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22 Summary. Net form net blotch (NFNB) and barley leaf scald are among the most 

23 important barley diseases worldwide and particularly in Greece. Their occurrence in 

24 malt barley can exert a significant negative effect on malt barley grain yield and 

25 quality. An experimental trial across two growing seasons was implemented in Greece 

26 in order i) to assess the epidemiology of NFNB and leaf scald in a barley disease free 

27 area when the initial inoculation of field occurs through infected seeds, and ii) to 

28 further explore the relationship among nitrogen rate, grain yield, quality variables (i.e. 

29 grain protein content and grain size) and disease severity and epidemiology. It was 

30 demonstrated that both NFNB and leaf scald can be carried over from one season to 

31 the next on infected seed under Mediterranean conditions. However, disease severity 

32 was more pronounced after barley tillering phase when soil had been successfully 

33 inoculated first. When nitrogen rate and genotype were the main sources of variation 

34 the epidemiology assessment was implemented with hotspot and Anselin Local 

35 Moran’s I analysis. It was found that the location of hotspots was modified during 

36 growing season. Soil and plant variables were assessed for the explanation of this 

37 variability. According to commonality analysis the effect of distance from the 
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38 locations with the highest disease infections was a better predictor of disease severity 

39 (for both diseases) compared to nitrogen rate during pre-anthesis period. However, 

40 disease severity after anthesis was best explained by nitrogen rate only for the most 

41 susceptible cultivars to NFNB. The effect of disease infections on yield, grain size and 

42 grain protein content varied in relation to genotype, pathogen and stage of crop 

43 development. The importance of crop residues on the evolution of both diseases was 

44 also highlighted.

45

46 Key words: malt barley, barley net blotch, barley leaf scald, Rhynchosporium, 

47 nitrogen rate, crop residues

48

49 Introduction

50 Barley (Hordeum vulgare L) is one of the leading cereal crops of the world and it is 

51 clearly number two in Europe in terms of cultivated acreage, next to bread wheat 

52 (Triticum aestivum L.) [1]. According to Meussdoerffer and Zarnkow [2], barley is 

53 the major source for brewing malts, which constitute the single most important raw 

54 material for beer production. Pyrenophora teres f. teres an ascomycete that causes the 

55 foliar disease net form net blotch (NFNB) and Rhynchosporium secalis, causal agent 

56 of barley leaf scald are among the most important barley diseases worldwide [3-5]. It 

57 is estimated that both these diseases can decrease barley grain yield up to 30–40% [3, 

58 5-11]. In addition, there are indications that these diseases can also have a negative 

59 effect on malt barley quality [5].

60 Only a few studies have addressed so far the impact of NFNB and leaf scald on malt 

61 barley quality [12-13] , and their results were restricted to northern climates. 

62 However, there is a lack of evidence on what really happens under Mediterranean 

63 conditions where the occurrence of malt barley diseases coincides with terminal 

64 drought. Malt barley has to meet certain specific quality requirements according to 

65 malt industry demands. Grain size and grain protein content are among the most 

66 important quality factors for malting barley [14]. Although the average grain weight 

67 and size is primarily determined during the post-anthesis period [15-16], grain protein 

68 content can also be affected during the pre-anthesis period. For example, pre-anthesis 

69 drought stress can cause a low nitrogen uptake during the vegetative period, thus 

70 reducing the yield potential. Then, more nitrogen is available during grain filling due 

71 to the low number of seeds, and grain protein content is increased [17] .
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72 Nitrogen fertilizer rate plays a major role in malt barley by affecting to a great extent 

73 the final yields, grain protein content (that has to be maintained below a threshold of 

74 11.5-12.0% depending on brewing industry), as well as the susceptibility to leaf 

75 diseases. More nitrogen can increase the yield of malt barley [18-21], but can also 

76 exert an adverse effect on quality by increasing grain protein content [14, 22-24]. In 

77 addition, high nitrogen rates can also increase the susceptibility of barley to leaf 

78 diseases [13, 25-28]. Therefore, understanding the relationship among nitrogen rate, 

79 grain yield, quality variables and leaf disease infections can be very useful to further 

80 raising yield and to maintain the quality at a level that meets the requirements of malt 

81 industry. 

82 In this study we aimed, i) to estimate the epidemiology of NFNB and leaf scald in a 

83 barley disease free area when the initial inoculation of the field occurs through 

84 infected seeds, and ii) to further explore the relationship among nitrogen rate, grain 

85 yield, quality variables (i.e. grain protein content and grain size) and disease severity 

86 and epidemiology .

