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We compared the biostimulant effect of a novel chicken feather hydrolysate (FH) and a reference protein hydrolysate 
(RH) on barley and wheat in a pot experiment. Their interactions with arbuscular mycorrhizal fungi (AMF) and phos-
phorus (P) supply were also addressed. All experimental factors influenced barley growth. Shoot height and biomass 
of barley were increased by FH and reduced by RH. AMF decreased barley biomass at high P-supply. In wheat, the 
biomass was slightly reduced by AMF while other factors had no significant effect. In the parallel field experiment, 
RH but not FH increased yield and grain size of barley, while there was no significant effect of either hydrolysate on 
wheat. Application time had no effect on hydrolysate efficacy. Both hydrolysates promoted severity of net blotch 
(Pyrenophora teres maculata) on barley in the pot experiment, but reduced it in field. FH promoted wheat root 
colonisation by AMF under low-P supply. Our results show limited transferability of pot results to field conditions 
and manifest complex interactions between hydrolysates, soil phosphorus, and plant symbionts and pathogens.
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Introduction
In a world of a growing human population and diminishing resources, there is an urgent need to secure high crop 
yields concomitantly with the reduction of the environmental impact of conventional modern agriculture. One 
emerging strategy to achieve higher yields with reduced inputs of synthetic fertilisers and pesticides is the use of 
biostimulants for plant growth promotion. Biostimulants are defined as products stimulating plant nutrition pro-
cesses independently of the product’s nutrient content, with the sole aim of improving one or more of the follow-
ing characteristics of the plant or the plant rhizosphere: nutrient use efficiency, tolerance to abiotic stress, quality 
traits, and availability of confined nutrients in the soil or rhizosphere (EU 2019). They are used in low quantities 
(Ertani et al. 2014) and pre-dominantly generated from waste materials (Halpern et al. 2015) thus being resource-
efficient and fulfilling the demand of a circular economy. 

Protein hydrolysates (PH) which contain amino acids and/or peptides are one key type of biostimulants  
(Kauffman et al. 2007). Exogenously applied amino acids (AA) and peptides are directly taken up by plants  
(Colla et al. 2015) and elicit plant responses as signal molecules (Forde and Lea 2007). They stimulate plant nu-
trient uptake, N-metabolism, C-metabolism and stress resistance (Calvo et al. 2014, Halpern et al. 2015, Colla et 
al. 2017) and can also trigger defence responses against pathogens (Cappelletti et al. 2017). PH are derived from 
both plant and animal waste materials and a number of commercial preparations based on PH is already available  
(Colla et al. 2015). An important but so far underutilised and problematic source of PH are chicken feathers. They 
are generated in huge quantities as they make up 5–10% of the chicken weight, yet they are difficult to degrade 
due to the rigid structure of their main component keratine (Stiborova et al. 2016). So far, only a minor proportion 
of feather waste is recycled via hydrolysis, although bans on classical disposal methods via landfill or incineration 
in some countries increase the urgency for sustainable recycling solutions (Stiborova et al. 2016). The biostimu-
lating potential of chicken feather hydrolysates was apparent in a multitude of crops; their foliar application in-
creased maize yield, nutrition and grain parameters (Tejada et al. 2018) and improved growth of wheat seedlings 
(Genç and Atici 2019) and lettuce (Sobucki et al. 2019).

Beneficial plant microbes represent another big group of biostimulants promoting plant growth and decreas-
ing fertiliser and pesticide use. Arbuscular mycorrhizal fungi (AMF) form a particularly important group of these 
microbes. They colonise both endosphere and rhizosphere of their plant host forming characteristic structures  
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(arbuscules and vesicles/spores) in the roots. From there they act as extended root systems taking up P, water 
and (micro)-nutrients in exchange of organic carbon (Parniske 2008). AMF play an essential role for P-nutrition of 
crops worldwide, especially under P-limiting conditions (Thompson et al. 1987) but they also improve micronu-
trient uptake of various crops (Lehmann and Rillig 2015). While their role in alleviating nutrient stress in plants is 
well established, their ability to modulate phytohormone balance and the defence response of plants has attracted 
greater attention only recently (Pozo and Azcón-Aguilar 2007, Fernández et al. 2014). Furthermore, stimulation 
of secondary metabolite production by AMF (Rydlová et al. 2016) can result in increased crop quality. AMF are 
present as natural compound of the soil microflora but particular strains of these fungi are also applied as com-
mercial inocula especially in soils with low mycorrhizal inoculation potential (Vosátka et al. 2012). Although AMF 
inocula are often combined with other biostimulants in plant growth promoting preparations (Derkowska et al. 
2017), the interaction of AMF with PH has been only marginally explored (Rouphael et al. 2017, Nafady et al. 
2018). While synergies between microbial and non-microbial biostimulants have been reported, their mechanisms 
are not well understood. Both biostimulant groups modulate gene regulation, phytohormone balance, nutrient  
uptake, root system growth and plant secondary metabolism, especially metabolites involved in stress resistance 
(Halpern et al. 2015, Rouphael and Colla 2018). Thus, mechanisms of their synergic effects probably affect these 
areas. In spite of the fact that the benefit of AMF inocula is largely dependent on P nutrition of the host plants 
(Johnson et al. 1997), no studies exist on triple interaction of the factors P nutrition, AMF and hydrolysate so far. 
We aimed to fill this gap by conducting pot and field experiments with wheat and barley, which are the most im-
portant cereal crops in the EU (Leff et al. 2004). A positive effect of biostimulants based on amino acids on wheat 
yield was already shown by Popko et al. (2018).

In this study we compared the effect of a novel hydrolysate (FH) prepared from chicken feathers by unique CO2-
assisted hydrolysis conducted under elevated pressure (Hanika et al. 2015) with a reference protein hydrolysate 
(RH) on the growth and selected physiological parameters of the aforementioned crops. We aimed to elucidate 
the interaction between P nutrition, AMF inoculation and hydrolysate treatment in a tri-factorial pot experiment. 
Specifically we addressed the following questions: a) Do both hydrolysates promote growth of barley and wheat? 
b) Is the novel chicken feather hydrolysate more effective compared to the reference hydrolysate? c) Is there any 
interaction of the hydrolysates with AMF inoculation and phosphorus supply? We hypothesised that the benefit of 
the AMF inoculum would be low at high P-level and high at low P-level and that there would be a synergy between 
hydrolysates and AMF especially at low P-supply. Subsequently, we explored benefits of hydrolysates in a field  
experiment close to commercial conditions. As the effect of biostimulants application may depend on the growth 
stage of the crops we tested the effect of application timing (particularly at stem elongation /BBCH 31/, anthesis 
/BBCH 61/ and both). We hypothesised that earlier application would promote biomass accumulation and grain 
yield while the latter would promote grain yield and grain parameters such as N-content and sedimentation index. 

