this artificial
fertilizer was used alone and in a greater amount of 150 or
300 kg ha'', respectively. This indicates that gas exchange
and enzymatic activity were similar under the influence of
ash used at a lower dose of YMC or after the application
of this synthetic fertilizer alone, but at twice the previous
dose (Table 3).

The application of higher doses of the synthetic
YaraMila Complex slightly increased the contents of N,
P and Mg in leaves. The application of ash from burnt
Jerusalem artichoke did not significantly change the con-
tent of macro elements in the leaves, except of for K
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(Table 4). However, the leaves fertilized with these bio fer-
tilizers were greener and of a higher quality compared to
the control. Correspondingly, the enrichment of podzolic
soil with the studied ash and artificial fertilizer slightly
increased the heat of combustion in the analytical state
and calorific value in the working state and decreased the
ash content in plants proportionally to the applied doses
(Table 5).

DISCUSSION

Increasing the amount of plant biomass used in electrici-
ty production requires the development of new technologies
for the sustainable cultivation of energy crops and a reduc-
tion in the use of synthetic fertilizers, whose fabrication and
application in agriculture causes environmental pollution.
The presented research is in line with these global trends
and indicates that sorghum of the Rona 1 variety may be
awell-growing and high-yield energy plant with good pros-
pects for cultivation in Central Europe, and with multiple
uses in the food and energy industries. Plants of this vari-
ety grow in Poland better than other cultivars cultivated in
a warm climate (Office of the Gene Technology Regulator,
2017). They may be grown for silage or energy, which
can be obtained by shoot burning or by their digestion to
methane. Under Polish conditions, the average yield of sor-
ghum green mass is 70 t ha” and 115 Nm’ of biogas from
1 ton of shoots. It can be cultured on poor soils belonging
to the IV and V quality class and under conditions of pre-
cipitation shortage. Thus in some years, it may be used as
an alternative to maize, which produces 50 t ha™ of green
mass and requires more fertile and moist soil, which is
difficult to guarantee in the changing climate of Central
Europe (Krzystek et al., 2018). It is assumed that the results
obtained may also be applied to the world production of
sorghum as it is the fifth largest and most important cere-
al crop. This plant is an important dietary staple for more
than 500 million people and a major livestock feed and
raw material for biofuel and biogas (Almodares and Hadi,
2009; O’Hara et al., 2013). Sorghum is also a source of
gluten-free food (O’Hara et al., 2013) and has the ability
to adapt to drought, salinity and high temperatures, which
occur due to rapid climate change which has become harm-
ful to plant production (Mahmood et al., 2013; Office of the
Gene Technology Regulator, 2017). The presented research
indicates that the described ecological fertilization methods
using Jerusalem artichoke ash are economical, environ-
mentally friendly and can be used to increase the growth
and yield of sorghum under different climate conditions as
an alternative to artificial fertilization.

The presented studies were performed in different
locations, in 5 L pots and in the field which allowed
for the beneficial effect of the applied fertilizers to be
assessed regardless of the climate and conditions of sor-
ghum cultivation and to show the relationship between
their doses and plant growth. The stimulating impact of
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Table 2. Gas exchange and index of chlorophyll content in sorghum plant as influenced by studied factors

Intercellular

YaraMila Net Transpiration Stomatal . Index
Applied waste Complex photosynthesis  (mmol H,O m™ conductance %)gcingagiog OO f chlorophyll

