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Abstract

Yield of the perennial grass Miscanthus x giganteus has shown an inconsistent and
unpredictable response to nitrogen (N) fertilizer, yet fertilization underpins the crop’s
environmental and economic sustainability. The interactions among soil microbial communities,
N availability, and M. x giganteus and management may explain changes in plant productivity.
In this study, soil samples from different stand ages of M. x giganteus in a replicated
chronosequence field trial were used to investigate the effects of stand age and N fertilizer rates
on microbial community structure. We hypothesized that there is a definable M. x giganteus soil
microbiome and that this community varies significantly with stand age and fertilization. Our
results showed that the main phyla in soil microbial communities, regardless of plant age, are
similar but microbial community structures are significantly different. The variation in observed
microbial communities generally decreases in older stand ages. The amount of N fertilizer
applied also affected the microbial community structure associated with different aged M. x
giganteus. Specifically, the relative abundance of Proteobacteria (Alphaproteobacteria and
Gammaproteobacteria) and Acidobacteria (Subgroup Gp1l) increased shortly after fertilization
and were more associated with younger M. x giganteus. Further, our results show a significant
relationship between bacterial alpha diversity and fertilization rates and that this response is also
impacted by stand age. Overall, our results emphasize linkages between microbial community

structure, plant age, and fertilization in M. x giganteus.
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Introduction

Perennial biomass crops promise to provide both renewable energy and ecosystem
services, but their sustainability hinges critically on crop management (Davis et al. 2013).
Harnessing the phytobiome may increase the sustainability of these crops by increasing nutrient
use efficiency and thus reducing the need for economically and environmentally expensive
synthetic nitrogen (N) fertilizer (Robertson et al. 2017). In temperate rainfed regions, the grass
Miscanthus x giganteus (Greef et Deu.) stands out as a potential bioenergy crop because of its
high yields and low-input requirements (Heaton et al. 2004, Heaton et al. 2008, Heaton et al.
2010). Further, it has relatively high cold tolerance while still producing high yields of
lignocellulosic biomass (LeBauer et al. 2017; Wang et al. 2008). Estimates of the maximum
rainfed simulated end-of-growth-season biomass are ca. 40 Mg ha* for M. x giganteus, twice as
much as switchgrass estimates (LeBauer et al. 2017; Miguez et al. 2012).

Despite high potential as a bioenergy feedstock, the most appropriate management
strategies for the growth of M. x giganteus are still being explored, especially with regard to
fertilization needs (Tejera et al. 2019). Generally, the long term growth of M. x giganteus would
result in the eventual depletion of soil N and thus fertilization is recommended (Cadoux et al.,
2012). However, previous studies have reported inconsistent responses of M. x giganteus to N
fertilization (LeBauer et al. 2017). For instance, M. x giganteus yields have been shown to
increase as a result of increased N supply (0, 60, and 120 kg ha?) in a mediterranean climate
(Cosentino et al. 2007). Similarly, N fertilization was found to have a positive effect on yield in
Europe (Ercoli et al. 1999; Igbal et al. 2015; Stépien et al. 2014). In contrast, no significant
fertilizer effects on yield of M. x giganteus were observed at rates 0, 60, and 120 kg ha* in

England (Christian et al. 2008) or with ammonium nitrate at rates of 0 and 100 kg ha*in North
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Carolina (Christian et al. 2008; Rinta-Kanto et al. 2005; Teat et al. 2015). These inconsistent
observations of M. x giganteus response likely represent variations in environmental conditions
and soil types as well as sources of N. Another potential reason for the observed differences may
be the stand ages of the M. x giganteus in the various studies, where annual harvesting may
cause N depletion in the soils (Arundale et al. 2014). For example, specific M. x giganteus
plants were found to respond to N fertilizer only after the third growing season (Miguez et al.
2008).

