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Abstract 27 

Plant lignin content and composition, which limit cell wall digestibility and efficiency of cellulose 28 

conversion to bioethanol, can be influenced by belowground biotic and abiotic factors. Switchgrass 29 

(Panicum virgatum L.) is a leading lignocellulosic biofuel crop and forms strong belowground 30 

associations with arbuscular mycorrhizal fungi (AMF), is susceptible to belowground plant-parasitic 31 

nematodes (PPN), and when grown in monoculture generally requires nitrogen (N) fertilization. The main 32 

objectives of the study were to investigate the effects of N fertilizer and belowground organisms on lignin 33 

content and composition of switchgrass. Leaf, stem, and root tissues were evaluated separately to test 34 

whether these factors had varying belowground (local) or aboveground (systemic) effects on plants. These 35 

factors were manipulated in a field study in 2017 using biocide applications to reduce soil fungi and 36 

nematodes. Combined biocide application reduced p-hydroxyphenyl (H) unit abundance in the leaves by 37 

14% and increased the syringyl:guaiacyl (S:G) ratio in stems by 2%. Application of fungicide alone 38 

increased stem syringyl (S) unit by 12.4% as compared with control plots, and 11.1% as compared to 39 

nematicide plots. Overall, fertilizer increased total stem lignin by 3%, stem S unit by 6.7% and stem S:G 40 

ratio by 10%, whereas it reduced the amount of H-unit in the roots by 11%. While the effects of N 41 

fertilizer were more pronounced in this study, changes to soil organisms had similar magnitudes of effect 42 

for some measures of lignin, indicating that these belowground interactions may be important for growers 43 

to consider in the future.  44 

 45 
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Introduction 53 

Lignocellulosic biofuels such as switchgrass (Panicum virgatum) are gaining traction as sustainable and 54 

alternative energy sources as the economic and environmental costs of conventional fossil fuels and grain-55 

based biofuels have risen [1]. However, an important challenge to the use of bioenergy crops as fuels is 56 

efficiently converting cellulose from plant biomass into bioethanol. Acid pretreatment and enzymatic 57 

digestion, the two main steps of the conversion, are limited by total lignin content in plant cell walls [2]. 58 

The monomeric composition of lignin in plants can also affect the efficiency of cellulose conversion to 59 

bioethanol [3]. Biomass with higher syringyl : guaiacyl (S:G) ratio is desirable from a bioenergy 60 

standpoint because S-rich lignin has predominantly linear chains with less crosslinking than G-rich lignin 61 

and as a result lower recalcitrance to enzymatic degradation [4].  This importance of S:G ratio in lignin 62 

composition for efficient energy conversion has been clearly demonstrated in wood pulp production 63 

research [5].  Grasses differ from woody dicots by having a significant proportion (4-15%) of p-64 

hydroxyphenyl (H) lignin, and very little is known about what regulates the H unit in plants [6]. For 65 

bioenergy purposes, any significant alteration in the proportion of all these lignin units can have important 66 

implications for enzymatic digestion.  67 

 68 

Environmental factors and growing conditions are known to affect plant lignin content and monomeric 69 

composition. Soil nitrogen (N), an important abiotic factor in both natural and agricultural systems, also 70 

increases plant lignin content [7], although the mechanism by which fertilization affects lignin 71 

composition is unclear. In one study conducted in a Populus tremuloides Michx. system, high N fertilizer 72 

increased the H unit, but decreased the S:G ratio [8]. However, the relationship between N fertilizer and 73 

lignin may not be straightforward, as the effects of N on lignin varies across plant tissues and with age [9-74 

11]. For switchgrass grown as bioenergy feedstock, N fertilizers can significantly increase plant biomass 75 

[12]. However, this may have unintended effects on the digestibility of biomass via effects on lignin 76 

content and composition [12]. 77 
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Interactions between plants and belowground organisms have also been shown to affect plant lignin 78 

content and composition. For example, 6% to 21% of the variation in lignin in Hordeum vulgare L. 79 

cultivars was attributed to belowground biotic interactions [13]. Pathogens and herbivores such as plant-80 

parasitic nematodes (PPN) generally trigger an increase in lignin plant content as a defense against 81 

damage and infection [14]. Some beneficial symbiotic interactions can also increase plant lignin. For 82 

example, arbuscular mycorrhizal fungi (AMF) are ubiquitous in soils and have been shown to increase 83 

lignin deposition in Capsicum annuum L. xylem vessels [15]. However, AMF have also been found to 84 

have ameliorative effects under stressful environmental conditions, thus reducing plant lignin content 85 