Natural infection with ascomycete Pyrenophora teres (imperfect stage Drechslera teres) occurred on barley in 
both the pot and the field experiments and offered an opportunity to study the effects of the treatment factors 
(hydrolysate, AMF inoculation, P-supply) on this disease. This allowed valuable insights into potential interactions 
between environmental factors (greenhouse vs. field), experimental treatments and disease development. The 
significance of exploration of the interaction with net blotch is underlined by the fact that this particular pathogen 
has emerged as a major disease in barley, causing yield losses of 10–40% (Liu et al. 2011). We hypothesised that  
hydrolysate application may retard the fungal disease development due to an activation of plant immunity (Lachhab 
et al. 2014). We also expected AMF inoculation would suppress the disease spread (Veresoglou and Rillig 2012).

Materials and methods
Crops and AMF inoculum

The spring barley Hordeum vulgare ʻBojosʼ was used in the pot experiment, while ʻAktivʼ was sown in the field 
experiment. Winter wheat Triticum aestivum ʻTobakʼ was used in both pot and field experiments. A mixture of 
Rhizophagus irregularis (strain Chomutov), Glomus claroideum (strain Chomutov), and Funneliformis mosseae 
(strain BEG95), maintained in the AMF stock culture collection of the Institute of Botany of the Czech Academy of 
Sciences was used as AMF inoculum in the pot experiment in 2017. The AMF inoculum consisted of a suspension 
containing colonised root segments, extra-radical mycelium and spores prepared from a mature maize culture 
with high mycorrhizal root colonisation (>90%) and abundant sporulation. 
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Protein hydrolysates
A novel feather protein hydrolysate (FH) was produced out of chicken feathers provided by the company Rab-
bit Trhový Štěpánov a.s. through CO2-assisted pressure hydrolysis conducted in the Institute of the Chemical  
Processes Fundamentals of the Czech Academy of Sciences, Czech Republic according to Hanika et al. (2015). The 
reference protein hydrolysate (RH) derived from the tanning industry was provided by AGRA Group a.s. (Střelské 
Hoštice, Czech Republic).

FH contained 2.81 g l-1 of peptides and 0.039 g l-1 of free amino acids (AA) while RH (that was included as a posi-
tive control in the experiments) contained 330 g l-1 of peptides and 381 g l-1 of free amino acids (AA). The analy-
sis of free AA composition of both hydrolysates was performed according to the ISO standards by the University 
of Chemistry and Technology, Prague, Czech Republic and is shown in the Table 1. Before application in the pot  
experiment, the concentration of both protein hydrolysates was adjusted to 0.28%.

Set up of the pot experiment 
Factors in the pot experiment were crop (winter wheat ʻTobakʼ, spring barley ʻBojosʼ), P-content of the substrate 
(low and high), presence and absence of mixed AMF inoculum, and repeated hydrolysate application during veg-
etative stage of growth (controls, FH and RH). All treatments are summarised in Table 2. A mixture of river sand : 
zeolite : soil (4 : 4 : 1, volume ratio) with a low concentration of P (18 mg P kg-1 dry substrate) was used. Final sub-
strate parameters were as follows: pH (KCl) 7.6, 0.02% N, 0.23% C, 17.9/147 mg kg-1 P (exchangeable/total content), 
5510/7451 mg kg-1 K (exchangeable/total content), 141/1929 mg kg-1 (exchangeable/total content), 5613/8256 mg 
kg-1 Ca (exchangeable/total content). The substrate was gamma (25kGy) sterilised in order to remove natural soil 
microflora including AMF. Conic two-litre pots (height 21 cm, width at bottom 8 × 8 cm, width at the top 11 × 11 
cm) were filled with the substrate (substrate volume 1.8 l). In the high-P treatments, 8.25 ml of 0.5 M potassium 
phosphate buffer pH 7.0 were applied per pot to elevate the P-concentration of the substrate from 18 to 82 mg P 
kg-1 dry substrate whereas the low-P treatment received no P. The substrate was moistened thoroughly by distilled 
H2O before AMF inoculum (20 mg per pot) was applied. Treatments without AMF (-AMF) received gamma-sterilised 
inoculum. Ten ml of bacterial filtrate were added per pot to restore the microbial flora in the sterilised soils.  

Table 1. Composition of the chicken feather hydrolysate (FH) and the reference hydrolysate (RH) 
used in the pot and the field experiments in 2017 

Amino acid FH RH

Asparagine (Asn) n.d. 0.4

Aspartic acid (Asp) 0.6 4.7

Phenylalanine (Phe) 10.1 2.0

Tyrosine (Tyr) 2.5 1.3

Iso-Leucine and Leucine (Ile+Leu) 25.9 2.8

Methionine (Met) 4.0 0.7

Glutamic acid (Glu) 2.3 5.6

Valine (Val) 18.1 1.9

Glutamine (Gln) n.d. 3.1

Alanine (Ala) n.d. 25.0

Serine (Ser) 0.5 1.7

Glycine (Gly) 24.0 31.1

Proline (Pro) 0.4 5.6

Threonine (Thr) 1.0 0.4

Histidine (His) n.d. 0.3

Lysine (Lys) 8.0 1.0

Arginine (Arg) n.d. 0.3

H-lysine (H-Lys) n.d. 0.6

Tryptophan (Trp) 2.6 0.1

H-Pro n.d. 11.7
Amino acid concentration is expressed as a % of the total amino acid content. n.d. = not detected
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Twelve seeds of spring barley or winter wheat, respectively, were sown per pot and covered with a 2 cm layer of 
substrate. Pots were again thoroughly watered with distilled H2O. Eight replicate pots were set up per treatment 
and arranged in a fully randomised block design in a greenhouse. Pots were surrounded by 35 cm high transpar-
ent plastic shields to avoid cross-contamination with AMF fungi. The experiment was set up on the 1st June 2017 
(maximum temperatures 26–32 °C). Usual photosynthetic active radiation was around 230–310 µmol photons 
m-2 s-1 and no artificial illumination was used. Plants were thinned to 9 plants per pot two to four weeks after 
sowing. Modified Hoagland solution (5mM KNO3, 3mM Ca(NO3)2·4H2O, 2mM MgSO4·7H2O, 3mM NH4NO3, 0.0613 
mM FeNaEDTA, 0.05 mM H3BO3, 0.01mM MnCl2·4H2O, 0.001mM ZnSO4·7H2O, 0.0004mM CuSO4·5H2O, 0.0005mM 
Na2MoO·2H2O, 0.00005mM CoSO4·7H2O) was applied at the dose of 25ml per pot 7 days after sowing and at the 
dose of 50ml per pot 28 days after sowing. Plants were regularly irrigated by deionized water.

Hydrolysates were used at a total concentration of 0.28% amino acids and peptides and amended with 0.025% 
TWEEN 20 for foliar application. Five ml per pot were finely misted onto the plant leaves, and plastic shields of 
pots were covered by transparent plastic foil for two days after each application to preserve high moisture; con-
trols were sprayed with 5ml suspension of 0.025% TWEEN 20. Hydrolysates were applied repeatedly 18, 25, 32, 
39 and 46 days after sowing. Shoot height was measured after 40 d growth and after 55 d growth (at harvest). At 
harvest, spring barley plants had reached the growth stage BBCH 49–57 (inflorescence emergence; Meyer 2018, 
based on Zadoks et al. 1974). Due to the spring sowing winter wheat plants did not develop inflorescences. 