One of the factors impacting the availability of nitrogen to plants is the soil’s underlying
microbial communities (Moreau et al. 2019; Tao et al. 2019). In M. x giganteus, this microbial
community has been identified to provide benefits associated with biological nitrogen fixation
(Christian et al. 1997; Davis et al. 2010; Keymer and Kent 2014). Our understanding of soil,
plant, and microbial community interactions helps to guide sustainable agroecosystem
management (e.g., N additions). Similar to observations of biomass yield, soil microbial
communities of M. x giganteus have been observed to have inconsistent responses to nitrogen
fertilization. In a long-term field experiment, nitrogen fertilization had little effect on soil
microbial communities (Liu and Ludewig 2019). In a study of M. x giganteus from four sites in
Illinois, Kentucky, Nebraska, and New Jersey, no significant differences in nitrogen-fixing
microbial communities were observed between N application rates (Li et al. 2016). In contrast,
the microbial composition and biomass of five year old stands of M. x giganteus were observed
to change significantly as a result of fertilization (Oates et al. 2016). It is possible that these
observed mixed responses of M. x giganteus to fertilization could be associated with its
perennial lifestyle and studying plants at different stages of establishment. The high N-use

efficiency and low N leaching of M. x giganteus has previously been attributed to the plant’s
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ability to translocate nutrients to rhizomes at the end of the growing season (Beale and Long
1997). Potentially, as a stand ages and the associated rhizomes mature, the plant’s capacity to
store nutrients and associated microbial communities may change.

In this study, we explore the relationships of N fertilization on M. x giganteus of varying
stand ages and its associated soil bacterial communities. Unlike previous studies that assessed
stand age effects by following the same stands over multiple growing seasons, we used a
staggered start experimental design (Loughin 2006), in which we planted replicated plots of M. x
giganteus over three years within a randomized plot layout (Supplementary Fig. S1). This
allowed us to compare replicated stands of different ages of M. x giganteus within the 2018
growing season (Tejera et al. 2019) and to separate the effect of stand age from that of the
seasonal environment. We compared three stand ages of M. x giganteus and three N fertilization
rates (0, 224, and 448 kg ha*) during one growing season. We hypothesized that diversity and
membership of microbial communities within the soils of M. x giganteus are influenced by stand
age and N fertilization rate. Further, we expect that there is a relationship between observed
diversity and above ground biomass production of M. x giganteus. Identification of the
relationships between diversity, microbial composition, stand age, fertilization and productivity

will help to better predict their impacts on M. x giganteus sustainable growth.

Materials and methods

Site description: This study used the Long-term Assessment of Miscanthus Productivity and
Sustainability (LAMPS) site located in Central IA (42.013° N, 93.743° W). The site has poorly
drained soil (fine-loamy, mixed, superactive, mesic Typic Endoaquoll) and four replications of

each growing treatment as previously described (Tejera et al. 2019). In summary, treatment
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levels include three planting years (2015, 2016, and 2017) in 24 m x 120 m main plots with split-
plot treatments of five N fertilization rates (0, 112, 224, 336, and 448 kg ha™!) in 24 m x 12 m
plots (Supplementary Fig. S1). M. x giganteus clone “Freedom” (AgGrow Tech, Greensboro,
NC, USA) was planted in 0.3-m rows at a density of around 11 rhizome m2 by a specialized plot
planter. This clone has no discernible genetic differences from the “Illinois” or “Hornum” clone
used elsewhere in the literature (Glowacka et al. 2015). With the exception of plots with no
fertilization, N fertilization was annually applied as an aqueous solution of urea-ammonium
nitrate in a single application. Fertilizer was side-dressed into the soil at 0.1 m depth, following
coulter wheels spaced 1.5 m apart that cut field residue and opened the soil to avoid surface plant
residue. For the year of this study, N fertilizer was applied on May 9, 2018. Historically,
herbicide was applied to all stand ages during their first two years of growth to control weeds,
and standing biomass was annually removed mid-winter after full crop senescence and
substantial leaf drop (see Tejera et al. (2019) for full management details). Standing crop
biomass was measured on November 13, 2018 in two 1-m quadrants per plot following the
methods of Tejera et al. (2019) (Supplementary Table S1).