[16].  86 

 87 

Lignin content also varies across organs within a plant. Some plant-soil interactions may have only 88 

localized effects on plants, increasing lignin in roots but not in aboveground tissues. For example, in pine 89 

seedlings, high N fertilizer reduced root lignin content without affecting shoot lignin [10]. Such 90 

differential accumulation of lignin in roots and shoots can indicate whether plant responses are local or 91 

systemic. This is important because most of the cellulose and hemicellulose used in bioethanol conversion 92 

occurs in the stem parenchyma tissues of grasses such as switchgrass.  Thus, it is desirable to have low 93 

lignin levels in the stem of a bioenergy feedstock [17].  94 

 95 

The goal of this study was to examine the effects of belowground abiotic and biotic factors on lignin 96 

content and composition in above- and belowground plant tissues of switchgrass. Switchgrass forms 97 

strong associations with AMF [18] and is susceptible to several belowground plant-parasitic nematodes 98 

such as Pratelynchus penetrans, Helicotylenchus pseudorobustus, and Hoplolaimus galeatus when grown 99 

in monocultures [19]. Additionally, N fertilization is recommended for growers of switchgrass and other 100 

lignocellulosic bioenergy crops [20] and so it is critical to understand how both biotic and abiotic factors 101 

belowground may influence lignin in bioenergy crops. However, to date, no studies have documented 102 

whole-plant lignin responses to soil factors in switchgrass. The primary objective of this study was to 103 
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investigate the effects of N fertilizer application and plant interactions with AMF and nematodes on lignin 104 

content and monomeric composition. A secondary goal was to evaluate whether these factors had varying 105 

belowground (local) or aboveground (systemic) effects on plants by analyzing lignin composition of 106 

leaves, stem, and roots separately. Decline in lignin content in roots with reduced AMF and nematode 107 

abundance is predicted. Similarly, increased lignin at the whole-plant level in response to N fertilizer 108 

addition is expected because N quickly becomes part of the soil cation exchange complex and is readily 109 

assimilated by plants [21]. A higher S:G ratio and lower p-hydroxyphenyl levels in response to N 110 

fertilizer [22], but lower S:G ratios corresponding to higher rigidity with AMF colonization and nematode 111 

herbivory is also expected to be observed.  112 

 113 

Materials and Methods 114 

Study Site  115 

The experiment was conducted at the W.K. Kellogg Biological Station Long-Term Ecological Research 116 

(KBS LTER) site of Michigan State University in Michigan, USA (42°23047″N, 85°22026″W) as part of 117 

the Cellulosic Biofuels Diversity Experiment. Average precipitation at this site is 810 mm yr-1 and soils 118 

are Kalamazoo series fine loamy, mixed, mesic Typic Hapludalfs [23]. The Cellulosic Biofuels Diversity 119 

Experiment was established in 2008 to compare different biofuel cropping systems, including four 120 

switchgrass monoculture systems: two cultivars of switchgrass (“Cave-in-Rock” and “Southlow”; each 121 

planted at a rate of 3.9 kg ha-1 pure live seed) grown at two levels of fertilization (56 kg N ha-1 and 122 

unfertilized). The four switchgrass treatment combinations were planted in randomly assigned 9 m × 27m 123 

plots, replicated four times in randomized blocks. Fertilizer treatments (28%N, Urea + Ammonium 124 

nitrate, at a rate of 56 kg N ha-1) were applied to the relevant switchgrass treatment plots every year in the 125 

spring. No additional nutrients were added. For the control of broadleaf weeds, the herbicide Drive 126 