Set up of the field experiment 
The field experiment was set up in Lukavec, Czech Republic (coordinates: 49°33’21.2”N 14°58’31.3”E). Treat-
ments comprised controls and the variants with hydrolysates FH and RH applied according to the three different 
time schedules based on the growth stages of the crop (Meyer 2018): 1. Once at shoot elongation (BBCH 
31: termed FH31, RH31, respectively); 2. once at flowering (BBCH 61: termed FH61 and RH61, respectively);  
3. twice at BBCH 31 and BBCH 61 (termed FH31+61 and RH31+61, respectively). The list of treatments used in 
the experiment is shown in the Table 3. The field design was a randomised block design; the four replicate blocks 
consisted of strips where replicates of the seven treatment combinations (consisting of 10 × 1.5 m plots) were  
arranged linearly in a random manner (Suppl. Fig. 1). Soil parameters in the barley plots were as follows: medium 
heavy soil (sandy loam; according to agrochemical soil tests; soil categories based on the Law no. 275/1998 
Sb.), pH 4.7, 71 mg kg-1 P, 211 mg kg-1 K, 81 mg kg-1 Mg, 940 mg kg-1 Ca. In the winter wheat plots, soil was light 
(loamy sand) with the following parameters: pH 5.7, 159 mg kg-1 P, 239 mg kg-1 K, 103 mg kg-1 Mg, 1310 mg kg-1 
Ca. All given elemental contents are exchangeable (Mehlich III extracts). Spring barley was sown with a density 
of 300 seeds m-2 in March 2017 and winter wheat was sown with a density of 400 seeds m-2 in September 2016.  

Table 2. Experimental treatments used in the pot experiment 

Code Hydrolysate Phosphorus AMF Replicates (n)

C_lP_nA - low no 8

C_lP_A - low yes 8

C_hP_nA - high no 8

C_hP_A - high yes 8

FH_lP_nA FH low no 8

FH_lP_A FH low yes 8

FH_hP_nA FH high no 8

FH_hP_A FH high yes 8

RH_lP_nA RH low no 8

RH_lP_A RH low yes 8

RH_hP_nA RH low no 8

RH_hP_A RH low yes 8
FH = chicken feather hydrolysate; RH = reference hydrolysate; both hydrolysates were applied 5 x 
during the experimental period (one application: 5ml of 0.28% hydrolysate per pot; applications: 
18, 25, 32, 39 and 46 days after sowing). AMF = inoculated mixture of 3 arbuscular mycorrhizal 
fungi (Rhizophagus irregularis, Glomus claroideum, and Funneliformes mosseae); phosphorus was 
applied either at low level (18 mg P kg-1 dry substrate) or high level (82 mg P kg-1 dry substrate).
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FH (0.28% peptides and AA, Table 1) was sprayed at an application rate of 120 l ha-1 and RH (36.8% peptides 
and AA; Table 1) was sprayed at an application rate of 2.5 l ha-1; for spraying, hydrolysates were diluted to a final  
volume of 250 l ha-1 with water. Due to the limited quantity of available FH it was applied at a concentration of 0.13% 
while RH was applied at standard concentration used by the AGRA company regularly (0.37%). Application during 
BBCH 31 was done on the 26th of May 2017 while application during BBCH 61 was performed at the 8th of June 2017. 
Cultivation of the crops together with fertiliser and pesticide applications were done according to the standard culti-
vation manuals following the principles of Good experimental practice. In winter wheat, nitrogen fertilisers were ap-
plied three times: NPK 15-15-15 at a dose of 200 kg ha-1 in September before sowing (corresponding to 30 kg N ha-1),  
a mixture of ammonium nitrate with finely ground dolomite (LAD 27; HOKR s.r.o., Pardubice, Czech Republic) at 
a dose of 250 kg ha-1 corresponding to 67.5 kg N ha-1 during March and a mixture of ammonium nitrate and fine-
ly ground limestone (LAV 27; LOVOCHEMIE a.s., Lovosice, Czech Republic) at a dose of 225 kg ha-1 corresponding 
to 60.8 kg N ha-1 during May. Post-emergence herbicide Bizon (active ingredients: penoxsulam, florasulam and 
diflufenican) was applied to wheat within the first month after sowing. In May, a herbicidal mixture of Attribute 
SG 70 (propoxycarbazone-sodium) and Mustang Forte (aminopyralid and florasulam) was applied followed by  
a mixture of the fungicide Adexar Plus (active ingredients epoxiconazole, fluxapyroxad, pyraclostrobin) and the 
insecticide Rapid (gamma-cyhalothrin). In spring barley a mixture of nitrogen fertilisers was applied once (NPK 
15-15-15 at the dose 200 kg ha-1 together with Urea Stabil (AGRA GROUP a.s., Střelské Hoštice, Czech Republic) 
at the dose of 100 kg ha-1 (corresponding to 76 kg N ha-1 before sowing in April). The post-emergence herbicide  
Pelicane Delta (active ingredients diflufenican and metsulfuron-methyl) with the soaking agent Dash HC was ap-
plied to barley in early May followed by the insecticide Rapid (gamma-cyhalothrin) in early June. 

Disease assessment of SFNB (Pyrenophora teres maculata)
The percentage leaf coverage by lesions of SFNB (Pyrenophora teres maculata) was assessed with the help of as-
sessment sheets provided in the Bulletin OEPP/EPPO Bulletin (2012); disease severity was assessed at the flag leaf 
(F), the 2nd youngest leaf below the flag leaf (F-1) and the 3rd youngest leaf below the flag leaf (F-2). In the green-
house, all nine tillers of a pot (replicate) were assessed and the average severity per pot (replicate) was calculat-
ed for each leaf layer. In the field experiment, two tillers were assessed at six sampling spots evenly distributed 
across each experimental plot (for illustration see Suppl. Fig. 1) and the average severity per sampling spot was 
calculated within leaf layer. This was done on the 20th of June 2017 at BBCH 49–57 in the pot experiment and on 
the 30th of June 2017 at BBCH 73 (grain filling, early milk-ripe) in the field experiment. An earlier disease assess-
ment at BBCH 36–39 was done in the pot experiment on the 11th of June 2017. Since flag leaves were not visible 
in all plants at this stage, assessment was done for the whole replicate (pot). First the total of all leaves with their 
base within the plastic shields (35 cm height) were counted (leaves with their base above the shield were few and 
disease free) and the number of diseased leaves was determined. If the number of diseased leaves did not exceed 
15, all diseased leaves were assessed; otherwise 15 diseased leaves were assessed to calculate average disease 
severity in diseased leaves. Disease severity in each replicate pot was then calculated by multiplying average dis-
ease severity of diseased leaves with the proportion of diseased leaves to total number of leaves per replicate pot.