Sampling and DNA extraction: Soil samples were taken in 2018 from plots planted with M. x
giganteus in 2015, 2016, and 2017 representing four-year, three-year, and two-year stand ages,
respectively. Fertilizer was applied on May 9. Soils from blocks treated with 0, 224, and 448 kg
ha N fertilizer were collected on April 25, April 30, May 14, May 30, and July 3 or -14, -10, 5,
21, 55 days relative to fertilization, respectively. Bulk soils were obtained from within a 10 cm
radius of the plant using a sampling core with a 30.5 cm wet sample tube and 1.75 cm in
diameter (Clements Associates Inc, Newton, IA, USA). Roots collected within the sample were

not separated. The first 10 cm depth of soil was collected and stored immediately in sampling
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bags on dry ice; samples were stored at -80°C upon return to the laboratory. For each plot, two
to three samples were obtained and analyzed independently (e.g., not composited). In total, 432
samples were collected (4 blocks x 3 plots x 3 fertilization rates x 5 sampling days x 2-3
replicates). For DNA extraction, each soil sample was homogenized and aliquoted into a 0.25 g
subsample. DNA extraction was performed using MagAttract PowerSoil DNA EP kit for DNA
(Qiagen, Germantown, MD, USA) following the standard protocol of this kit and the liquid
handling of the Eppendorf epMotion 5075 (Eppendorf, Enfield, CT, USA).

16S rRNA gene amplicon sequencing: Deoxyribonucleic acid samples with concentration
above 10 ng pl™! were diluted to 10 ng ul™ prior to sequencing. Samples with concentration
lower than 10 ng pl™* were submitted directly for amplicon sequencing. In summary, the V4
region of the bacterial 16S rRNA gene was amplified. Amplification was performed using 10
MM each of 16S rRNA v4 region primers. The forward primer, 515F, used was
GTGYCAGCMGCCGCGGTAA, and the reverse primer, 806R, used was
GGACTACNVGGGTWTCTAAT. The target amplicon size was 390 bp. The PCR
amplification parameters were as follows for a 384-well plate: 94 °C for 3 min and then 94 °C for
60 s, 50 °C for 60 s, and 72 °C for 105 s repeated for 35 cycles with a final extension of 72 °C for
10 min. The specific protocol is described at

https://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/16s. Sequencing of bacterial

amplicons was performed on Illumina Miseq with Miseq Reagent Kit V2 (Illumina, San Diego,
CA, USA) at Argonne National Laboratory (Argonne, IL, USA), and sequencing libraries were
comprised of 150 bp paired-end reads. Sequencing data is deposited in the NCBI Short Read
Archive (SRA) as project PRINA601860 (sample specific data is shown in Supplementary Table

s1).
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Amplicon bioinformatic analysis: The sequencing data was analyzed by DADAZ2 package
(version 1.13.1) to determine abundances of amplicon sequence variants (ASVs) (Callahan et al.
2016). Truncated sequence read length was set to 145 bp to remove low quality tails based on
inspection of quality control profiles. The filtering parameters were set to be
truncLen=c(145,145), truncQ=2, rm.phix=TRUE, compress=TRUE. The taxonomic identity of
each observed ASV was determined using sequence similarity to representatives in the
Ribosomal Database Project (RDP) Classifier (version 11.5). ASVs observed in less than 10
samples were removed. Samples with less than 9,000 reads were removed, resulting in a total of
416 samples (Supplementary Table S1). Each sequencing library was adjusted to 9,000 reads for
estimation of ASV abundances unless otherwise indicated.