(quinclorac-C10H5Cl2NO2; BASF Corp, NC) was applied at the rate of 0.56 kg commercial product per ha 127 

following planting in 2009-2010.  Harvesting of the switchgrass plots was done annually at the end of 128 
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each growing season (Oct/Nov). Additional details about the experiment, including yield data, are 129 

available elsewhere [24]. 130 

 131 

Biocide Experiment 132 

To manipulate switchgrass associations with AMF and nematodes, a biocide experiment within each of 133 

the 16 switchgrass plots of the LTER Cellulosic Biofuel Diversity Experiment site at KBS was set up in 134 

June of 2017. In each 9 m × 27 m plot, four 2 m × 2 m microplots along the west side of the plot were set 135 

up, with each microplot receiving one of four treatments: 1) control, 2) fungicide, 3) nematicide, and 4) 136 

fungicide + nematicide. Buffer strips (0.5m wide) were established between the microplots and the four 137 

biocide treatments were randomly assigned to the microplots in each plot. A commercial fungicide Topsin 138 

(Thiophanate-Methyl Fungicide, C14H18N4O4S2, Nippon Soda Company, Ltd) was used to reduce soil 139 

fungi, particularly AMF. Topsin is widely used in field studies of mycorrhizal fungi [25]. The fungicide 140 

was applied by hand in 3.7-7.5 L of water as a soil drench every 2 weeks throughout the growing season 141 

(June to August) of 2017 at the rate of 4.4 g m-2. A commercial nematicide, Nimitz (Fluensulfone, 142 

C7H5ClF3NO2S2, ADAMA, USA) was used to reduce soil nematodes. Nimitz is a low toxicity and narrow 143 

spectrum nematicide and previous studies have shown that it is effective in the control of both migratory 144 

and sedentary nematodes [26]. Nimitz was applied to plots by hand twice during the growing season at a 145 

rate of 0.3 g m-2 (June) and 0.5 g m-2 (July) active ingredient, mixed in 100 mL of silica sand.  The 146 

applications of both biocides were made prior to rainfall events. Control plots received equal amounts of 147 

silica sand and/or water without biocides.   148 

 149 

 Soil Organisms 150 

To evaluate the effectiveness of the biocides on AMF and nematodes, soil and root samples were 151 

collected in October 2017. Ten soil cores (2 cm x 15 cm) were collected in each microplot and 152 

composited for analyses.  Additionally, 4-5 individual tillers per microplot were dug up to collect roots 153 

for AMF analyses. To characterize AMF activity, soils were processed for extra-radical hyphae (ERH) by 154 

https://pubchem.ncbi.nlm.nih.gov/#query=C14H18N4O4S2
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vacuum-filtering 20 g subsamples through 45 µm filters and mounting filters on slides following methods 155 

described by Sun et al. [27]. Hyphal length was estimated using the grid intersection method [27]. Root 156 

colonization by AMF was determined using the wet sieve method [28]. Briefly, ten 3-cm fine root 157 

subsamples were clipped and cleared in 10% potassium hydroxide solution and stained using the ink-158 

vinegar method [29] and scored as a percentage of fields of view at 200X magnification based on the 159 

presence of fungal hyphae, arbuscules or vesicles. Soil nematode abundance was measured by sieving and 160 

centrifuging 100 g soil subsamples from each microplot following protocols described by Hallmann and 161 

Subbotin, 2018 [30]. The extracted nematodes were counted and preserved in 3% formalin solution for 162 

storage.  163 

 164 

Plant responses: 165 

Samples for lignin analyses were collected from 5 whole tillers and associated roots in each microplot at 166 

two times in 2017: mid-growing season (August) and just prior to plot harvest (October). Tillers 167 

(separated into leaf and stem tissues) and roots were dried at 65°C for 24 h. After drying, leaf, stem, and 168 

root samples from each microplot were combined and were ground using a Thomas Wiley Mill (Thomas 169 

Scientific, NJ) with a 40 µm mesh screen. Subsamples (100 mg) of the ground tissue were sent to the 170 

Great Lake Bioenergy Research Center (GLBRC) Cell Wall Facility at Michigan State University for 171 

analysis of lignin monomeric composition using the thioacidolysis method [31]. Additionally, acid 172 

detergent lignin (ADL) was determined using an ANKOM200 fiber analyzer (Macedon, NY) to assess total 173 

lignin content. 174 

 175 

Statistical analysis 176 

Data analysis was done using two-factor linear mixed effect models with biocide treatment (4 levels) and 177 