Table 3. List of experimental treatments used in the field experiment 

Code Treatment Replicates (n) Protein hydrolysate application

Time (growth stage) Dosage (% AA+peptides; volume in l ha-1)

Control – 4 – –

FH31 FH 4 BBCH31 (0.13; 250)

FH61 FH 4 BBCH61 (0.13; 250)

FH31+61 FH 4 BBCH31+BBCH61 2 × (0.13; 250)

RH31 RH 4 BBCH31 (0.37; 250)

RH61 RH 4 BBCH61 (0.37; 250)

RH31+61 RH 4 BBCH31+BBCH61 2 × (0.37; 250)
FH = novel chicken feathers-derived hydrolysate; RH = reference hydrolysate
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Measurement of photosynthetic pigments and of chlorophyll fluorescence 

Chlorophyll fluorescence (Quantum Yield [QY] of dark-adapted foliage = Fv/Fm) was measured with FluorPen FP100 
(PSI, Photon Systems Instruments spol. s r.o., Drasov, Czech Republic). At least 3 leaves within each replicate pot 
were measured and the mean QY per pot was calculated. Photosynthetic pigments were measured spectropho-
tomectrically in dimethylformamide extract according to the procedure of Wellburn (1994).

Yield parameters (Field experiment)
Wheat and barley yield quality parameters (yield weight, moisture content, bulk density of the grain, N-content, Zele-
ny sedimentation index, Hagberg falling number [HFN] and grain size distribution [> 2.8 mm, > 2.5 mm, > 2.2 mm])  
were determined by the Agricultural Regional Laboratory, Czech Republic, in compliance with the required standards. 

Assessment of root colonisation by symbiotic microorganisms
Extent of root colonisation was determined by microscopy analysis after clearing the roots in 10% KOH (w:v) for 
40 min at 80 °C and their subsequent staining with 0.05% trypan blue in lactoglycerol (Koske and Gemma 1989). 
Colonisation of fine roots (<2mm in diameter) by AMF and endophytes was assessed according to the modified 
method after Dodd and Jeffries (1986). At least 150 visual fields per sample were inspected at 200× magnifica-
tion with an Olympus BX-53 microscope. Colonisation of AMF in the field was not assessed as preliminary analysis  
indicated uniformly low (< 7.5%) colonisation rates (data not shown).

Statistical evaluation
Data were checked for normal distribution with Levene’s test, and, if necessary arcsine-square-root or log-trans-
formed. Three-way ANOVA was performed to assess significant effects of P-level, AMF –inoculation and hydrolysate 
application in the pot experiment for wheat and barley separately. In relevant cases, four-way ANOVA (fourth fac-
tor being crop) was used; values were expressed as percentages relative to the non-treated control (low P, – AMF, 
no hydrolysate) in order to eliminate the impact of differences in absolute values between crops. If a significant  
effect of a particular treatment was found, Tukey HSD test was done to compare the treatments, and Dunnett’s 
two sided test was performed to assess the effect of the treatment compared to the control. Whenever interac-
tions were found, the effects of one factor within one level of other factors were assessed by split-data-ANOVA. In 
the field, disease assessment (where 6 groups of plants were assessed within each replicate plot) factorial nested 
ANOVA was done with the hydrolysate treatment, and leaf layer as the main factors while the factor block was 
nested within treatment and the factor “sampling spot” was nested within block. Two-factorial ANOVA was used 
to assess the effect of hydrolysate and spray regime within hydrolysate treatments (excluding the control) in the 
field experiment. If normal distribution could not be achieved, non-parametric Kruskall-Wallis or Mann-Whitney 
test were used. All statistical calculations were done with Statistica v. 12 (Dell Inc., Tulsa, U.S.A.).   

Results
The pot experiment 

Effect of treatments on barley and wheat growth 

The treatments had a significant effect on growth and other measured parameters. Wheat and barley differed in 
their response to the reference hydrolysate (but not feather hydrolysate) in the number of biomass parameters 
relative to the control (total biomass, aboveground and belowground biomass). While no negative effect of the 
reference hydrolysate on plant biomass was observed in wheat, it was noticeable in barley (Fig. 1C). Wheat had 
a significantly higher ratio of belowground to aboveground biomass compared to barley irrespective of hydroly-
sate treatment (control, FH, RH). The opposite was true for the aboveground moisture where barley surpassed 
wheat. Three-way ANOVA with the factors hydrolysate treatment, P-level and AMF inoculation revealed far more 
significant treatment effects in barley than in wheat. Spring barley, but not winter wheat formed inflorescences 
at the time of harvest (55d growth, BBCH 49–57). Shoot height of barley, measured at two dates (40 d and 55 d 
growth) was significantly affected by hydrolysate (p = 0.016) after 40 d growth (but not at harvest after 55 d) and 
by P-level (Table 4, Fig. 1). All three factors (hydrolysate, P-level and AMF inoculation) significantly affected the 
aboveground biomass (shoots + spikes), spike biomass and root biomass of barley and there was an interaction of 
P-level and AMF for aboveground and spike biomass. Some parameters, such as root-to shoot ratio and quantum 
yield (QY) could not be analysed by multifactorial ANOVA in barley because variances were unequal, even after 
data transformation and thus they are not presented in Table 4. 
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AMF inoculation resulted in significantly increased chlorophyll a/ chlorophyll b ratio in AMF inoculated barley and 
significantly increased QY in barley (Suppl. Table 1) indicating putatively greater photosynthetic efficacy. There 
was a three-way-interaction in QY among all tested factors (hydrolysate, P-level, AMF) in wheat (Table 4). When 
the effect of hydrolysate was analysed within P-level and AMF combinations, QY was significantly increased in 
wheat by both hydrolysates compared to controls but only at high P-level in the absence of AMF (Suppl. Fig. 2). 
No such effect was detected in barley.

 

Shoot height of barley after 40 d growth was slightly but significantly increased by application of FH (Fig. 1A).  
Although no longer significant, the same trend was also visible at harvest after 55d growth (Fig. 1A, Suppl. Table 2).  
Increased P-supply reduced shoot height, especially in the presence of AMF (Fig. 1B). The positive effect of FH 
on shoot height was significant only in treatments with no AMF inoculation and average shoot height was not  
increased at all by hydrolysate treatments in the variants with high P-level and AMF inoculation, where shoot height 
was significantly lower compared to other P-AMF treatment combinations (Fig. 1B, Suppl. Fig. 3).    