(kg ha™) (um CO, m7s™) s (mmol m™s™) ;irmol") > content (SPAD)
AT 0 40a 0.6la 164 a 3381 20.0a
AT 0.5 490 0.72b 273 d 326k 20.5b
AT 1 5.5bc 0.77b 276 d 315j 214cd
AT 2 0 65¢ 0.89d 294 ¢ 304 i 222 fg
AT 4 6.9 ef 0.94 de 309 f 293 hi 22.8 hi
AT4+AH10+S 7.8h 0.99¢ 319g 281g 233]
AT 4 +E 30 8.4 hij 1.09 f 328 h 270 fg 23.7kl
AT4+E30+AH10+S 9.2kl 1.18 g 360 i 235¢ 23.9 Im
ATO 51b 0.72b 186 b 316 20.5b
AT 0.5 5.8cd 0.83 ¢ 295¢e 3011 209¢
AT 1 6.1d 1.29h 360 i 284h 21.9ef
AT 2 150 7.5 fg 1.44 1 387k 258 f 224h
AT 4 8.1 ghi 1.79k 3991 235e 23.114j
AT4+AH10+S 9.0 jk 1.931 419 m 205d 2391m
AT 4 +E 30 9.2kl 2.09 m 425n 184 ¢ 244n
AT4+E30+AH10+S 1090 2.18n 4360 161b 2490
AT O 6.2d 0.83¢ 234 ¢ 287 g 21.6 de
AT 0.5 7.1ef 0.94 de 298 f 265 f 22.0f
AT 1 76¢g 1.471 370 ] 235e 224h
AT 2 8.1 ghi 1.61j 3991 226 ¢ 23.01j
AT 4 300 8.8] 1.931 413 m 196 d 244n
AT4+AH10+S 10.0 mn 2.08 m 4350 184 ¢ 2490
AT4 +E 30 10.5 no 2.18n 446 p 164 b 255p
AT4+E30+AH10+S 11.6p 2300 456 r 140 a 264r
LSDy s 0.6 0.05 9.0 12.0 39

The data marked with the same letters within a column are not significantly different, according to the Newman-Keuls multiple range

test at an alpha level of 0.05.

Jerusalem artichoke ash on sorghum development results
from the fact that it is rich in macro- and microelements
necessary for plant growth, this is similar to the findings
of Meller and Bilenda (2012) and Uliasz-Bochefczyk and
Mokrzycki (2018) studying ash from some other agri-
cultural plants. Increasing the doses of ash from burnt
Jerusalem artichoke (from O up to 4 t ha™) used separately
or combined with synthetic YaraMila Complex (from 0
up to 150 and 300 kg ha™), the waste from a biogas plant,
Apol-Humus and Stymjod enhanced the content of nutri-
ents in the soil. These elements were absorbed by the plants
and boosted plant kinetics, fresh and dry biomass yield,
gas exchange, enzyme activity and the energy properties of

the biomass produced, in proportion to the applied fertiliz-
ers doses. All doses of the applied ash, preferably 4 t ha™,
were shown to be favourable, regardless of the dose of the
YaraMila Complex used together and in different climate
conditions. This demonstrates that the applied ash may play
a key role in the ecological improvement of soil fertility
and may also increase plant tolerance to biotic and abiotic
stress (Ramegowda and Senthil-Kumar, 2015). The results
are in line with the studies of Puchalski et al. (2017), show-
ing the stimulatory impact of ash from burnt conifers on
the development of two varieties of Jerusalem artichoke.
Stankowski et al. (2014) demonstrated the positive impact
of ash from burnt plants, used alone or with compost, on
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Table 3. Activity of the selected enzymes in sorghum plant as influenced by studied factors

YaraMila

Phosphorylase

Phosphorylase

Total dehydrogenases

Treatment Complex (pH=16.0) (pH=17.5) RITIlase (mg formazanx g
(kg ha™) (Ug'fw) (Ug'fw) Ug fw) leaf ™)
ATO 0.50 a 0.15a 234a 0.42 a
AT 0.5 0.60 be 0230 3.16¢ 0.60 be
AT 1 0.64 de 0.25¢ 324 cd 0.64d
AT 2 0 0.67f 0.27d 3.40 ef 0.68¢
AT 4 0.74 gh 0.30e 3.60 gh 0.74 £
AT4+AH10+S 0.77 ij 032f 3.72j 0.77 gh
AT 4 +E 30 0.79 jk 034¢g 3.86 Im 0.79 hi
AT4+E30+AH10+S 0.82 Im 037h 394 m 0.84 kl
AT O 0.58b 022b 2.62b 0.58b
AT 0.5 0.65 ef 0.27d 3.30 de 0.67e¢
AT 1 0.73 g 0.30e 3.50 fg 0.75 fg
AT 2 150 0.74 gh 032f 3.67 hij 0.79 hi
AT 4 0.76 hi 034¢g 3.82kl 0.811ij
AT4+AH10+S 0.79 jk 0.36h 3.95 mn 0.84 k1
AT 4 +E 30 0.82 Im 0.381 4.05 no 0.86 Im
AT4+E30+AH10+S 0.86n 0.40j 4.15 op 0.90n
AT O 0.62 cd 0.26d 324 cd 0.62 cd
AT 0.5 0.67 f 030e 334e 0.69¢
AT 1 0.76 hi 032f 3.65 hi 0.78 h
AT 2 0.79 jk 034¢g 3.77 jkl 0.82 jk
AT 4 300 0.81 kl 0.36h 3.95 mn 0.85 Im
AT4+AHI10+S 0.83 m 0.381 4.07 0 0.87 m
AT 4 +E 30 0.86n 0.40j 4.16p 0930
AT4+E30+AH10+S 0.890 0.43 k 427r 097 p
LSDy5 0.118 0.019 0.1 0.02