N fertilizer (2 levels) as the main factors and switchgrass cultivar and sampling date as covariates. 178 

Experimental block was also included in the models as a random effect. A significance level of 5% was 179 

used to make statistical inference. Tukey HSD was used to perform post-hoc analyses when overall 180 
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models were significant. All statistical analysis was performed using the lme4 and lmerTest packages in R 181 

version 3.6.1 [32]. While switchgrass cultivar and sampling dates were often significant in the models 182 

(Tables 1-3), they were not specifically relevant to the study’s outlined research objectives and thus are 183 

not discussed here.  184 

 185 

Results and Discussion 186 

At harvest time, fungicide application had reduced soil ERH by 43% and AMF root colonization by 32% 187 

compared with the control. Nematicide application reduced total nematode abundance by 47% compared 188 

to the control. When applied in combination, the biocides reduced nematodes by 42%, soil ERH by 51%, 189 

and root AMF colonization by 38%. Nitrogen fertilization and the reduction in soil organisms affected 190 

different aspects of switchgrass lignin content and composition both above- and belowground. 191 

 192 

 In stem and root tissue, several components of lignin differed in response to N fertilization whereas there 193 

was no significant effect of N fertilization on leaf lignin (Fig.1-2, Table 1-3). Total stem lignin increased 194 

by 3% in N fertilized plots (Fig. 2a). The amount of stem S unit increased by 6.7% in plants from N 195 

fertilized plots (Fig. 2b). This consequently resulted in an increase in stem S:G ratio of about 10% (Fig. 196 

2c). The increase in stem lignin is likely due to the increased availability of phenolic amino acid 197 

precursors such as phenylalanine and tyrosine, which are rate-limiting resources in lignin metabolic 198 

pathway at cellular level [33]. Thus, added N fertilization might potentially enhance lignification by 199 

removing the limitation of such rate-limiting resources. The increase in stem lignin content in this study 200 

was mostly due to increases in the S unit, which may improve lignin conversion efficiency because S-rich 201 

lignin or lignin with higher S:G ratio is structurally more linear and chemically more susceptible to 202 

enzymatic digestion [4, 34].  203 

 204 

A decrease in the H unit was the only significant root lignin response to N fertilizer in this study. The root 205 

H unit decreased by 11.1% (Fig. 2d) in plants in fertilized plots compared with non-fertilized plots. H-rich 206 
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lignin has a lower degree of polymerization and forms shorter chains which results in increased 207 

extractability and digestibility [35].  Grasses like switchgrass contain significant amounts of H unit 208 

(~15%) [36] and changes in its proportion can have important implication for enzymatic digestion of the 209 

biomass. The lack of response in leaves and roots to N fertilization (except for H unit) may be due to the 210 

inhibitory effects of soil nitrates on the phenylpropanoid pathway-one of the major steps in lignin 211 

biosynthesis [37]. While nitrate is the form of nitrogen that plants prefer for uptake, it is known to inhibit 212 

large sectors of lignin biosynthetic pathway [37].  213 

 214 

High lignin content in aboveground tissues is not generally desirable from a grower’s perspective [2], and 215 

because N fertilization is generally recommended in switchgrass production for higher yield [38], increase 216 

in stem lignin content could be an unintended negative consequence of standard switchgrass management 217 

practices. However, increase in stem S unit abundance and S:G ratio upon N fertilization might 218 

potentially offset biomass recalcitrance caused by increase in lignin content to some degree. In general, 219 

any belowground effects of N fertilization are unlikely to have significant economic consequences for 220 

growers because only aboveground structures are harvested for bioenergy conversion, although, this can 221 

be an important consequence in bioenergy crops where roots are harvested such as Manihot esculenta 222 

[39]. However, changes in root lignin may affect plant susceptibility to belowground pathogens, which in 223 

turn could affect the sustainability of these perennial systems [40]. The results of this study generally 224 

support the findings of other studies that have shown that N fertilization increases plant lignin content 225 