Hydrolysate application significantly affected all biomass parameters of barley, i.e. root DW, shoot DW and spike 
DW, aboveground DW (shoots including spikes) and total DW (Fig. 1C). Root DW, Shoot DW and spike DW were 
significantly increased by FH compared to RH. The biomass of the control treatment was intermediate between 
the FH treatment (having the highest biomass) and the RH treatment (having the lowest biomass). This was true 
for all analysed plant parts, i.e. roots, shoots and spikes. No significant difference of either hydrolysate treatment 
compared to controls was detected except for the negative effect of RH on total biomass. The biomass of the FH 
variant was significantly higher than that of the RH variant in all analysed plant parts (Fig. 1C, Suppl. Table 2). Sim-
ilar to shoot height, shoot and spike DW were lowest at high P-level in the presence of AMF; within high P-level 
shoot DW was significantly lowered by AMF, and within the AMF inoculated variants, shoot DW was significantly 
lowered by increase of P supply (Fig. 1D). When the factor hydrolysate treatment was analysed within particu-
lar P-level × AMF combinations, there were mostly no significant effects of hydrolysates on biomass anymore, al-
though the same trends still remained, particularly at low P-level and in the presence of AMF (Suppl. Fig. 4). AMF 
significantly decreased a number of biomass parameters in barley (Table 5).

Contrary to barley, there were very few significant effects of tested factors on growth parameters of wheat (Table 4).  
Hydrolysate treatment did not significantly affect any of the growth parameters although average shoot height 
and average biomass were slightly higher (103–104% of control) after hydrolysate application (Suppl. Table 2). 
Shoot height after 40 d was significantly decreased at high P-supply, but at harvest (55 d growth) this difference 
had disappeared. AMF inoculation was the only factor significantly affecting a number of growth parameters in 
wheat. Root DW, shoot DW, total DW, root-to-shoot ratio were slightly decreased by AMF application (Table 5). 

Table 4. Effects of hydrolysate treatment (H), P-level and AMF inoculation on growth parameters of spring barley and winter 
wheat in the pot experiment: p-values. Plants were harvested at BBCH 49 (50–57) after 55 d growth.

 Crop S40 SH Shoot DW Spike DW AG DW Root DW Total DW R/Sratio QY

H barley 0.016 n.s. 0.011 0.043 0.007 0.008 0.001 - -

wheat n.s. n.s. n.s. - n.s. n.s. n.s. n.s. n.s.

P-level barley 0.0498 0.001 <0.001 0.046 <0.001 0.023 <0.001 - -

wheat 0.024 n.s. n.s. - n.s. n.s. n.s. n.s. n.s.

AMF barley n.s. n.s. n.s. <0.001 0.031 0.014 0.009 - -

wheat n.s. 0.015 <0.001 - <0.001 <0.001 <0.001 <0.001 n.s.

H*P barley n.s. n.s. n.s. n.s. n.s. n.s. n.s. - -

wheat n.s. n.s. n.s. - n.s. n.s. n.s. n.s. n.s.

H*AMF barley n.s. 0.039 n.s. n.s. n.s. n.s. n.s. - -

wheat n.s. n.s. n.s. - n.s. n.s. n.s. n.s. n.s.

P*AMF barley n.s. n.s. n.s. 0.005 0.032 n.s. n.s. - -

wheat n.s. n.s. n.s. - n.s. n.s. n.s. n.s. n.s.

H*P*AMF barley n.s. n.s. n.s. n.s. n.s. n.s. n.s. - -

wheat n.s. n.s. n.s. - n.s. n.s. n.s. n.s. 0.033
n.s. = p > 0.05; S40 = shoot height [cm] after 40 d growth; SH = shoot height [cm] at harvest; DW = dry weight (constant weight at 65°C) 
given in [g]; AG = above-ground (shoots + spikes); R/S = root to shoot ratio; QY = fluorescence quantum yield of photosynthetic apparatus
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Effect of treatments on disease severity of SFNB (Pyrenophora teres maculata)

Symptom development of SFNB (P. teres maculata) set on during growth stage BBCH 30. We detected a highly 
significant effect of hydrolysate on severity of SFNB (p < 0.002; Table 6), a significant effect of P-supply (p = 0.038) 
and a highly significant interaction between P-level and AMF inoculation for the early disease assessment at BBCH 
31–36 (p = 0.009). There was no significant three-way interaction of all factors except for net blotch severity at 
BBCH 31–36 and at BBCH 49–57 for F-1 leaves (p = 0.04). For this reason, the hydrolysate effect (averaged over 
the factors P and AMF) and the effect of P and AMF are presented in Figure 2. Averages for individual three-way 
treatment combination (hydrolysate × P × AMF) and the effect of hydrolysate treatment within each P-level × AMF 
combination are shown in Supplementary Figure 5 (net blotch severity in barley). 

Table 5. Effect of AMF inoculation on growth parameters of winter wheat and spring barley in the pot experiment. Shoot in 
barley refers to shoots without spikes; in root-to-shoot ratio, shoot+spikes were included; DW, dry weight.

 shoot DW [g] spikes DW [g] root DW [g] root-to-shoot ratio total DW [g]

Barley no AMF 3.4 ± 0.04 x 1.1 ± 0.03 x 1.2 ± 0.03 x 0.28 ± 0.006 x 5.7 ± 0.08 x

AMF 3.4 ± 0.05 x 0.9 ± 0.04 y 1.1 ± 0.03 y 0.26 ± 0.007 x 5.4 ± 0.09 y

Wheat no AMF 5.0 ± 0.06 a – 3.5 ± 0.10 a 0.7 ± 0.02 a 8.6 ± 0.14 a

AMF 4.8 ± 0.05 b – 2.8 ± 0.07 b 0.6 ± 0.01 b 7.7 ± 0.10 b

Fig. 1. Effect of experimental treatments on barley growth in the pot experiment. A,C: Effect of hydrolysates (FH, chicken feather 
hydrolysate; RH, reference hydrolysate) averaged over the factors “P-level” and “AMF”. B,D: Effect of P-level and AMF averaged over 
the factor “hydrolysate”. An asterisk indicates a significant effect of hydrolysate at p < 0.05 (*) compared to the corresponding control. 
Different letters indicate statistically significant (p < 0.05) differences between treatments. B and D: Capital letters indicate significant 
effects of AMF within given P-level, and small letters indicate significant effects of P-level within particular AMF-treatment. C and D: 
Small letters above bars indicate significant differences in DW of roots, shoots (excluding spikes) and spikes. Bold letters above bars 
indicate differences in the aboveground DW (shoots + spikes) and bold letters below bars indicate significant differences in total plant 
weight (shoots, spikes and roots). Below-ground biomass is shown as negative, above-ground biomass is shown as positive values. 
BBCH = growth stages according to Zadoks et al. 1974

Data represent means ± SEM. Different letters indicate significant differences at p < 0.05. 