87

88 Materials and methods

89 Study site and experimental design 

90 The experiment was divided into three different phases, namely: a) the selection of 

91 malt barley seeds from infected crops (i.e. NFNB and leaf scald) grown in the main 

92 productive areas of malt barley in Greece (growing season 2013-2014), b) the 

93 inoculation year (Exp 1; growing season 2014-2015) when the seeds from the infected 

94 malt barley cultivars (i.e. cv. Grace, cv. Charles, cv. Fortuna, cv. KWS Asta and cv. 

95 Zhana) were grown in a barley disease free area and c) the application in the same 

96 location (i.e. inoculated soil with infected crop residues from Exp1) of nitrogen 

97 treatments on the most important (in terms of harvested areas) malt barley cultivars in 

98 Greece namely cv. Zhana, cv. Grace, cv. Traveler and cv. RGT Planet (Exp 2; growing 

99 season 2015-2016). 

100 The experiments (Exp1 and Exp2) were conducted in Spata, Greece (37o58΄44.34”N, 

101 23ο54΄47.87”E and 118 m above sea level), at the experimental station of the 

102 Agricultural University of Athens. The soil was clay loam. Physical and chemical 

103 characteristics of the soil at the beginning of the experiments (November 2013) were: 

104 pH 7.7 (1:1 soil/water extract), organic matter 2.02%, CaCO3 27.80%, electrical 
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105 conductivity (Ec) 0.29 mmhos cm-1, total N (Kjeldahl) 0.105%, available P (Olsen) 

106 52.84 ppm and 452 ppm exchangeable K.  

107 In Exp1 the treatments consisted of 5 five malt barley cultivars as stated above. The 

108 experimental design was a randomized complete block design with 9 replications (in 

109 order to have a better spatial distribution of the selected genotypes) per genotype. 

110 During the second year (Exp2) the experiment was arranged in a two factorial 

111 randomized complete block design with three replications. Treatments were 

112 completely randomized within each block and included four two-rowed malt barley 

113 (H. vulgare L.) cultivars (i.e. cv. Zhana, cv. Grace, cv. Traveler and cv. RGT Planet) 

114 and four nitrogen fertilization rates. The four N application rates were 0 (N0), 60 

115 (N1), 100 (N2) and 140 (N3) kg N ha−1. In order to achieve a more efficient use of the 

116 N, half of it was applied to the experimental plots at the onset of tillering phase (stage 

117 20-22 according to Zadoks et al., 1974 scale) and the remaining at the end of tillering 

118 phase (stage 25-29 according to Zadoks scale [29]) as ammonium nitrate. 

119 In both experimental years plot size was 9 m2 including 15 rows with row space of 20 

120 cm and the crops were planted at a seed rate of approximately 350 seeds m-2. The 

121 plots in Exp2 were established in the same location where the plots of Exp1 had been 

122 seeded. In Exp1 sowing was carried out following conventional soil tillage (i.e. 

123 ploughing and then disc cultivator), whereas only rotary cultivator was used in Exp2 

124 in order to simulate conditions of increased soil-borne disease pressure. Only certified 

125 malt barley seeds were used in Exp2, therefore the only source of disease dispersal 

126 was the crop residues from Exp1.

127 Soil water content was frequently determined during each cultivation season. EC-5 

128 sensors of Decagon Devices, Inc. were installed at 25 cm depth in four different plots 

129 for the monitoring of the soil water content (SWC). 

130

131 Disease assessment

132 A slight modification of the equation proposed by Saari and Prescott [30] was adopted 

133 to estimate the disease severity (DS) during the phenological stages of tillering, stem 

134 elongation and milk development:

135

136 𝐷𝑆 (%) = (𝐷1/100) × (𝐷2/9) × (𝐷3/9) × 100

137
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138 Where D1 is the percentage of diseased plants in each plot, D2 is the height of 

139 infection (i.e. 1=lowest leaf; 2=second leaf from base; 3-4=second leaf up to below 

140 middle plant; 5=up to middle of plant; 6-8= from center of plant to below the flag 

141 leaf; 9=up to flag leaf) and D3 is the extent of leaf area affected by disease (i.e. 

142 1=10% coverage to 9 = 90% coverage). 

143 The area under disease progress curve (AUDPC) was calculated by following the 

144 formula given by Shaner and Finney [31]:

145

146 𝐴𝑈𝐷𝑃𝐶 =
𝑛 ‒ 1

∑
𝑖 = 1

[{(𝑌𝑖 + 𝑌(𝑖 + 1))/2} × (𝑡(𝑖 + 1) ‒ 𝑡𝑖)]

147

148 Where, Yi = disease level at time ti (t(i+1) - ti) is the interval between two consecutive 

149 assessments and n is the total number of assessments.