[41] but more work is needed on the economics of increasing total lignin abundance versus changes in 226 

composition due to N fertilization. 227 

 228 

Despite the known importance of belowground community interactions on switchgrass production [42],  229 

no effects on the total amount of lignin in switchgrass in response to AMF and nematode reductions either 230 

above- or belowground was observed in this study. Manipulation of AMF and nematodes via biocide 231 

application had significant effects on both leaf and stem lignin monomeric composition, but not on root 232 
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lignin composition (Tables 1-3). Reducing AMF and soil nematodes together decreased the abundance of 233 

the H unit in leaf lignin by 14% and increased the stem S:G ratio by 2% compared with the control (Fig. 234 

1, 2c). Reducing AMF alone increased the amount of S unit in stem lignin by 12.4% as compared with 235 

control plots and 11.1% compared with nematicide plots (Fig. 2b).  Several previous studies in other plant 236 

systems have demonstrated an increase in lignification in response to symbiotic organisms such as AMF 237 

and nematodes [13]. For example, AMF penetrate the root cortex of the host plant and in doing so are 238 

known to prime the salicylic acid pathway which is widely known to induce plant defensive responses 239 

such as lignin biosynthesis [43]. Arbuscular mycorrhizal fungi have also been found to prime genes 240 

involved in lignin biosynthesis as a response to attack by plant parasitic nematodes [40]. Thus, it was 241 

expected that biocides would reduce lignification, especially in roots where symbiotic organisms were 242 

directly reduced. The lack of effects of soil organism manipulation on total lignin in this study may be a 243 

result of the potential interactions between AMF and nematodes belowground. Plant parasitic nematodes 244 

are reported to enhance lignification in host plants [44] and AMF are known to provide protection against 245 

such nematodes via wide array of mechanisms [45,40]. Thus interactions among soil organisms may 246 

cancel out each other in terms of their effects on plant lignin. Previous studies report positive, neutral, and 247 

negative effects of AMF on lignin indicating a complicated context dependent role of the soil microbe on 248 

lignification [15,16,46]. For example, a study that looked at the effects of AMF on Medicago sativa L. 249 

lignin found that mycorrhization increases total lignin under ambient CO2 conditions [16]. However, the 250 

same study found that AMF reduces plant lignin when CO2 concentration increases from 392 µmol mol-1 251 

to 700 µmol mol-1.  252 

 253 

Almost no previous studies have attempted to explore the effects of soil organisms on lignin composition, 254 

but at least one previous study documented an increase in the S unit upon infection by Puccinia graminis, 255 

a fungal causative agent of stem rust in wheat [47]. If reducing AMF increased plant susceptibility to 256 

pathogenic fungi [48], this could explain the observed increase in S unit abundance. The mechanism for 257 

the observed effects of biocides on the H unit of leaves remains unclear, however. Grasses like 258 
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switchgrass typically have relatively high proportion of H unit (about 15%), and results of this study 259 

support the assumption that plant elicitor responses to symbionts alter the monomeric composition of 260 

lignin by depositing more H units [49]. However, given that the response in this study was observed in 261 

leaves only, other unknown mechanisms may be operating. Regardless, it is clear that AMF and 262 

nematodes do not have only localized effects on plant lignin, but instead have effects on important 263 

aboveground tissues at a systemic scale.  Because enzymatic recalcitrance comes mainly from stem 264 

tissues which contain more lignin than leaves [16], soil organisms may indeed have economic 265 

consequences in terms of bioenergy conversion.   266 

 267 

Importantly, while N fertilization effects on lignin generally were more common than effects of reduced 268 

biotic interactions, both N fertilization and reduced soil organisms had similar effects on S:G ratio in 269 

stems. Because the biotic manipulations occurred only during a single field season, while the N treatment 270 

was long-term over a 10-year period, this indicates that plants are able to respond quickly to changes in 271 

belowground conditions. It is also notable that there were no interactive effects between N fertilization 272 

and biocide applications especially given that increased N availability in grassland soil can alter 273 

nutritional and energy dynamics between plants and AMF and typically decreases the abundance of AMF 274 

in soil [50] with potential implication to lignin quality and quantity. There can be considerable variation 275 

in the effects of AMF on lignin as demonstrated by previous studies and much of the effects seem to be 276 

dictated by the surrounding abiotic factors [16]. However, evidence for this was not detected in this study. 277 