 
 

  



AGRICULTURAL AND FOOD SCIENCE
C.S. Schmidt et al. (2020) 29: 177–193

185

 

Hydrolysate treatment significantly increased severity of net blotch (Fig. 2A). RH increased disease severity highly 
significantly (p < 0.001) already during an early stage (BBCH 31–36) whereas FH had no effect on net blotch (Fig. 
2A) in this early stage. The outcome was the same in every factor combination (Suppl. Fig. 5). This changed close 
to harvest (BBCH 49–57) where severity of net blotch increased considerably from 3–12% to 15–25%. At this 
stage, both hydrolysates had promoted disease severity in F-2 leaves significantly compared to the control. Av-
erages for severity were higher in FH-treated plants than in plants treated with RH; in F-1 leaves, FH was even 
the only hydrolysate significantly increasing net blotch severity (Fig. 2A). Although there was a significant effect 
of P-supply on disease severity of SFNB in the early stage (BBCH 32–36) and a significant interaction between  
P-supply and AMF inoculation (p = 0.009; Table 6), no significant differences showed up when P-levels were com-
pared within one AMF-variant and when the effect of AMF-inoculation was analysed within one P-level (Fig. 
2B). Generally, increased P-supply lowered SFNB severity. AMF inoculation decreased net blotch severity at high  
P-supply, but increased it under low P-regimes; disease severity was lowest at high P-supply in the presence of AMF. 
Similar trends were observable in the later growth stage BBCH 49–57 as well (Fig. 2B), although ANOVA showed 
no significant effects of P and AMF (Table 6). When the effect of the factor hydrolysate was analysed within each 
factor combination of P and AMF, the increase of net blotch severity by RH in the early growth stage BBCH 31–36 
was highly significant in each factor combination of P-level and AMF whereas close to harvest, FH increased net 
blotch severity in all P × AMF factor combinations except for the combination of high P-supply and AMF inoculation 
(high P, +AMF), where disease severity was generally lowest (Suppl. Fig. 5). 

Table 6. Effects of hydrolysate treatment (H), P-level and AMF inoculation on disease severity of net blotch in 
spring barley and leaf spots in winter wheat in the pot experiment

 Barley, P. teres maculata  Wheat, leaf spots

BBCH 31-36 BBCH 49-57  GS39

 Lower leaves F-2 F-1 All Leaves

H < 0.0001 0.002 < 0.0001 n.s.

P-level 0.038 n.s. n.s. 0.025

AMF n.s. n.s. n.s. 0.005

H*P-level n.s. n.s. n.s. n.s.

H*AMF n.s. n.s. n.s. n.s.

P-level*AMF 0.009 n.s. n.s. n.s.

H*P-level*AMF 0.040 n.s. 0.042 n.s.

Data transformation asin (sqrt) - asin (sqrt) asin (sqrt)
n.s. = p > 0.05; BBCH =  growth stages according to Zadoks et al. 1974

Fig. 2. Effect of experimental treatments on severity of net blotch (Pyrenophora teres maculata) of barley in the pot experiment. A: 
Effects of hydrolysates (FH, chicken feather hydrolysate; RH, reference hydrolysate) averaged over the factors “P-level” and “AMF”. 
B: Effect of P-level and AMF averaged over the factor “hydrolysate”. Asterisks indicate a significant effect of hydrolysate at p < 0.001 
(***) compared to the corresponding control according to Dunnett´s test. Different letters indicate statistically significant (p < 0.05) 
differences among treatments. B: Large letters indicate significant effect of AMF within given P-level, and small letters indicate significant 
effect of P-level within particular AMF-treatment. BBCH = growth stages according to Zadoks et al. 1974
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Effect of treatments on AMF colonisation 

Colonisation by AMF (and endophytic fungi) was only assessed in AMF-inoculated plants, since it was expected 
to be negligible in non-inoculated plants growing in the sterilised soil. Overall colonisation of fine roots by AMF 
was higher in wheat (16–41%) than in barley (10–17%) similarly to the root colonisation by endophytes (3–39% in 
wheat, 6–23% in barley). Hydrolysates had no major impact on colonisation of fine roots by AMF except for signif-
icant increase of AMF by FH application under low-P conditions in wheat. Higher AMF hyphal colonisation under 
low P-supply in FH-treated wheat was both apparent in increased frequencies of arbuscules as well as vesicles/
spores (data not shown). Interestingly, P-level did not influence AMF colonisation but rather endophytic colonisa-
tion which was highly augmented under low-P level in both crops (Fig. 3). 

Effect of hydrolysate application on barley and wheat in the field
Effect of protein hydrolysates on barley and wheat yield 

Yield was significantly higher in wheat than in barley but barley was more responsive to hydrolysate treatments 
than wheat (Table 7). RH increased the share of grain >2.5mm compared to FH but not to the control (when indi-
vidual crops were tested this increase was significant in wheat but not in barley). There were no significant effects 
of hydrolysate application on yield, when individual treatment regimes (untreated control, FH31, FH61, FH31+61, 
RH31, RH61, RH31+61) were compared (Table 7), although treatments with RH showed generally higher yields 
(103–107% of the control) in barley and all hydrolysate treatment regimes showed lower yields in wheat (93-96% 
of the control). When hydrolysate treatments were compared without differentiating between application regimes 
(BBCH 31, BBCH 61, BBCH 31–61), RH resulted in significantly higher yields compared to FH in barley (Table 7). In 
two-way ANOVA with hydrolysate and application regime as factors (excluding the controls with no applications 
to achieve a factorial design), RH increased yields significantly compared to FH (p = 0.02) whereas application re-
gime had no effect. There was no interaction between the two factors. 

In both barley and wheat, hydrolysate treatments and application regimes did not affect the grain quality param-
eters: bulk density of the grain, content of N-containing substances, Zeleny index, grain size distribution and Hag-
berg falling number (HFN) when all seven treatments (control, FH31, FH61, FH31-61, RH31, RH61, RH31-61) were 
compared with each other and against the control (Suppl. Table 3).

Fig 3. Effect of the experimental treatments on colonisation of fine roots by AMF and endophytic fungi, tested 
on barley and wheat in the pot experiment. Only treatments that received AMF inoculation were assessed both 
at high and low soil P-level and after leaf application of protein hydrolysates (FH, chicken feather hydrolysate; 
RH, reference protein hydrolysate) or mock solution (C, corresponding controls). Different letters indicate 
statistical differences at the probability level of p<0.05 between hydrolysate treatments (separately within 
each combination of fungal groups and P-level). The impact of P-level assessed within given fungal group (AMF, 
endophytes) is indicated above the horizontal brackets. 
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In a two-factorial analysis with hydrolysate and application regime as factors (excluding controls), there was a sig-
nificant effect of hydrolysate, but not of application regime. RH increased the grain size fraction > 2.5 mm com-
pared to feather hydrolysate FH (86.45% vs 85.54%, respectively: p = 0.031) and FH slightly increased the HFN 
compared to RH when applied at two times (354 vs. 333, respectively, when applied at BBCH 31 and BBCH 61; 
significance of the factor “hydrolysate” p = 0.046).

