bioRxiv preprint doi: https://doi.org/10.1101/2024.06.03.597142; this version posted June 3, 2024. The copyright holder for this preprint (which

© 0 N o 0o b~ W DN P

N R R R R R R R R R R
O © o N o U1 A W N B O

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

Contrasting Rhizosphere Nitrogen Dynamics in Andropogoneae Grasses: Implications for

Sustainable Agriculture

Sheng-Kai Hsu'", Bryan D Emmett?, Alexandria Haafke?, Germano Costa-Neto?, Aimee J
Schulz3, Nicholas Lepak?, Thuy La!, Taylor AuBuchon-Elder®, Charles Hale?, Sierra S Raglin®,
Jonathan O Ojeda-Riveral, Angela D Kent®’, Elizabeth A Kellogg®®, M Cinta Romay* and
Edward S Buckler®3#*

YInstitute for Genomic Diversity, Cornell University, Ithaca, NY, USA 14853

2USDA-ARS, National Laboratory for Agriculture and the Environment, Ames, 1A, USA 50011
3Section of Plant Breeding and Genetics, Cornell University, Ithaca, NY USA 14853
4USDA-ARS, Robert W. Holley Center for Agriculture and Health, Ithaca, NY, USA 14853
Donald Danforth Plant Science Center, St. Louis, MO, USA 63132

®Carl R. Woese Institute for Genomic Biology, University of Illinois at Urbana-Champaign,
Urbana, IL, USA 61801

"Department of Natural Resources and Environmental Sciences, University of Illinois at Urbana-
Champaign, Urbana, IL, USA 61801

8Arnold Arboretum of Harvard University, Boston, MA, USA 02130

“Correspondence: Sheng-Kai Hsu, sh2246@cornell.edu; Edward S Buckler, esb33@cornell.edu



mailto:sh2246@cornell.edu
mailto:esb33@cornell.edu
https://doi.org/10.1101/2024.06.03.597142
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.03.597142; this version posted June 3, 2024. The copyright holder for this preprint (which

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

Summary

Background: Nitrogen (N) fertilization in crop production significantly impacts ecosystems, often
disrupting natural plant-microbe-soil interactions and causing environmental pollution. Our
research tested the hypothesis that phylogenetically related perennial grasses might preserve

rhizosphere management strategies conducive to a sustainable N economy for crops.

Method: We analyzed the N cycle in the rhizospheres of 36 Andropogoneae grass species related
to maize and sorghum, investigating their impacts on N availability and losses. This assay is
supplemented with the collection and comparison of native habitat environment data for ecological
inference as well as cross-species genomic and transcriptomic association analyses for candidate

gene discovery.

Result: Contrary to our hypothesis, all examined annual species, including sorghum and maize,
functioned as N "Conservationists,” reducing soil nitrification potential and conserving N. In
contrast, some perennial species enhanced nitrification and leaching ("Leachers"). Yet a few other
species exhibited similar nitrification stimulation effects but limited NOs  losses ("Nitrate
Keepers"). We identified significant soil characteristics as influential factors in the eco-
evolutionary dynamics of plant rhizospheres, and highlighted the crucial roles of a few transporter

genes in soil N management and utilization.

Conclusion: These findings serve as valuable guidelines for future breeding efforts for global

sustainability.
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Introduction

The development of inorganic nitrogen (N) fertilizer has revolutionized modern agriculture
(Khush, 2001; Smith et al., 2020). Nevertheless, the benefit comes at the cost of severe
environmental impacts. The soil microbial processes of nitrification and denitrification, which
transform the less mobile ammonium (NH4*) into free nitrate (NO3’) and nitrite (NOz’), lead to
inefficient use of synthesized inorganic N on farms and environmental pollution (Bremner &
Blackmer, 1978; Schlesinger, 2009; Billen et al., 2013). NOs" leaches from agricultural soil,
leading to eutrophication of neighboring water systems (Schlesinger, 2009; Billen et al., 2013).
The hypoxic zone in the Gulf of Mexico serves as a cautionary example (Rabalais & Turner, 2019).
Soil nitrous oxide (N20 and NOx) emission accounts for ~60% of agricultural greenhouse gas
footprint: N20O exhibits 265 times higher global warming potential than CO2, and 75% of
anthropogenic N20 emission in the US is from nitrification and denitrification processes in
agricultural soils (EPA, 2023). N loss from agricultural soils is particularly evident in early spring
(Luetal., 2022), likely due to the mismatch in timing between crop fertilization, plant N demand,
and soil microbial activities (Supplementary Figure S1; Bender et al., 2013; Hartman et al., 2022;
Kosola et al., 2023). Therefore, ensuring early, efficient and conservative utilization of soil N on

farms is crucial for global sustainability.