150 Barley varieties were naturally infected by both diseases. The pathogens were further   

151 identified in the lab [4].

152

153 Yield and malt characters measurements

154 At maturity, grain yield estimation was based on an area of 1 m2 per plot. Grain size 

155 was determined by size fractionation using a Sortimat (Pfeuffer GmbH, Kitzingen, 

156 Germany) machine, according to the 3.11.1 Analytica EBC “Sieving Test for Barley” 

157 method [32]. Nitrogen content was determined by the Kjeldhal method and protein 

158 content was calculated by multiplying the N content by a factor of 6.25 as described 

159 by Vahamidis et al. [33]. 

160

161 Spatial statistical analysis

162 Using the geographical coordinates of the experimental plots, ArcGIS 10 was used to 

163 explore spatial associations, based on autocorrelation indices, of the disease severity 

164 among the experimental plots during the different developmental stages. Global 

165 autocorrelation indices, like Moran’s I, assess the overall pattern of the data and 

166 sometimes fail to examine pattern at a more local scale [34]. Thus, aiming at 

167 deepening our knowledge on spatial associations, local autocorrelation indices were 

168 used to compare local to global conditions. In this framework, hotspot analysis was 

169 used to identify statistically significant clusters of high values (hot spots) and low 
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170 values (cold spots) using the Getis-Ord Gi statistic.Anselin Local Moran’s I was used 

171 to identify spatial clusters with attribute values similar in magnitude and specify 

172 spatial outliers. 

173 In order to further explore the relationship between crop residues and disease severity, 

174 the distance between the crop residues of the previous season (2014/2015) and the 

175 location of the experimental plots of the investigated growing season (2015/2016) was 

176 calculated. At this point, it should be mentioned that Zhana was the only cultivar that 

177 was infected by Rhynchosporium secalis and Grace was the cultivar with the highest 

178 infection by Pyrenophora teres f. teres.

179

180 Hotspot analysis

181 Moran’s I is a popular index to globally assess spatial autocorrelation, however it does 

182 not efficiently recognize the grouping of spatial patterns [35]. Hotspot analysis was 

183 used to assess whether experimental plots with either high or low values cluster 

184 spatially. Hotspot analysis uses the Getis-Ord local statistic given as:

185 𝐺 ∗
𝑖 =

𝑛

∑
𝑗 = 1

𝑤𝑖,𝑗𝑥𝑗 ‒ 𝑋
𝑛

∑
𝑗 = 1

𝑤𝑖,𝑗

𝑆 [𝑛
𝑛

∑
𝑗 = 1

𝑤 2
𝑖,𝑗 ‒ ( 𝑛

∑
𝑗 = 1

𝑤𝑖,𝑗)
2]

𝑛 ‒ 1

186

187 Where xj is the disease severity value for experimental plot j, wi,j is the spatial weight 

188 between experimental plot i and j, n is the total number of experimental plots and 

189

190 𝑋 =

𝑛

∑
𝑗 = 1

𝑥𝑗

𝑛

191 𝑆 =

𝑛

∑
𝑗 = 1

𝑥2
𝑗

𝑛

‒ (𝑋)2

192
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193 The Getis -Ord Gi statistic assesses whether the neighborhood of each experimental 

194 plot is significantly different from the study area and can distinguish high values 

195 clusters (hot spots) and low values clusters (cold spots). 

196 The Gi* statistic returns a z-score which is a standard deviation. For statistically 

197 significant positive z-scores, higher values of z-score indicate clustering of high 

198 values (hot spot). For statistically significant negative z-scores, lower values indicate 

199 clustering of low values (cold spot).

200

201 Cluster and outlier analysis

202 Anselin Local Moran’s I was used to identify clusters and spatial outliers. The index 

203 identifies statistically significant (95%, p<0.05) clusters of high or low disease 

204 severity and outliers. A high positive local Moran's I value implies that the 

205 experimental plot under study has similarly high or low values as its neighbors, thus 

206 the locations are spatial clusters. Spatial clusters include high–high clusters (high 

207 values in a high value neighborhood) and low–low clusters (low values in a low value 

208 neighborhood). A high negative local Moran's I value means that the experimental 

209 plot under study is a spatial outlier [36]. Spatial outliers are those values that are 

210 obviously different from the values of their surrounding locations [37]. Anselin Local 

211 Moran’s I enables us to distinguish outliers within hot spots, because it excludes the 

212 value of the experimental plot under study, in contrary to the hotspot analysis, which 

213 takes it into account. 