The data marked with the same letters within a column are not significantly different, according to the Newman-Keuls multiple range

test at an alpha level of 0.05.

Table 4. Content of elements in the leaves of sorghum plant as influenced by studied factors

YM N P K Ca Mg Na Mn Cu Zn B
Ash o

dose (%) (mgkg' d.w.)

0 0 2.02a 4786a 2048la 7721a 2590a 127a 296a 205a 134a 323a 189a
0 AT4 2.03a 4845a 21557b 8154a 2625ab 129a 300a 20.6a 13.5a 324a 19.1a
150 AT4 2.06ab 4981b 21585b 8l65a 2640b 13la 305a 208a 14.0a 326a 192a
300 AT4 2.12b 5019b 21620b 8180a 2653b 13la 307a 21.0a 141a 33.0a 192a
LSDy.s 0.05 60.2 201.6 488 36.2 5.1 1.0 0.7 0.9 0.4

The data marked with the same letters within evaluated properties are not significantly different, according to the Newman-Keuls

multiple range test at an alpha level of 0.05.
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Table 5. Energy value properties of sorghum plant as influenced by studied factors

Evaluated Research method Unit of Control YaraMila dose (kg ha‘l) LSD,

properties measure 0 150 300 005
Analytical state

ﬁ:‘;%ti‘fyal PN-G-04511:1980 % 520a 5420 573 ¢ 6.39d 0.20

Ash PN-ISO 1171:2002 % 10.09d 9.25¢ 8.00 b 747 a 0.50

i‘i’;‘lﬁzﬁon PN ISO 1928:2002 kJ kg 16128 a 16357 b 16914 ¢ 17179d 210

Working state

Eﬂi’f&fﬁ; PN-G-04511:1980 % 50.92 a 50.84 a 50.15a 49.45 a 0.68

Total humidity PN-G-04511:1980 % 53.51b 53.40b 53.06 a 5291a 0.31

Ash PN-ISO 1171:2002 % 4.99 d 4.67 4.11b 387a 0.20

Calorific value PN ISO 1928:2002 K kg'! 6369 a 6419 b 6566 c 6889 d 18.10

The data marked with the same letters within evaluated properties are not significantly different, according to the Newman-Keuls

multiple range test at an alpha level of 0.05.

wheat ear density and yields of grains, while Meller and
Bilenda (2012) showed the positive impact of ash from
straw, maize, energy willow and wood chips on miscanthus
growth. Schiemenz and Eichler-Lébermann (2010) and
Schiemenz et al. (2011) demonstrated the positive ferti-
lizing effect of biomass ash and phosphorus on different
crops. Jagodzinski et al. (2018) revealed the stimulatory
influence of wood ash on Lemna minor growth, while
Romanowska-Duda et al. (2019c) found a positive impact
of ash from burnt sorghum on the growth and physiologi-
cal properties of macrophytes. The cited studies, however,
did not show the effectiveness of the interaction of ash and
synthetic fertilizer used simultaneously, and the possibil-
ity of replacing a chemical fertilizer with ash from burned
biomass in sorghum cultivation.