 278 

The specific focus of this study was on manipulating AMF with fungicide applications; however, other 279 

pathogenic or non-pathogenic fungi also may have been reduced by this treatment. Because biocides are 280 

widely used by growers to control pathogens in a variety of different agronomic systems, it is important 281 

to understand the effects of such treatments on biofuel crops. The results of this study indicate that there 282 

may be complex multitrophic interactions in the soil among AMF, PPNs, and pathogenic fungi which 283 

could explain the lack of fungicide-only or nematicide only responses [15,40]. While the focus of this 284 
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study was on S/G/H units, other important lignin components such as coumaric acid, ferulic acid and 285 

sinapic acid should also be evaluated for a better understanding of how lignin biosynthetic pathways 286 

respond to N fertilization and soil organisms. Lignin synthesized in response to biotic or abiotic stress 287 

display a distinct structural signature when compared with normal developmental lignin [51]. Assessment 288 

of such structural features in the future studies can provide additional information on whether the changes 289 

in lignin quality observed in this study could have been stress responses to AMF or nematodes.  290 

 291 

Conclusions 292 

Overall, the manipulation of the biotic and abiotic soil factors had stronger effects on lignin composition 293 

than on total lignin abundance. Nitrogen fertilization was a more important regulator of lignin than the 294 

reduction of soil organisms, though for some responses such as S:G in stem tissues, these factors had 295 

similar effect sizes. Even given the relatively minor effects on total lignin, changes in lignin composition 296 

may greatly affect biomass digestibility. The economic importance of the observed effects needs to be 297 

explored in more detail, and under a wider range of conditions, especially given that bioenergy crops are 298 

likely to be grown on marginal lands where environmental stresses and biotic interactions are likely to be 299 

important controllers of production. The recent focus on lignin bioengineering as one of the major 300 

strategies to improve biomass conversion to biofuel warrants a deeper evaluation of the effects of soil 301 

organisms and crop fertilization on lignin.  Ultimately, trade-offs between digestibility and plant yield 302 

involved with having altered lignin should be evaluated carefully against any potential biofuel gains.  303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 
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Table 1. Results of two-way general linear models testing for effects of biocide and N fertilization 311 

treatments on lignin content and composition in switchgrass leaf tissue. Abbreviations: N (nitrogen), 312 

SE (standard error), P (p-value) 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

  327 

Source of 
Variation 

 Total 
lignin 
(ug/ml) 

 Syringyl 
unit (S) 
(ug/ml) 

 Guaiacyl 
unit 
(G) 
(ug/ml) 

 p-
hydroxyp
henyl 
unit 
(H) 
(ug/ml) 

 S:G  

 
F SE P F SE P F SE P F SE P F SE P 

N-
Fertilizer  

0.9
5 

0.6
0 

0.3
3 

2.0
1 

0.1
5 

0.1
5 

0.6
2 

0.4
6 

0.4
3 

0.0
1 

0.0
1 

0.9
1 

2.6
8 

0.0
15 

0.1
0 

Biocides 1.1
7 

0.5
9 

0.3
2 

1.5
4 

0.1
5 

0.2
0 

1.0
2 

0.4
5 

0.3
8 

2.9
1 

0.0
1 

0.0
3 

0.9
3 

0.0
19 

0.4
2 

N-
Fertilizer 
× Biocides 

0.3
4 

0.8
5 

0.7
9 

0.4
2 

0.2
2 

0.7
3 

0.2
9 

0.6
6 

0.8
2 

0.4
8 

0.0
1 

0.7
6 

0.3
8 

0.0
16 

0.7
6 

Variety 6.8
2 

0.3
0 

0.0
1 

18.
67 

0.0
7 

<0.
01 

3.7
3 

0.2
3 

0.6
0 

1.1
8 

0.0
05 

0.2
7 

22.
40 

0.0
01 

<0.
01 

Sampling 
date 

18
9.2
3 

0.3
0 

<0.
01 

14
3.6
8 

0.0
7 

<0.
01 

1.7
8.8
5 

0.2
3 

<0.
01 

172
.85 

0.0
05 

<0.
01 

31.
32 

0.0
01 

<0.
01 
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Table 2. Results of two-way general linear models testing for effects of biocide and N fertilization 328 

treatments on lignin content and composition in switchgrass stem tissue. Abbreviations: N (nitrogen), 329 