214 Local Moran’s I is given as:

215

216 𝛪𝑖 =
𝑥𝑖 ‒ 𝑋

𝑆2
𝑖

𝑛

∑
𝑗 = 1, 𝑗 ≠ 𝑖

𝑤𝑖,𝑗(𝑥𝑖 ‒ 𝑋)

217

218 Where xi is an attribute for feature I,  is the mean of the corresponding attribute, wi,j 𝑋

219 is the spatial weight between feature I and j, and:

220

221 𝑆2
𝑖 =

𝑛

∑
𝑗 = 1,𝑗 ≠ 𝑖

𝑤𝑖𝑗

𝑛 ‒ 1 ‒ 𝑋2

222
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223 Statistical analysis

224 Analyses of variance was performed using Statgraphics Centurion ver. XVI software 

225 package (Statpoint Technologies, Inc.,USA, Warrenton, Virginia). The experiment 

226 was a 2 × 4 factorial, replicated three times in a randomized complete block design. 

227 Significant differences between treatment means were compared by the protected 

228 least significant difference (LSD) procedure at P < 0.05. Commonality analysis was 

229 performed in the R Environment (version 3.4.3) using the ‘yhat’ package (version 2.0-

230 0) as described by Nimon et al. [38].

231

232 Results 

233 Weather conditions

234 The weather regime, in terms of maximum (Tmax) and minimum air temperature 

235 (Tmin) and rainfall, during both experiments is presented in Fig 1. The maximum and 

236 minimum temperatures increased from February to May, as typically occurs in 

237 Mediterranean environments. Environmental conditions differed between the two 

238 experimental years, with differences in the amount and distribution of precipitation 

239 during the growing season, as well as in temperature. In general 2015-2016 (Exp2) 

240 was considered to be a dryer growing season compared to 2014-2015 (Exp1). 

241 Fig 1. Precipitation and air temperature (Tmin and Tmax) during Exp1 (A, 2014-
242 2015) and Exp2 (B, 2015-2016). The arrows indicate the main phenological stages: 
243 S=sowing; A=Anthesis. 
244

245

246 Temporal and genotypic effects 

247 Charles, Grace, Traveler, Fortuna, KWS Asta and RGT Planet were exclusively 

248 infected with Pyrenophora teres f. teres (net form net blotch - NFNB), whereas the 

249 cultivar Zhana was exclusively infected with Rhynchosporium secalis (leaf scald). 

250 NFNB occurred at all developmental stages and in both experiments, whereas leaf 

251 scald was consistently observed after the onset of stem elongation phase (Fig 2). 

252 Although disease severity tended to be higher in Exp1 (disease dispersal from infected 

253 barley seed) compared to Exp2 (diseases dispersal from infected barley debris left 

254 after harvest) during the tillering phase of malt barley, after the onset of stem 

255 elongation stage it was more pronounced in Exp2. The same trend was also observed 
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256 with leaf scald. In general, infections by NFNB were more severe compared to those 

257 by leaf scald, during all tested developmental phases of malt barley (Fig 2).

258

259 Fig 2. Malt barley cultivars susceptibility to Pyrenophora teres f. teres (net form net 
260 blotch - NFNB) and Rhynchosporium secalis (leaf blotch, scald) at different 
261 developmental phases during both experiments. The numbers in the brackets refer to 
262 Zadoks scale. Broad lines are medians, square open dots are means, boxes show the 
263 interquartile range and whiskers extend to the last data point within 1.5 times the 
264 inter-quartile range. P-values of ANOVA and permutation tests are given. Groups not 
265 sharing the same letter are significantly different according to L.S.D. test (p < 0.05).
266

267

268 Effect of N and genotype on grain yield and quality characters

269 Although the experimental data demonstrated a tendency for a positive relationship 

270 between the disease severity during grain filling and the rate of applied nitrogen (Fig 

271 4), this tendency was not expressed in a statistical significant way according to 

272 ANOVA (Table 1). The only variable that was significantly affected by the rate of 

273 applied nitrogen was grain protein content (Table 1). With the exception of Zhana (i.e. 

274 it was the only cultivar that was infected with Rhynchosporium secalis) an increased 

275 disease severity generally resulted in higher grain protein content. However, it was 

276 recorded a genotypic variation among the studied cultivars concerning their response 

277 to increased disease severity (Fig 5).