Statistical analysis: All statistical analysis was performed in R (R Core Team, 2019). We
estimated alpha diversity in samples, expressed as Shannon diversity and Chao 1 richness, using
the function estimate_richness() included in the phyloseq package, version 1.30.0. Alpha
diversity was estimated for each stand age and sampling day to identify differences between N
fertilization rates. Generalized linear mixed-effect models (GLMM) fit by maximum likelihood
were applied to test the effects of plant above-ground biomass, stand age, and N fertilization
rates on soil alpha diversity (Ime4 package, version 1.1-23 and ImerTest, version 3.1-2).
Experimental factors were considered as both main fixed effects, in interactions, and as a nested
random effect within blocks. The Wald chi-square test and least-square means for pairwise t-test
with false discovery rate correction for multiple comparisons were used to test the significance of
relationships between soil microbial richness and diversity and N fertilization and plant biomass.
The rank-based coefficient Kendall’s (t) non-parametric test was used to estimate the amount

and direction of correlation between evaluated factors and alpha-diversity measures.
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Permutational multivariate analysis of variance (PERMANOVA) distance matrices was
performed with the adonis() function from the vegan package, version 2.5 - 5, based on the Bray-
Curtis dissimilarity distances between samples with p-values for the test statistic (pseudo-F)
based on 999 permutations. As the experimental plot was identified as a major factor to structure
the microbial composition, PERMANOVA was also performed using the “strata” argument for
plot sites to better identify the impacts of stand age and N fertilization rates. This analysis
restricts permutations to samples within each block and was used to quantify variations between
and within treatments (e.g. N fertilization rates and stand age). To test differences in the
variability of soil bacterial communities between N fertilization, we used PERMDISP analyses
for each experimental period. Multivariate dispersions, based on distances of observations to
their centroid, were first calculated using the betadisper() function of vegan. The mean
dispersion was next compared between groups via the permutest() function (based on 999
permutations). Principal Coordinates Analysis (PCoA) was performed to visualize the
dissimilarity among samples using the Bray-Curtis dissimilarity matrix.

We identified representative ASVs within each stand age and required that each ASV be
detected with at least ten reads in a single sample. ASVs were next determined as unique to a
stand age or shared between stand ages. To represent these results, a venn diagram was created
using the VennDiagram package (version 1.6.20). To identify significantly enriched ASVs
between stand ages, differential abundance analysis based on the negative binomial distribution
with Wald’s test was performed on the experimental factors of block and N fertilization rate.
This analysis was performed by the function DESeq with non-rarefied data from the R package

DESeq2, version 3.8. Pairwise comparisons to unfertilized treatments were performed, including
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comparisons of 224 to 0 kg ha* N and 448 to 0 kg ha* N under each stand age of M. x
giganteus.

Code for all described analysis is available at https://github.com/germs-lab/LAMPS-

miscanthus-microbiome.

Results

In this study, the M. x giganteus plots performed typically for lowa, yielding between 12
and 30 Mg ha* depending on treatment and stand age (Supplementary Table S1). Stand age had
a large effect on biomass yield (Page = 0.0068). Three- and four-year old stands yielded ~20%
more biomass than two-year old stands. Nitrogen fertilization also had a significant effect on
biomass yield, with significant correlations with biomass in three- and four-year old stands but
not in two-year old stands (Pnrate < 0.0001, Supplementary Fig. S2). Fertilized plots yielded up
to 38% more biomass than unfertilized plots, but this response changed with stand age (Pnrate*age
< 0.0001).

In our M. x giganteus soil samples, we observed a total of 31 bacterial phyla and 39,810
ASVs. ASVs associated with Proteobacteria, Actinobacteria, Acidobacteria, Verrucomicrobia,
and Bacteroidetes were found to be the most abundant and comprising over 80% by relative
abundance (Fig. 1A). Proteobacteria were dominant in the microbiome, with
Alphaproteobacteria comprising the largest proportion followed by Betaproteobacteria,
Deltaproteobacteria, and Gammaproteobacteria (Fig. 1B). A total of 39,810 ASVs were
observed in sampled soils (Fig. 2). ASVs uniquely associated within each stand age were
identified, with 1,550, 812, and 701 ASVs identified in 2, 3, and 4 year-old stands, respectively.
Shared between samples from all three stand ages, a total of 27,315 ASVs (68% of total) were

identified, and these shared ASVs represent highly abundant membership, comprising over 80%
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of the total observed abundance (Fig. 3A). In contrast, unique ASVs identified from each stand
age comprised only a small percentage (<1%) of total observed abundance (Fig. 3B). These
unique ASVs were represented by diverse phyla but were dominated by Proteobacteria
(Alphaproteobacteria, Deltaproteobacteria, and Gammaproteobacteria), Actinobacteria, and
Acidobacteria.