Recently, Subbarao & Searchinger, 2021 proposed a “more ammonium solution,” which
emphasizes managing soil nitrification rates to conserve N as NH4" in the soil. The proposed
approach requires careful and precise orchestration of the three-way interactions among plants,
soil and microbes. Soil characteristics, such as moisture and pH, affect plant growth, microbial
activity, and their interactions, including competition and various symbiotic relationships
(McNear, 2013). Conversely, microbes and plants can also modify soil properties to benefit their
own growth (McNear, 2013). Given the complexities of plant-soil-microbe interactions, it is not

entirely clear whether and how to control nitrification in agricultural soil.

Previous efforts have focused on plants and their impact on rhizosphere microbes. Crop scientists
identified the biological nitrification inhibition (BNI) capacity in various crops (Subbarao et al.,
2007c, 2009, 2013; Pariasca Tanaka et al., 2010; Tesfamariam et al., 2014; Sun et al., 2016; Byrnes
et al., 2017; Nufiez et al., 2018; Villegas et al., 2020), with the goal of improving their ability to
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76  inhibit soil nitrification on farms. Significant advances were made in identifying root exudates
77  with nitrification-inhibiting effects and understanding their biosynthesis (Tesfamariam et al.,
78  2014; Widhalm & Rhodes, 2016; Wang et al., 2020; Pan et al., 2021; Otaka et al., 2022). More
79  recently, a few studies have started to investigate the genetic variation within crop species to
80  explore the potential of genetic improvement (Petroli et al., 2023) and between species to seek
81  transferable BNI-contributing alleles from wild relatives (Subbarao et al., 2007b, 2021).
82
83  However, the benefit of BNI capacity in a crop species could vary depending on its NH4* uptake
84  efficacy (Abalos et al., 2018) and its tolerance to NH4* toxicity (Esteban et al., 2016). There is
85  massive variation in the preference between NH4* and NO3s™ among plant species adapted to distinct
86 environments (Houlton et al., 2007; Kahmen et al., 2008; Boudsocq et al., 2012; Britto &
87  Kronzucker, 2013). Hence, it is conceivable that suppression of nitrification can be detrimental to
88  NOs-preferring species (Boudsocq et al., 2012; Konaré et al., 2019) and the nitrification process
89 is not necessarily harmful to the environment if the converted NO3™ can be efficiently assimilated
90 and utilized. For instance, even within species, two ecotypes with opposing effects on nitrification
91  were found in different sites for Hyparrhenia diplandra (Lata et al., 2000). We hypothesize that
92  diverse species adapting independently to various environments manage their rhizosphere
93  differently, resulting in divergent patterns of N-cycling. Amongst the range in rhizosphere N
94  dynamics across species, we seek alternative strategies for N conservation in agricultural soils. In
95  particular, we anticipate finding favorable phenotypes among perennial grasses that establish
96 earlier in the season than the annual crops.
97
98 Inthis study, we focus on the Andropogoneae tribe of grasses, which has evolved to dominate 17%
99  of global land area with C4 photosynthesis, adapting to diverse habitats, often forming large
100 populations (Moore et al., 2019; Cowan et al., 2020; Bachle et al., 2022). Importantly, maize, one
101  of the most productive crops on earth, belongs to this tribe. We carried out a systematic assay on
102  the rhizosphere N traits in 36 Andropogoneae species, including maize and sorghum, during their
103  active vegetative growing stage. We discovered pronounced phenotypic variation and identified
104 three distinct rhizosphere N management strategies amongst different species: NH4* conservation,
105 NOs leaching, and NOs™ retention. Further biogeographical and environmental association

106  provides insights into the ecological selection forces shaping the three strategies. Through cross-
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107  species genomic/transcriptomic association analysis, we identified key genes and breeding targets
108 that could enhance agricultural sustainability.
109
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110  Materials and Methods