278 Fig 4. The effect of nitrogen rate on disease severity (caused by Pyrenophora teres f. 
279 teres and Rhynchosporium secalis) assessed at different developmental stages of malt 
280 barley. Broad lines are medians, square open dots are means, boxes show the 
281 interquartile range and whiskers extend to the last data point within 1.5 times the 
282 inter-quartile range. P-values of ANOVA and permutation tests are given. 
283
284 Fig 5. Relationship among disease severity (caused by Pyrenophora teres f. teres and 
285 Rhynchosporium secalis) with grain protein content and maltable grain size fraction 
286 (>2.2 mm) at grain filling phase when the main source of variation is nitrogen rate. 
287 *At P≤ 0.05; **At P≤ 0.01; ***At P≤ 0.001; ns=non-significant.
288

Table 1. ANOVA summary for grain yield, grain protein content, maltable (% grains > 2.2 mm), AUDPC and 
disease severity (DS) during the onset of stem elongation and grain filling phases

Source of variation Grain yield 
(kg/ha)

Grain protein 
content (%)

Maltable 
(%) AUDPCa DS (stem 

elongation)
DS (grain 

filling)
Cultivar ** ns *** ** * *
Nitrogen ns *** ns ns ns ns
Cultivar x Nitrogen * ns ns ns ns ns
*. **.*** F values significant at the P < 0.05. P < 0.01 and P < 0.001 probability levels, respectively.
ns stands for non-significant effect.
aAUDPC: Area under disease progress curve.

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 26, 2019. ; https://doi.org/10.1101/649475doi: bioRxiv preprint 

https://doi.org/10.1101/649475
http://creativecommons.org/licenses/by/4.0/


10

289

290 Grain yield was significantly affected by cultivar and by the interaction cultivar x 

291 nitrogen (Table 1), and varied from 0.84 to 4.26 t ha−1. Grace and Traveler were the 

292 only cultivars that presented significant relationships between grain yield and disease 

293 severity (Fig 6). In particular, Traveler recorded a marginal statistically significant 

294 negative relationship between grain yield and disease severity, only for the period of 

295 tillering (Fig 6). Concerning Grace, grain yield showed a negative significant direct 

296 relationship to disease severity for the period of grain filling (milk development) and 

297 on the contrary, presented a moderate positive association to disease severity for the 

298 period of tillering phase (Fig 6).

299 Fig 6. Relationship between grain yield and disease severity (caused by Pyrenophora 
300 teres f. teres and Rhynchosporium secalis) assessed at different developmental stages 
301 of malt barley, when the main source of variation is nitrogen rate. The numbers in the 
302 brackets refer to Zadoks scale. *At P≤ 0.05; **At P≤ 0.01; ***At P≤ 0.001; ns=non-
303 significant.
304

305 The proportion of maltable grain size fraction (% grains > 2.2 mm), as well as disease 

306 severity during stem elongation and grain filling phases were not significantly 

307 affected by the rate of applied nitrogen (Table 1). A negative, but not significant, 

308 association was recorded between the proportion of maltable grain size fraction and 

309 disease severity for all the studied cultivars (Fig 5). 

310

311 The area under disease progress curve (AUDPC)

312 The area under disease progress curve (AUDPC) in Exp2 was not significantly 

313 affected either by nitrogen rate or the interaction cultivar x nitrogen (Table 1). 

314 However, the analysis of variance for AUDPC indicated that a significant degree of 

315 genotypic variation existed among the studied malt barley cultivars in both 

316 experiments. The AUDPC values were lower in Exp1 compared to Exp2. Charles and 

317 Grace presented the highest values in Exp1 and Exp2, respectively (Fig 3).

318

319 Fig 3. Malt barley cultivars susceptibility to Pyrenophora teres f. teres (net form net 
320 blotch - NFNB) and Rhynchosporium secalis (leaf blotch, scald) based on the area 
321 under disease progress curve (AUDPC). Broad lines are medians, square open dots 
322 are means, boxes show the interquartile range and whiskers extend to the last data 
323 point within 1.5 times the inter-quartile range. P-values of ANOVA and permutation 
324 tests are given. Groups not sharing the same letter are significantly different according 
325 to L.S.D. test (p < 0.05).
326
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327

328 Epidemiology assessment when nitrogen rate and genotype are the main sources of 

329 variation 

330 Distribution patterns of disease severity were analyzed by using hotspot and cluster 

331 and outlier analysis in ArcGIS 10x for three different crop developmental periods: 1) 

332 tillering (20-21Z), 2) stem elongation (30-31Z) and 3) milk development (71-73Z). 

333 Cluster and outlier analysis was used to identify clusters of disease infected areas in 

334 cluster types of HH, HL, LL, and LH. LH represents a cluster of low values 

335 surrounded by high values, while HL is a cluster of high values surrounded by low 

336 values. In addition, LL and HH were statistically significant (p < 0.05) clusters of low 

337 and high disease severity values, respectively.