The application of ash from burnt Jerusalem artichoke as
a biofertilizer, used separately or combined with the waste
from biogas plants, Apol-Humus and Stymjod, made it pos-
sible to reduce by at least half the recommended amount
of artificial fertilizers currently being used in sorghum cul-
tivation and thus to lower the pollution of plants and the
environment. Replacing synthetic fertilizers with easy-to-
obtain, economical biomass ash eliminates environmental
contamination with dangerous substances and enables the
production of organic food from sorghum, free of toxic
impurities. Fewer toxic substances in consumed plants may
promote the enhanced intake of various phytochemicals
(tannins, phenolic acids, anthocyanin, phytosterols and
policosanols) contained in sorghum by both humans and
animals, although studies in this area have not been con-
ducted here (Awika and Rooney, 2004). This is especially
important when this plant is a basic component of human
and animal diets (Almodares and Hadi, 2009; O’Hara et

al., 2013). The possibility of reducing the recommended
doses of synthetic fertilizers by 50% was also found after
the foliar application of non-toxic cyanobacterial strains
(Microcystis aeruginosa MKR 0105, Anabaena sp. PCC
7120) and Chlorella sp. in energy willow crop (Salix vimi-
nalis L.) (Grzesik et al., 2017a).

The noted changes and correlations concerning plant
growth were also observed in all physiological activity
assessments, regardless of the fact of whether the sorghum
was grown for three subsequent years in the podzolic soil
in pots or in a field and in different weather conditions
of central and northern Poland. Although, due to a more
favourable environment, weather conditions and the pos-
sibilities of unlimited space for root development in soil,
the growth of plants was proportionally more intensive in
the field than in 5 L pots, as was demonstrated in all experi-
mental variants.

The obtained results indicate that the nutrients present
in the applied ash from Jerusalem artichoke and YaraMila
Complex positively affected the photochemical processes
of photosynthesis in plants, which was also demonstrated
by Kalaji et al. (2014) for corn and tomatoes. According to
them, the activity of the photosynthetic system was associ-
ated with the content of the nutrients in plants. The elements
in the studied ash and YaraMila Complex (N, K, P, Fe, Mg,
Mn) could increase the activity of several processes modu-
lating the photosynthesis process, thereby causing a more
intensive plant growth and biomass yield. For example,
nitrogen affects the rate of photosynthesis, whereas potas-
sium acts as an activator of enzymes involved in light phase
reactions and participates in the process of regulating the
transport of assimilates and stomata opening. Phosphorus
deficiency adversely affects the phosphorylation process,
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while a deficit of iron reduces the intensity of photosyn-
thesis and causes the chlorosis of leaves. Magnesium is
present in chlorophyll and its deficiency decreases the con-
tent of this pigment, especially in older leaves. Manganese
deficiency causes the perturbation of the membrane system
in chloroplasts, which can lead to slower photosynthesis.
As shown in the research presented, the applied ash from
Jerusalem artichoke and YaraMila Complex contains these
elements in amounts, which resulted in increased gas
exchange and accelerated plant growth.

In the presented studies, the increased doses of ash and
YaraMila Complex also caused a proportional increase in
the chlorophyll content of leaves. The content of this dye
is most commonly used as an indicator for N content, as
demonstrated by Herrmann et al. (2010), Homolova et al.
(2013) and Camino et al. (2018). According to Hamann et al.
(2018) measuring the chlorophyll content and nitrogen bal-
ance can be a useful non-destructive method for assessing
the physiological state of plants, as was found in young
apple plants grown under water stress conditions. The prob-
lem is that the activity of the photosynthetic system may
be reduced by an excessively low or high temperature and
overly low humidity (Banks, 2018). The destructive effect
of drought on photosynthetic activity can also be increased
by other factors adverse to growth, which together can lead
to damage to the oxidative system and photoinhibition
(Goltsev et al., 2012).