Overall, we observed no statistically significant differences in alpha diversity between
soils originating from the three stand ages of M. x giganteus (Supplementary Table S2).
Fertilization rates and stand age interactions were observed to effect alpha diversity. With
increased fertilization rates, we observed that alpha diversity was negatively affected, especially
in two-year old stands (Fig. 4). This trend was also found in response to days since fertilization,
where alpha diversity decreased in samples directly after fertilization, particularly in younger
stands (Supplementary Table 3, Fig. 4). No significant (P > 0.05) correlations between alpha
diversity and days relative to fertilization were observed in four-year old stand or samples that
received no N fertilizer.

Next, we identified taxa and their associated phyla that were observed to be significantly
different between fertilization rates within each stand age (Supplementary Fig. S3). In two- and
four-year old plants, a total of 194 and 47 ASVs, respectively, were identified as significantly
differentially abundant ASVs under varying treatments of N rates. The most dominant phyla
represented by these ASVs in soils from two-year plants were Proteobacteria (classes
Alphaproteobacteria and Gammaproteobacteria) and Acidobacteria. Dominant phyla associated
with these ASVs in soils from four-year plants also included Proteobacteria (classes
Alphaproteobacteria and Gammaproteobacteria), followed by Actinobacteria. Overall, the

majority of these ASVs were unique to each stand age, with only 11 of these ASVs were
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identified as present in both two- and four-year old stands. From three-year old M. x giganteus,
only three ASVs were observed to change significantly due to the N fertilization rates.

Generally, we observed differences in the microbial community structure of the youngest
stand age (two-year) compared to the older stand ages. First, the ASVs identified as significantly
enriched in fertilized treatments of two-year old M. x giganteus samples represented a greater
relative abundance compared to those identified in older stand age samples (12 vs 3% average
relative abundance, Supplementary Fig. S3). Second, many of these ASVs were also found to
have a seasonal response to fertilization, and these trends were also more pronounced in two-
year old stands. Particularly, Proteobacteria (especially Alphaproteobacteria and
Gammaproteobacteria) and Acidobacteria (especially subdivision 1) increased in relative
abundance five days after the 448 kg ha* fertilization in both two-year and four-year old stands
(Supplementary Fig. S4).

Beta diversity was calculated based on Bray-Curtis dissimilarity for sample-to-sample
comparison. PERMANOVA analysis demonstrated that the largest observed variation to affect
this diversity was the plot of sample origination (R? = 0.244, F = 4.520, P = 0.001), followed by
stand age (R?=0.075, F = 21.652, P = 0.001) and fertilization rates (R =0.012, F = 3.532, P =
0.001). The days relative to fertilization (i.e., sampling day) also affected the microbial
community structure significantly (PERMANOVA, R?=0.09, F = 1.424, P = 0.04). To further
analyze the effects of stand ages and N fertilization rates, we evaluated differences within a
block. All PERMANOVA analyses were also performed without 'strata as plot' with similar
results observed. Comparison of beta diversity estimates observed between stand ages showed
that microbial communities between two- and three- year old M. x giganteus (PERMANOVA, F

=22.7, P = 0.001, strata with plot) and two- and four- year old M. x giganteus (PERMANOVA,
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F =5.37, P =0.028, strata with plot) were significantly different (Supplementary Fig. S5). No
significant difference was observed in communities from soils collected from the three- and four-
year old stands. While the most abundant phyla observed in soils from all three plant ages was
consistent, the contribution of specific phylum to the total abundance varied, with
Verrucomicrobia, Gemmatimonadetes, Planctomycetes, and Thaumarcheota observed as
significantly different between all three stand ages (Supplementary Fig. S6).