338 During the onset of tillering phase, two experimental plots presented significant 

339 positive z scores demonstrating significant clusters of intense disease severity. They 

340 were located on the western part of the field and both of them included Traveler with 

341 nitrogen rate of 100 and 140 kg/ha, respectively (Fig 7). A further investigation 

342 revealed that the distance of Traveler experimental plots from the previous season 

343 crop residues (i.e. the sites with Grace) explained 34% of the variation in disease 

344 severity (Fig 8). RGT Planet with nitrogen rate of 100 kg/ha, was also marked as a 

345 hotspot, but less intense since it presents a lower z score (Fig 7). It is reminded that 

346 lower z-scores indicate less intense clustering. The Local Moran’s I spatial analysis, 

347 indicated only one High-Low outlier in the western part of the field. Indeed, Traveler 

348 with a rate of 100 kg N /ha was considered as an outlier since it presented high values 

349 of disease severity surrounded by lower surrounding values. 

350 Fig 7. Composite hotspot analysis (Gi z-score) and cluster pattern analysis (Local 
351 Moran’s I) of disease severity (caused by Pyrenophora teres f. teres and 
352 Rhynchosporium secalis) assessed at different developmental stages of malt barley. A 
353 georeferenced arrangement of the experimental area showing the distribution of the 
354 cultivar and N-fertilizer treatments is also presented. The abbreviations stand for: 
355 Gr=Grace; Zh=Zhana; Tr=Traveler; Pl=Planet.
356
357 Fig 8. Relationship between disease severity and the distance of Zhana plots from the 
358 previous season Zhana’s crop. *At P≤ 0.05; **At P≤ 0.01; ***At P≤ 0.001; ns=non-
359 significant.
360

361 During the stem elongation phase, hotspots increased in number and continued to be 

362 present in the western part of the field. The analysis identified three hotspots with 

363 very high z scores (Grace with 60 kg N /ha; Traveler with 100 kg N /ha; Traveler with 
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364 140 kg N /ha, one with high (RGT Planet with 0 kg N /ha) and one with moderate z 

365 score (Grace with 60 kg N /ha). Although Zhana with 60 and 100 kg N /ha was 

366 surrounded by hot spots, presented low values of disease severity. The Local Moran’s 

367 I spatial analysis, confirmed the abovementioned results by characterizing these plots 

368 as Low-High outliers, indicating low values of disease severity compared to the 

369 surrounding plots. The analysis also identified a statistical significant (p<0.05) cluster 

370 of increased disease severity, which coincided with two of the hotspots (Traveller and 

371 Planet in the western side) determined with Getis-Ord G* statistic (Fig 7).

372 Two Grace plots with 140 kg N /ha were identified as hot spots of highest z scores 

373 during milk development and followed by RGT Planet without nitrogen application. 

374 The Local Moran’s I spatial analysis again identified two Zhana plots (i.e. nitrogen 

375 rate 0 and 100 kg/ha) as spatial outliers, since they presented low disease severity in a 

376 neighborhood of high values (Fig 7).

377

378 Quantifying the effect of the rate of applied nitrogen and the distance from the nearest 

379 hotspot on crop disease severity

380 Commonality analysis (CA) served to quantify the relative contribution of the rate of 

381 applied nitrogen (kg/ha) and the distance from the nearest hotspot on crop disease 

382 severity. It is a method of partitioning variance which can discriminate the synergistic 

383 or antagonistic processes operating among predictors. Commonalities represent the 

384 percentage of variance in the dependent variable that is uniquely explained by each 

385 predictor (Unique effect) or by all possible combinations of predictors (Common 

386 effect) and their sum is always equal to R2 of the multiple linear regression. The 

387 distance from the nearest hotspot (m) and the quantity of applied nitrogen (kg/ha) 

388 explained from 10 to 74% of the variance in disease severity (Table 2). Examining the 

389 unique effects, it was found, that for the period of stem elongation phase, the distance 

390 from the nearest hotspot (m) was the best predictor of disease severity for all the study 

391 cultivars, uniquely explaining from 16.8 to 45.5 of its variation. This amount of 

392 variance represented from 38.76 to 97.65% of the R2 effect (Table 2). On the contrary, 

393 during the onset of grain filling phase the variation in disease severity was best 

394 explained by either the nitrogen rate (i.e. Traveler and Grace) or the distance from the 

395 nearest hotspot (m) (i.e. RGT Planet and Zhana) (Table 2).

396

397
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398

399

400

401

402

403

Table 2. Commonality coefficients including both unique and common effects, along with % total contribution 
of each predictor variable or sets of predictor variables to the regression effect.