Effect of treatments on disease severity of SFNB (Pyrenophora teres maculata)  
Disease severity of SFNB in barley was assessed in flag leaves, F-1 and F-2 leaves. Only the controls and the hydro-
lysate treatments with repeated applications (BBCH 31+61) were assessed as the greatest effect on disease de-
velopment was expected here. Net blotch severity was significantly lower in the field compared to the pot exper-
iment (< 10% vs 6–30%, respectively) although it was assessed at a later stage (BBCH 73 vs. BBCH 46–57, respec-
tively). There was a significant effect of leaf layer (p < 0.001) and hydrolysate treatment (p < 0.022) on severity of 
SNFB. As in the greenhouse, severity was higher in older leaf layers (F-2 > F-1 > F; Fig. 4A). Contrarily to outcomes 
of the pot experiment, both hydrolysates reduced disease severity of net blotch. RH caused a significant disease 
reduction in the flag leaf layer compared to the control (p = 0.046, Fig. 4A). When severity was averaged over all 
leaf layers, both hydrolysates reduced disease severity significantly (Fig. 4B).  

Table 7. Effect of protein hydrolysates on yield of spring barley and winter wheat in the field experiment

Treatment 
Spring barley Winter wheat

t ha-1 % of control t ha-1 % of control

Single treatments

Control 5.4 ± 0.20 100 9.4 ± 0.28 100

FH 31 5.5 ± 0.34 101 9.0 ± 0.17 96

FH 31+61 5.2 ± 0.23 96 8.8 ± 0.38 93

FH 61 5.4 ± 0.15 100 9.0 ± 0.16 96

RH 31 5.8 ± 0.07 107 9.0 ± 0.39 96

RH 31+61 5.6 ± 0.12 103 9.0 ± 0.34 96

RH 61 5.9 ± 0.12 109 8.8 ± 0.38 93

Combined treatments

Control 5.4 ± 0.20 ab 100 9.4 ± 0.28 100

FH 5.4 ± 0.14 b 99 8.9 ± 0.14 95

RH 5.8 ± 0.07 a 106 8.9 ± 0.20 95

Fig. 4. Effect of repeated hydrolysate treatment on disease severity of the spot form of the net blotch of barley (Pyrenophora teres 
maculata) in the field experiment assessed at growth stage BBCH73. Treatments: FH, chicken feather hydrolysate; RH, reference 
hydrolysate; applied on BBCH31 and BBCH61. A: Disease severity in different leaf layers. B. Disease severity averaged over leaf layer. 
There was a significant effect of hydrolysate treatment (p = 0.022) and leaf layer (p < 0.001) on disease severity, but also significant 
effects of block (p < 0.001) and sampling spot within block (p = 0.044). Different letters indicate a significant difference according to 
Tukey HSD test at p < 0.05. Asterisks indicate a significant difference to the control according to Dunnett’s test at p < 0.05.  

Hydrolysate treatments (FH = chicken feather hydrolysate; RH = reference hydrolysate) were applied at different growth 
stages (BBCH31, BBCH61, and both BBCH 31 and BBCH 61). Significant differences (p < 0.05) are indicated by different 
letters. The codes of the treatments are explained in the Table 2.
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Discussion

Though we detected a number of significant effects caused by the experimental factors in this study, our postulated 
hypotheses were only partially met. Hydrolysate effects on crop growth and yield were confined to one of the 
tested cereal crops in this study (barley) and were rather modest in amplitude. Contrary to Popko et al. (2018) and 
Genç and Atici (2019) we could detect neither significant stimulation of wheat growth by the tested hydrolysates 
nor an increase in photosynthetic pigments. Although there was a trend towards increased shoot and root weight 
of wheat in the pot experiment, yields of wheat tended to be reduced in the field experiment. Several putative 
factors may explain the discrepancy between the results of the quoted studies and ours including experimental 
setup, cultivar selection, hydrolysate composition, dosage and timing of application. In barley, the only significant 
effect of the feather hydrolysate compared to the control in the pot experiment was a temporary increase in shoot 
height which might be attributed to auxine- and gibberelline-like effects of peptides and AA (Colla et al. 2014,  
Ertani et al. 2009). As for the effect of hydrolysates on plant biomass of barley, maximum biomass was accumu-
lated in FH-treated plants and minimum in RH-treated plants in the pot experiment whereas the opposite trend 
was observed in the field experiment. This may be explained by different dosage of hydrolysates in the field  
experiment where due to the lack of sufficient amount of feather hydrolysate it could only be applied at a  
dosage 2.8x lower (0.13%) compared to the reference hydrolysate (0.37%). However, both Genç and Atici (2019) and  
Popko et al. (2018) observed significant growth promotion of wheat seedlings by chicken feather protein hydro-
lysate even at concentrations below 0.1%. Plant growth promotion by hydrolysates is largely dependent on crop  
species and environmental conditions and none or only deleterious effects have been reported in a number of studies 
(Cerdán et al. 2009, Kunicki et al. 2010, Gajc-Wolska et al. 2012), even when commercial preparations were applied  
(Derkowska et al. 2017). The lack of a positive effect of RH on barley growth in the pot experiment might putatively 
be explained by its strong stimulation of SFNB already in early growth stages, whereas stimulation of the disease 
by FH occurred only in later stages of plant development, thus having a lesser effect on plant growth. However, 
disease stimulation is unlikely to be the only explanatory factor, as this was particularly significant in the high  
P + AMF variants, where severity of net blotch was lowest.   

Unexpectedly, P-fertilisation and AMF application did not have any significant positive effects on crop growth 
in our pot experiment. There was also no positive synergism between AMF application and PH application that 
manifested itself in increased plant growth as observed by Nafady et al. (2018) and as postulated in our hypothe-
ses. However, feather hydrolysate augmented wheat root colonisation by arbuscular fungi including the frequen-
cy of arbuscules and vesicles/spores. Moreover we observed an increase of quantum yield by AMF in barley and  
enhanced QY by both hydrolysates in wheat in absence of AMF and at high P-level. Though this did not translate 
into growth promotion, it indicates how both biostimulants might interact with the plant. A positive effect of protein 
hydrolysates on the photosynthetic apparatus was also observed by Carillo et al. (2019), Genç and Atici (2019) and  
Sobucki et al. (2019). P-fertilisation and AMF inoculation slightly reduced crop growth, especially when they were 
combined. At high P-levels in the substrate, the host derives no benefit from improved P access via AMF whereas 
the burden of the carbon cost remains, turning the symbiotic relationship into a parasitic one (Johnson et al. 
1997). Even under P-limitation where AMF increased uptake of P, a positive growth response to AMF inocula-
tion can be often absent in pot experiments (Janoušková et al. 2009) due to other factors limiting growth such as  
nutrient depletion of the substrate, high root density or poor light. Cultivar selection can also significantly influ-
ence an output of a plant interaction with AMF (Hetrick et al. 1996). Significantly lower root-to-shoot ratio of both 
cereals treated with AMF may be due to AMF mycelia taking over the root function, especially in nutrient uptake 
(Smith and Read 2008).