We evaluated the impact of N fertilization rates on the heterogeneity of microbial
composition within each stand age of M. x giganteus. Generally, we observed the largest
variation between samples in two-year old stand age (PERMDISP, F = 11.81; P = 0.001), where
significant differences were observed under all N fertilization rates (Supplementary Fig. S7). In
three-year old stands, this variation was found to be decreased (PERMDISP, F = 1.49; P =
0.238). In four-year old stands, significant dissimilarity between soil communities was detected
(PERMDISP, F =9.15; P =0.001), however, only significant differences were observed between
unfertilized and fertilized groups (PERMDISP, 0 x 224 kg ha: P = 0.003; 0 x 448 kg ha: P =
0.001; 224 x 448 kg hal: P = 0.244).

Finally, we evaluated our ability to predict the soil microbiome diversity from above-
ground biomass. Overall, patterns of increasing biomass with increased fertilization
(Supplementary Fig. S2). We developed a predictive model for the effects of the interactions
between above-ground biomass and N fertilization rate on alpha-diversity (Fig. 5). This model
showed a positive correlation of biomass and alpha diversity from fertilized samples which was
not present in non-fertilized samples. While we observed that there is not a direct effect of stand

age on alpha diversity (Supplementary Table 2), we identified a relationship between biomass
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and alpha diversity that varies depending on stand age and fertilization rates (Supplementary Fig.

s8).

Discussion

In this study, we explored the relationships between the soil microbial communities of M.
% giganteus, its stand age, and nitrogen fertilization rates. This community is dominated by
Proteobacteria (mainly Alphaproteobacteria), Acidobacteria, and Actinobacteria, which is
consistent with previous studies of M. x giganteus (Yan et al. 2017; Zhalnina et al. 2018). The
large majority of membership of this community is present across plants from all stand ages
within our study (Fig. 3B), though unique taxa were identified as specific to soils from two-,
three-, and four-year old plants.

To determine the impacts of plant stand age and fertilization rates on the overall M. x
giganteus microbiome, we evaluated several characteristics of the soil microbiomes, including
estimations of alpha diversity and significantly enriched members between treatments. While
there is evidence of a high proportion of the microbial community shared between the samples,
impacts of plant stand age and fertilization to alter these communities are illustrated consistently
in our results. Between microbiomes originating from plants of varying stand ages, differences
between microbial communities were observed to be mainly due to shifts in the proportions of
present bacteria rather than different community membership. In response to varying
fertilization rates, microbial taxa in each stand age were significantly enriched, with more
pronounced shifts in response to fertilization in communities associated with younger stand ages.
Additionally, we observe that the microbial communities associated with younger, two-year old
stands are more variable in their biodiversity. In comparison, the microbiomes of the four-year

old stands were observed to have decreased overall alpha-diversity and appeared more similar in
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composition to three-year old than two-year old stands. Overall, these results suggest that stand
age shifts the underlying soil microbial communities and is consistent with a previous study in
Pinus elliottii that showed a significant impact of plant age on microbial communities (Wu et al.
2015).

In the youngest stand age, notable enrichments of Proteobacteria, especially
Alphaproteobacteria and Gammaproteobacteria, and Acidobacteria were observed in response to
fertilization. Acidobacteria and Proteobacteria have previously been associated with N cycling
and have been observed to be enriched in response to long-term elevated nitrogen in diverse
agricultural soils (Dai et al. 2018; Pan et al. 2014). Acidobacteria have previously been found to
be sensitive to inorganic and organic nutrients inputs and have been previously associated with
nitrate reduction based on both the conservation of nitrate reduction genes and characterization
of this activity in isolates (Kielak et al. 2016; Ward et al. 2009). Our results are also consistent
with other studies which have observed the enrichment of Alphaproteobacteria and
Gammaproteobacteria in M. x giganteus in rhizomes after fertilization (Liu and Ludewig 2019).
Both Alphaproteobacteria and Gammaproteobacteria have also been observed as significant
membership in the phyllosphere of M. x giganteus, with both classes having compensatory
patterns over 10-week growing season (Grady et al. 2019). The consistent observations of the
enrichment of these bacteria in M. x giganteus suggests that these bacteria may play a role in the
microbial response to fertilization. A future research direction is to use functional studies to
understand whether these differences in microbial communities are attributed to functional
changes or benefits to the plant or soils.