SE (standard error), P (p-value) 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

Source of 
Variation 

 Total 
lignin 
(ug/ml) 

 Syringyl 
unit (S) 
(ug/ml) 

 Guaiacyl 
unit 
(G) 
(ug/ml) 

 p-
hydroxyp
henyl 
unit 
(H) 
(ug/ml) 

 S:G  

 
F SE P F SE P F SE P F SE P F SE P 

N-
Fertilizer  

4.2
4 

1.4
8 

0.0
4 

7.3
4 

0.8
5 

<0.
01 

0.6
4 

1.0
7 

0.4
2 

1.7
8 

0.0
6 

0.1
8 

4.7
9 

0.0
3 

0.0
3 

Biocides 1.4
6 

1.4
5 

0.2
2 

4.2
7 

0.8
4 

<0.
01 

0.7
9 

1.0
5 

0.4
9 

0.3
5 

0.0
6 

0.7
8 

3.8
0 

0.0
2 

0.0
1 

N-
Fertilizer 
× Biocides 

0.2
1 

2.0
7 

0.8
8 

1.3
6 

1.2 0.2
5 

0.7
5 

1.5
0 

0.5
2 

1.7
7 

0.0
9 

0.1
5 

2.3
0 

0.0
3 

0.8
0 

Variety 0.2
2 

0.7
2 

0.6
3 

6.1
4 

0.4
2 

0.0
1 

5.8
4 

0.5
2 

0.0
1 

13.
40 

0.0
1 

<0.
01 

14.
42 

0.0
1 

<0.
01 

Sampling 
date 

32.
40 

0.7
2 

<0.
01 

12.
55 

0.4
2 

<0.
01 

24.
27 

0.5
2 

<0.
01 

2.0
7 

0.0
1 

0.1
5 

0.2
7 

0.0
1 

0.5
9 
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Table 3. Results of two-way general linear models testing for effects of biocide and N fertilization 346 

treatments on lignin content and composition in switchgrass root tissue. Abbreviations: N (nitrogen), 347 

SE (standard error), P (p-value) 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

Source of 
Variation 

 Total 
lignin 
(ug/ml) 

 Syringyl 
unit (S) 
(ug/ml) 

 Guaiacyl 
unit 
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phenyl 
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F SE P F SE P F SE P F SE P F SE P 
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4 
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Sampling 
date 
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02 

1.0
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27 
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<0.
01 

46.
33 

0.7
2 

<0.
01 

20.
50 

0.0
2 

<0.
01 

81.
01 

0.0
1 

<0.
01 
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Figure Legends 365 

Figure 1: Adjusted mean of leaf p-hydroxyphenyl (H) unit response to biocide and N fertilizer 366 

application. Statistically different average values found between biocide treatments with Tukey's HSD 367 

(p < 0.05) test are indicated by a horizontal bar with an asterisk above. Vertical bars show the standard 368 

error of the adjusted mean value. Open bars are unfertilized treatments, black bars are N fertilized 369 

treatments. ‘Both’ denotes combined fungicide and nematicide treatment. Main biocide effects were 370 

significant at p=0.03. 371 

 372 

Figure 2: Adjusted means of stem and root lignin responses: (a) total lignin, (b) S unit (c) S:G (d) H unit 373 

to biocide and N fertilizer application. Statistically different average values between biocide treatments 374 

found with Tukey's HSD (p < 0.05) tests are indicated by horizontal bars with asterisks above. Vertical 375 

bars show the standard errors of the adjusted mean values. Open bars are unfertilized treatments, black 376 

bars are N fertilized treatments.  ‘Both’ denotes combined fungicide and nematicide treatment. 377 

 378 

 379 

 380 

 381 

 382 

   383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 
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