The absence of any positive growth response to P-fertilisation could either be attributed to P being not limiting 
in our pot experiment or due to non-availability of the applied P to the plants. Although P-content in the non- 
fertilised substrate was 18 mg P kg-1 dry substrate which is fairly below the threshold where soils are categorised 
as P-limiting (50 mg kg -1; Regulation no. 275/1998 Sb in the Czech Republic), barley and wheat plants did not 
display any symptoms of P-deficiency in the low P variants. P was applied dissolved in irrigation water and thus 
might have been subject to leaching. However, the irrigation was done carefully to minimize overflow of saucers 
and ensuing nutrient loss. Also, more than 40% of our substrate was composed of zeolite which is known to have 
considerable phosphorus retention capacity and there was a slight but significant decrease of plant growth and 
disease severity of net blotch in high P variants, especially in conjunction with AMF inoculation. Thus at least some 
added P in high-P treatments must have remained.    

A strong stimulation of SFNB in the pot experiment and control of this disease in the field by PH was the most 
striking finding of this study, pointing towards a potential dependency of the hydrolysate effect on cultivar, dose 
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and environmental conditions. Different barley cultivars were used in the pot experiment (ʻBojosʼ) and in the field 
(ʻAktivʼ) with slightly different susceptibility to SFNB (ʻBojosʼ being more susceptible). Thus the cultivars could con-
tribute to the observed opposite effect of hydrolysates on SFNB spread. Moreover, overall hydrolysate dose was 
higher in the pot experiment than in the field experiment, as it was applied five times during the growth cycle 
vs 1–2 times in the field. AA applied to plant surfaces can stimulate conidial germination (Blakeman and Brodie 
1977) and mycelial growth (Schmidt et al. 2001) of necrotrophic pathogens. High air humidity resulting in a moist 
water film maintained on the leaves for two days after application prolonged their availability to germinating co-
nidia, apart from generally creating a suitable environment for conidia germination and infection (van den Berg 
and Rossnagel 1990). Apart from direct effects on conidia, higher quantities of AA applied to the leaf surface can 
cause imbalances of intracellular AA composition in the plant and can make cells amenable to apoptosis (Bonner 
and Jensen 1997), thus facilitating the attack of necrotrophic pathogens such as SFNB (Able 2003). Therefore, high-
er concentration of amino acids and peptides in conjunction with high humidity may have stimulated infection in 
the pot experiment. Though we expected suppression of SFNB by arbuscular fungi as observed in other pathogens 
(Veresoglou and Rillig 2012), this occurred only at high P-supply while AMF augmented SFNB at low P-supply. A 
complex interaction between plant, AMF, P-level and pathogen (root rot nematode Meloidogyne hapla) was also 
observed by Cooper and Grandisons (1986). It was reported that AMF and P-level influence the transcription of 
chitinases and glucanases in the plant roots which may subsequently control intraradical fungal growth (Lambais 
and Mehdy 1998). As their study indicated a systemic effect on gene transcription, it is possible that AMF and 
P-level regulate genes with systemic range interacting with pathogens such as P. teres maculata. Such AMF-induced 
defence-related genes conferred resistance to pathogen infection in rice leaves (Campos-Soriano et al. 2012). 

Overall doses of hydrolysates in the field, contrarily, were lower and the hydrolysate was applied under dry weath-
er conditions. Thus, a moist PH-containing water film was possibly not maintained for long on the plants but AA 
and peptides were either taken up quickly by the leaves and those not taken up remained as a dry concentrated 
residue on the leaves after the spray film had dried (Pecha et al. 2011). Thus, stimulation of conidia was avoided. 
Under these conditions, the comparably weaker protective effect of the hydrolysates could unfold. Hydrolysates 
can induce plant resistance against pathogens (Lachhab et al. 2014, Cappelletti et al. 2017) and upregulate de-
fence signalling pathways (Apone et al. 2010, Ertani et al. 2013, Lachhab et al. 2014). Glycine, a prevailing com-
pound in the FH investigated in this study has been found to indirectly activate Ca2+ channels as a potentially first 
step in the signalling of the jasmonate defence pathway (Forde and Lea 2007, Scholz et al. 2014) involved in the 
defence against pathogenic fungi (Figueiredo et al. 2015, Thatcher et al. 2016). 

Apart from direct effects of pathogen stimulation and defence induction, PH may also alter the local environment 
for plant pathogens by modulating the composition of the phyllosphere flora (Cappelletti et al. 2016) and increas-
ing the proportion of antifungal isolates (Luziatelli et al. 2016, 2019). These processes are itself highly dependent 
on environmental conditions. Microbes are more effective competitors for AA than plants (Moe et al. 2013). Thus, 
hydrolysate compounds may be taken up by epiphytic microbes on the leaf surface before they enter the plant 
and induce defence reactions, especially under the humid conditions of the pot in our experiments.   

Upregulation of defence responses might have also played a role in the reduction of disease severity of SFNB in 
barley inoculated with AMF under high P nutrition. AMF may stimulate defence-related signalling not only in roots 
(Pozo and Azcón-Aguilar 2007, Fernández et al. 2014), including roots of barley (Hause 2002), but also systemat-
ically in leaves upon foliar infection with necrotropic or biotrophic pathogens (Bruisson et al. 2016). Possibly this 
antifungal response might be stronger under high P nutrition, where AMF colonisation is no longer beneficial and 
cereals may limit its extent (Tang et al. 2016). 

Conclusions

A number of studies reported plant growth promotion by protein hydrolysates (including feather hydrolysate) 
which was observable to a limited extent also in this study. Barley was shown to be more responsive to the test-
ed hydrolysates than wheat. The reference hydrolysate promoted barley growth to a larger extent than feather 
hydrolysate but only in the field probably due to higher concentration of the former; in the pot experiment, a po-
tential positive effect might have been impeded by concomitant promotion of net blotch. Grain quality param-
eters were influenced only marginally by the reference hydrolysate in wheat and application timing had no im-
pact on either yield or grain parameters in both cereals. Contrary to our hypothesis, we detected no synergistic 
effects of hydrolysates and AMF inoculation on plant growth. Nevertheless, feather hydrolysate augmented AMF 
root colonisation as well as frequency of arbuscules and vesicles/spores in wheat pointing to roots as a place of  
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interaction between the two biostimulants. The observed increase of quantum yield by AMF in barley and by both 
hydrolysates in wheat at low AMF and high P-level indicates that another potential mechanism of plant growth 
promotion might be the stimulation of the photosynthetic apparatus. 

Importantly, our study showed, for hitherto unreported, a strong interaction between environmental conditions, 
biostimulants and disease. The same protein hydrolysate biostimulants either enhanced or inhibited develop-
ment of net blotch in barley depending on the cultivar, dosage and environmental conditions. Further studies 
should elucidate the mechanisms which explain how these factors modulate the effect of biostimulants on sym-
bionts and disease. Our study also indicated limited transferability of results obtained in the pot experiment to 
field conditions as the effects of tested hydrolysates on the growth of cereals and on the spread of disease were 
different in pots and the field.
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