In association with our observations that specific microbial membership in older

Miscanthus stands have a less pronounced response to fertilization, we also observed that the
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alpha diversity of older stand ages were generally less variable in response to fertilization
compared to alpha diversity estimated in younger stand ages. Our results consistently suggest
that interactions between stand age and fertilization are important to the diversity observed in M.
x giganteus. N fertilization has been previously shown to cause shifts of microbial communities
in other plant studies (Dai et al. 2018; Fierer et al. 2012; Yu et al. 2016), but within M. x
giganteus, previous studies have shown little effect of N fertilization on soil communities (Li et
al. 2016; Liu and Ludewig 2019). Our results indicate that stand age can influence the M. x
giganteus microbial community response to fertilization and thus N availability to the plants.
Over multiple growing seasons, plants within aged stands can accumulate increased dead plant
organs (litter and roots) both above and below the soil surface and also will develop more mature
rhizomes. Potentially, the decreased heterogeneity and variability in the response of the
microbiome of older M. x giganteus is related to its perennial growth and more consistency in
the availability of nutrients.

Our observations of role of stand ages in response to fertilization are also consistent with
the yield variability at this site (Tejera et al. 2019). We compared observations of alpha diversity
within soil microbiomes with above-ground biomass production observed during this sampling
year. We identified significant relationships between alpha diversity, stand ages, fertilization
and above-ground biomass production, with general patterns of increased above-ground biomass
with increased alpha diversity under fertilized conditions. Overall, this result highlights a
relationship between microbiome, plant productivity, and fertilization practices. As stands of
different ages were planted in different years, a possible confounding factor to these observations
are the conditions during the establishment of stands, e.g., climate conditions during the year of

planting. Soil properties, such as pH, climate, and organic carbon availability have previously
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been shown to affect associated microbiomes (Fierer 2017; Lauber et al. 2009). The year of
planting has been previously reported to significantly affect biomass yield along with stand age,
with planting condition associated with larger effects on one-year old stands but minimal
compared to age effects after the second year of growth (Tejera et al. 2019). Conditions
associated with planting, especially rhizome condition and weather conditions have been shown
to influence stand performance in subsequent years at climatically similar locations in North
America and Europe (Lewandowski et al. 2016; Maughan et al. 2012).

Overall, this study supports the use of microbial characterization to understand M. x
giganteus productivity and highlights the need to consider plant age in developing management
strategies. Our observations that there are consistent bacterial communities associated with M. x
giganteus that shifts in response to plant and soil traits justifies future research to better link this
microbiome with plant productivity and sustainability. This study specifically focuses on the
bacterial community within the M. x giganteus soil microbiome. Understanding the role and
interactions of other living organisms in the soil (e.g., fungi, nematodes, etc.) and their
interactions with nutrients represent another opportunity for future research. Additionally, there
is a need to obtain better functional information to understand the response of the M. x giganteus
bacterial communities to fertilization and how this helps to meet the N needs of M. x giganteus

over varying plant ages.
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563  Fig. 1. Phylogenetic distribution of M. x giganteus microbiome. A, The first eleven most
564  abundant phyla across all samples. B, Classes associated with Proteobacteria.
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584  Fig. 4. Short-term effect of N fertilization on the alpha diversity of soil bacterial communities in
585 M. x giganteus planting areas by stand ages. Chao 1 estimated richness for A, four- B, three-
586 and C, two-year old and Shannon diversity estimates for D, four- E, three- and F, two-year old
587  stand ages shown for varying fertilization rates and over the season. Sampling days are reported
588 relative to the day of fertilizer application. Asterisks indicate significant differences between
589  sampling days, where significance is denoted as * P < 0.05, ** P < 0.01, and n.s. = not

590 significant.
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