Increasing the doses of ash from Jerusalem artichoke
and YaraMila Complex enhanced the activity of acid and
alkaline phosphorylases, RNase and dehydrogenase, pro-
portionally to the amount of these fertilizers used. These
enzymes play a crucial role in regulating plant develop-
ment. The alkaline and acid phosphorylases regulate the
distribution of phosphorus in plants, catalyse the hydroly-
sis of organic phosphorus and regulate the mineralization
potential of organic phosphorus or soil biological activity
(Dick and Tabatabai, 1992). RNase strengthens the defence
mechanisms in plant tissues, as was observed in willow
and corn plants under the influence of microalgae used
as fertilizers, while dehydrogenases play a crucial role in
respiration processes important for growth (Grzesik and
Romanowska-Duda, 2015). The results obtained show
that the ash from Jerusalem artichoke enhanced enzymat-
ic activity, resulting in increased growth and the greater
adaptation of sorghum plants to existing environmental
conditions. A close correlation between several fertilization
technologies, the abovementioned enzyme activities and
the growth of plants was also demonstrated in corn and wil-
low after the foliar application of microalgae (Grzesik and
Romanowska-Duda, 2014, 2015; Grzesik et al., 2017a) and
for particular energy crops fertilized with sewage sludge
and waste from a biogas plant (Romanowska-Duda et al.,
2010, 2019a).
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The leaves fertilized with the tested biofertilizers were
greener and of better quality compared to the control.
Fertilizing plants with the YaraMila Complex in higher
doses increased plant quality and slightly enhanced the
contents of N, P and Mg in leaves, while the application of
Jerusalem artichoke ash did not significantly increase the
content of macro- and micronutrients in the leaves, except
for potassium. This is related to the studies of Zapalowska
et al. (2017) which demonstrated that fertilization with ash
from coniferous trees did not increase the contents of C, N,
P, S, Ca and Mg in Jerusalem artichoke shoots to any sig-
nificant extent, K was an exception to this rule, the amount
increased by 30%. Similarly, the application of wood ash
did not have a significant effect on the concentration of the
measured elements in willow, although fertilization with
this substance increased the size and quality of these plants
(Park et al., 2005). This suggests that the nutrients present
in the studied ash have the ability to increase the sorghum
biomass yield and lead to processes which improve health
and the quality of plants, a similar result was observed after
the application of waste from corn grain biodegradation to
methane (Romanowska-Duda et al., 2019a). The improved
plant quality, health and colouration may be the result of
the microelements increasing plant vigour and resistance
to pathogen attack (Dimkpa ef al., 2013; Dimkpa and
Bindraban, 2016). They can also boost the synthesis of
compounds that inhibit the growth of pathogens or enhance
the biosynthesis of lignin and suberin in cell walls, which
stiffens them and thus hinders the penetration of pathogens
into tissues (Servin et al., 2015). The decreased occurrence
of pests and placing a limitation on the adverse effect of dis-
eases favours a higher plant quality and their adaptation to
a changing climate (Ramegowda and Senthil-Kumar,
2015). The presented research shows the legitimacy of
using Jerusalem artichoke ash, which limits synthetic fer-
tilization and has a positive effect not only on sorghum
growth but also on its quality, thereby decreasing the need
for pesticide use. Moreover, healthier food can be pro-
duced from the better-quality sorghum treated with ash, as
opposed to synthetic fertilizers containing toxic substances.

Sorghum plants fertilized with Jerusalem artichoke ash
showed a slightly higher energy value, and also, its burnt
biomass contained a little less ash. This indicates the ben-
efits of using Jerusalem artichoke ash, which increases the
yield of sorghum biomass and its usefulness for energy
purposes. These findings are in line with the research of
Kordas et al. (2012), and demonstrate that increasing the
dose of mineral fertilization contributes to the enhance-
ment of the energy value of plants. The connection found
between the ash content and the energy properties of plants
is in line with the studies of Reumerman and van den Berg
(2018). They revealed that the content of this ash is nega-
tively related to the calorific value of miscanthus. The
slight modifications in these two parameters indicated that
the quality of the sorghum was not changed significantly
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after the application of the studied ash and thus this plant
may be used for the preparation of silage for animal nutri-
tion and for energy purposes.