Onset of stem 
elongation

Onset of grain filling 
(milk development)Cultivar Unique and Common Effects

Coefficient % Total Coefficient % Total
Traveler Unique to Distancea 0.4547 72.51 0.0008 0.22

Unique to Nitrogenb 0.0004 0.07 0.3493 93.17
Common to Distance, and Nitrogen 0.1720 27.42 0.0248 6.61
Total 0.6271 100.00 0.3748 100.00

Zhana Unique to Distance 0.1678 67.81 0.0819 79.91
Unique to Nitrogen 0.0089 3.59 0.0241 23.51
Common to Distance, and Nitrogen 0.0708 28.61 -0.0035 -3.42
Total 0.2475 100.00 0.1025 100.00

Grace Unique to Distance 0.3837 97.65 0.1641 22.26
Unique to Nitrogen 0.0105 2.66 0.2850 38.66
Common to Distance, and Nitrogen -0.0012 -0.31 0.2881 39.08
Total 0.3930 100.00 0.7373 100.00

RGT Planet Unique to Distance 0.1912 38.76 0.3672 83.26
Unique to Nitrogen 0.0925 18.75 0.0020 0.46
Common to Distance, and Nitrogen 0.2096 42.49 0.0718 16.29
Total 0.4933 100.00 0.4411 100.00

aRefers to the distance from the nearest hotspot (m)
bRefers to the rate of applied nitrogen (kg/ha) 
404

405 Discussion

406 Our results demonstrated that both NFNB and leaf scald can be carried over from one 

407 season to the next on infected seed under Mediterranean conditions, which is in line 

408 with previous reports [3, 39]. Typical yield losses due to NFNB (Pyrenophora teres f. 

409 teres) and leaf scald (Rhynchosporium secalis) outbreaks can be up to 30–40% [3, 6, 

410 8-11]. However, we did not detect any consistent relationship between disease 

411 severity and grain yield when the main source of variation was nitrogen rate (Fig 6). 

412 Jalakas et al. [40] also found a weak relationship between malt barley grain yield and 

413 net blotch (Pyrenophora teres) disease severity. This can be attributed to the time of 

414 disease occurrence and the extent of disease severity in relation to barley 

415 developmental stage. It is widely accepted that grain yield determination in barley is 
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416 mainly explained by the variation of grain number per unit of land area [20, 33, 41-

417 42]. According to Bingham et al. [43], grain number in barley is a function of the 

418 production and survival of tillers and spikelets and the success of fertilization of 

419 florets. Tiller production and spikelet initiation occur before stem elongation phase, 

420 while the survival and further growth of tillers and spikelets is largely determined 

421 from stem elongation onwards. Accordingly, our results showed that the highest 

422 disease severity, which was recorded in Traveler during tillering phase (Fig 2), 

423 exerted a more pronounced negative effect on grain yield (Fig 6). In addition, the 

424 higher disease severity in Grace compared to the rest of the studied cultivars during 

425 the onset of grain filling phase (Fig 2), led to a significant reduction in grain yield, 

426 mainly through a decrease in mean grain weight. Indeed, an increase in disease 

427 severity by 32.5% during grain filling phase caused a reduction in thousand grain 

428 weight by 18.3% in Grace. In line with this, Agostinetto et al. [44] demonstrated that 

429 the strongest relationship between grain yield reduction and barley spot blotch 

430 severity occurred after the booting stage of barley. Furthermore, Khan [9] observed a 

431 reduction in barley grain yield by 25-35% from net blotch, mainly due to a significant 

432 decrease in thousand grain weight. 

433 The effect of N on plant disease severity is quite variable in literature [27]. Both 

434 increases [13, 25, 28] and decreases [26] of disease severity are reported by increasing 

435 N in plants. In addition, Turkington et al. [12] found that total leaf disease severity, 

436 caused by NFNB, in barley was not significantly affected by N rate. Our results 

437 showed that disease severity for both pathogens tended to increase from anthesis 

438 onwards by increasing the rate of applied nitrogen (Fig 4). This relationship can be 

439 attributed to some extent to the synergistic effect of the N fertilizer type used in this 

440 study. It is suggested that nitrate fertilizers increase the severity of disease whereas 

441 ammonium fertilizers decrease it [28 and references quoted therein].

442 Grain protein content is one of the most important factors in marketing malting 

443 barley. The primar objective, particularly in Mediterranean environments, is to 

444 maintain grain protein content below a threshold of 11.5-12.0% depending on 

445 brewing industry [33]. Although there is some evidence from northern climates 

446 suggesting that NFNB infections are not exerting any significant effect on grain 

447 protein content [12-13], our results revealed for the first time a positive relationship 

448 between NFNB disease severity and grain protein content under Mediterranean 

449 conditions. Additionally, it was shown that the magnitude of this relationship was 
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450 genotype dependent (Fig 5). It seems that the effect of NFNB disease severity on 

451 grain protein content increases under terminal drought stress conditions in April-May 

452 (Figs 1A and 1B). According to Bertholdsson [17] drought stress during late grain 

453 filling, limits carbohydrate incorporation in the grain and causes pre-maturation and 

454 less dilution of the protein in the grain. 