The research demonstrates that the effectiveness of
Jerusalem artichoke ash fertilization, which was used
together with reduced doses of synthetic YaraMila Complex,
can be increased through the additional application of waste
from biogas plants, Apol-Humus and Stymjod in all envi-
ronmental conditions. The beneficial effect of fertilization
with biogas plant waste on the growth and physiological
activity of sorghum was demonstrated by Romanowska-
Duda et al. (2019a). With regard to biopreparations, the
stimulating effect on plant development may have been
caused by chitosan polymers and humic acids contained
in Apol-Humus as well as the nutrients, humic acids and
iodine present in Stymjod. The positive effect of humic
acids on plant development is well described in the litera-
ture (Calvo et al., 2014; Fahramand et al., 2014; Abdellatif
et al., 2017). The beneficial effect of chitosan on the devel-
opment and health of grape was revealed by Gornik et
al. (2008) and on the growth of some other horticultural
crops by Pichyangkura and Chandchawan (2015), Bistgani
et al., 2017), Mukta et al. (2017), Muxika et al., (2017)
and Kashyap et al. (2015). Plant growth stimulation by
Stymjod may be caused by the macro- and microelements,
humic acids and iodine contained in this biopreparation.
Jeznach (2015) showed the positive effect of iodine, which
is present in Stymjod, on cyto-morphological changes in
cabbage and tomato. It increased xylem diameter and pro-
duced more frequent stomata opening, which probably
resulted in enhanced nutrient uptake by plants and gas
exchange. lodine also increased the resistance of cabbage
to stress and increased the content of several elements in it
(Jeznach, 2015). According to Smolen et al. (2011) iodine
can increase the content of phosphorus, potassium and cal-
cium and reduce the accumulation of iron in stored carrot
roots. However, in the research of Krzepitko et al. (2016),
the biofortification of lettuce with iodine reduced the length
of seedlings but did not affect their biomass and chloro-
phyll content. The seedlings contained more potassium and
less sodium and manganese than the control. No significant
differences in the contents of calcium, zinc, iron or copper
were noted. Different results indicate the need for further
research regarding the application of various forms of
iodine to different plant species, taking into consideration
the production methods of preparations which contain this
element. The slightly different influence of iodine on plants
could be caused by the formulation in which it was applied.
Stymjod, containing iodine, is produced with nanotechnol-
ogy in a patented device generating the phenomenon of
cool plasma, in which a solution of specially selected min-
eral and organic compounds is subjected to cold synthesis
(Jeznach, 2015). In most other studies, this element was
applied alone.

The discovered possibility of using the ash from burnt
Jerusalem artichoke as a fertilizer in sorghum crops may
be useful in the present circular economy where the waste
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becomes a substrate in another production cycle. The results
of the study show that the rapidly growing amount of bio-
mass ash produced in the energy industry can be used in
agriculture. The research indicated that the use of ash based
fertilizer in sorghum under the changing climate conditions
of central and northern Poland, not only allows for a reduc-
tion in the doses of synthetic fertilization contaminating the
environment, but it also solves the serious problem of its
storage which is expensive and dangerous for the surround-
ings. The effective fertilization of sorghum allows for the
attainment of 8 455 Nm’ of biogas ha™ and the energy pro-
duction of 200 000 MJ ha™ per year (Krzystek et al., 2018).

CONCLUSIONS

1. The sorghum Rona 1 variety is one of the promising
and high yielding energy crops in Central Europe.

2. The fertilization of sorghum crops with the ash from
burnt Jerusalem artichoke (4 t ha), separately or together
with the waste from a biogas plant (30 m® ha™), Apol-Humus
(10 Lha™") and double leaf spraying with Stymjod (5 L ha™)
greatly increased net photosynthesis, transpiration, sto-
matal conductance, the index of chlorophyll content, the
activity of acid and alkaline phosphorylase, RNase and
dehydrogenase, which markedly influenced the enhanced
kinetics of plant growth, the yield of fresh and dry biomass
and its energetic parameters.

3. The fertilization of sorghum crops with ash from
burnt Jerusalem artichoke (4 t ha™') may allow for the limi-
tation of the recommended doses of chemical fertilizers by
at least 50% and thus it may be an alternative to artificial
fertilizers which are harmful to the environment.

4. The use of Jerusalem artichoke ash in sorghum crops
solves the problem of the storage of this waste which is
expensive and harmful to the environment.

5. The studied ash may be recommended as an econom-
ic biofertilizer in sorghum crops, if it is applied in proper
amounts and in compliance with the national regulations.
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