455 The epidemiology assessment of both diseases, when nitrogen rate and genotype were 

456 the main sources of variation, was implemented with hotspot and Anselin Local 

457 Moran’s I analysis. The location of hotspots was modified during the growing season 

458 (Fig 7). This can be explained either by the soil heterogeneity or by the spatial 

459 presence of the pathogens in the soil (i.e. as infected host residue) and genotype 

460 susceptibility. The soil heterogeneity was considered negligible because: i) the 

461 acreage of the experimental field was small (approximately 0.1 ha), ii) there was no 

462 land inclination and iii) the differentiation of the field soil moisture was rather small 

463 (Fig 9). 

464

465 Fig 9. The variation in soil water content from anthesis until the end of grain filling 
466 (during Exp2). Broad lines are medians, square open dots are means, boxes show the 
467 interquartile range and whiskers extend to the last data point within 1.5 times the 
468 inter-quartile range.
469

470 Commonality analysis, when nitrogen rate and genotype were the main sources of 

471 variation, revealed that the most important factor concerning NFNB disease severity 

472 was the distance of plots from the hotspots, concerning the period of onset of stem 

473 elongation (Table 2). According to Liu et al. [4], NFNB is classified as stubble-borne 

474 disease because the fungus usually produces the ascocarp as an over-seasoning 

475 structure on infected barley debris left after harvest. The primary inoculum early in 

476 the growing season is made by mature ascospores which are dispersed by wind. After 

477 initial colonization, the pathogen produces a large number of conidia which serve as 

478 secondary inocula. These asexually produced spores can be dispersed either by wind 

479 or rain to cause new infections on plants locally or at longer distances [4 and 

480 references quoted therein]. 

481 On the other hand, Zhana was the only cultivar which was not infected by NFNB  

482 during neither seasons (i.e. it was infected only by Rhynchosporium secalis). 

483 However, it was found that the distance of Zhana experimental plots from the 

484 previous season crop residues (i.e. the sites with Zhana) explained 51% of the 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 26, 2019. ; https://doi.org/10.1101/649475doi: bioRxiv preprint 

https://doi.org/10.1101/649475
http://creativecommons.org/licenses/by/4.0/


16

485 variation in disease severity (Fig 8). This result is also supported by the Anselin Local 

486 Moran’s I spatial statistical analysis. Zhana was considered an outlier due to lower 

487 disease severity values although surrounded by plots with high values from stem 

488 elongation onwards (Fig 7). 

489 The late occurrence of Rhynchosporium secalis symptoms on Zhana compared to 

490 NFNB (Fig 2) during both experiments, can be possibly attributed to its specific life 

491 cycle. According to Zhan et al. [3] R. secalis grows symptomlessly under the cuticle, 

492 especially where walls of adjacent cells are joined before producing new conidia and 

493 finally, visual symptoms. Further investigations concerning the infection process of R. 

494 secalis in barley had been conducted by Linsell et al. [45].

495 In general, NFNB was more prevalent compared to leaf scald during all tested 

496 developmental phases of malt barley (Figs 2 and 3). According to Robinson and Jalli 

497 [46] this could be a result of net blotch being comparatively less demanding of 

498 environmental conditions (mostly wind dispersed) than scald (mostly splash 

499 dispersed) for effective spore dispersal and epidemic development.

500

501 Conclusions

502 The results of the present study provide a further insight into the epidemiology and 

503 the effect of nitrogen fertilization on the most important foliar diseases of malt barley 

504 in Greece. It was demonstrated that both NFNB and leaf scald can be carried over 

505 from one season to the next on infected seed under Mediterranean conditions. 

506 However, disease severity was more pronounced after barley tillering phase when soil 

507 had been successfully enriched first with the pathogen propagules. When both plant 

508 pathogens were present in soil residues, it was shown that the effect of the distance of 

509 cultivars from hotspots (i.e. the locations with the highest disease infections) was a 

510 better predictor of disease severity (for both diseases) compared to nitrogen rate 

511 during the pre-anthesis period. However, after anthesis disease severity was best 

512 explained by nitrogen rate concerning the most susceptible cultivars to NFNB. In 

513 addition, it was presented that the effect of disease infections on yield, grain size and 

514 grain protein content varied in relation to genotype, pathogen and the stage of crop 

515 development. 

516
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