111  Plant materials

112  In this study we investigate a total of 36 Andropogoneae species, including two important annual
113  crops: maize (Zea mays) and sorghum (Sorghum bicolor) (Supplementary Table S1). These 36
114  species are distributed across the Andropogoneae phylogeny (Figure 1a). Significant BNI effect
115  was shown in maize and sorghum previously (Subbarao et al., 2013; Otaka et al., 2022; Petroli et
116  al., 2023). Except for maize and sorghum (seeds produced in the lab nursery), live clones of the
117  other 34 species were either clonally propagated from wild grassland habitats or grown from seeds
118  obtained from wild collections, the USDA-ARS National Plant Germplasm System, lowa State
119  University, or commercial sources (Supplementary Table S1). Plant materials were clonally
120 propagated in a greenhouse with 14 hours of daylight at 28°C and 10 hours of nighttime at 22°C.
121  Supplemental lights turned on when natural light was below 500 W/m?. Soil moisture was
122  maintained by daily watering. The plants were fertilized three times a week during watering
123 (480ppm 21-5-20: 7.92% NH4* and 13.08% NOs"; 1350ppm 15-5-15 + 4% Ca + 2% Mg: 3% NH4*
124 and 12% NOs’; 300ppm Fe chelate).

125

126  Greenhouse experiment

127  We performed a greenhouse experiment to investigate the phylogenetic variation of the
128  rhizosphere N cycle across Andropogoneae. This experiment followed a complete randomized
129 design (CRD) with three replicates per species. Greenhouse condition was the same as the
130 maintenance. For mesocosm soil, we used a 1:4 mixture of US corn belt soil (sourced from IL,
131  USA, 40.05180278°N 88.23133889°W; Soil features: OM 3.0%, CEC 16.4 meq/100g, pH 6.9,
132 NOs 5.9 ppm,NHs* 2.5 ppm, P 22 ppm, K 109 ppm) and Cornell Potting mix (a premix of 3.8 ft?
133 peat, 4 ft?> vermiculite, 4 ft?> perlite, 50 Ibs turface, 3 lbs limestone, 4 lbs 10-5-10 Media Mix
134  fertilizer, and 2 Ibs calcium sulfate). Maize and sorghum were germinated and grown for two
135 weeks. Then, seedlings of maize and sorghum and clonal plantlets of other species were
136 transplanted to cylindrical containers (diameter of 6 cm and height of 35 cm) filled with 700g of
137  mesocosm soil (Figure 1b). The clonal plantlets were trimmed to 15cm above soil to promote
138  regrowth. After transplantation, we allowed a 4-week establishment period with regular nutrient
139  supply as in the maintenance protocol. Afterward, a one-time application of 150 kg/ha NH4*-N as
140  (NH4)2SO4 (1000 ppm N) initiates the formal experiment (Figure 1c). At the end of the
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141  establishment period, fine nylon mesh bags containing 400ml of ion exchange resins (MAG-MB,
142  Resintech) are placed under the containers to capture leached NOs™ from the system, and Rhizon
143  soil moisture samplers (Eijkelkamp Agrisearch Equipment) were installed for soil pore water
144  sampling (Figure 1b). After transplantation, we irrigated each plant with 200ml of water daily to
145  control for the leaching rate. We collected soil pore water samples on day -4, 3, 15, 24 of the
146  experiment (Figure 1c). Sampling is conducted an hour after irrigation of 100ml water by suction
147  pressure using a common medical syringe via the Rhizon samplers. A sample of 10 ml of soil
148  solution was collected and stored at -20°C for later assay. On day 27, resin traps were collected
149  (Figure 1c). The resin was thoroughly homogenized and an aliquot of 40 ml resin of each bag was
150 sampled and stored at 4°C. On day 28, we collected root (5cm from the tips), leaf (5cm from the
151  tips) and soil samples (Figure 1c). Two samples of 40ml sieved soil per replicate were collected
152  and stored at 4°C: one for NOgs™ extraction and one for potential nitrification rate measurement.
153  Both collected soil and resin samples were processed within 14 days after the sampling.

154
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156  Figure 1. Plant materials and experimental design
157 a. Phylogenetic tree of the Andropogoneae grass species studied in the study. Asterisks denote annual taxa. b.
158 Illustration of the potting setup. Each seedling is planted in a tall cylindrical pot with a height (H) of 35cm and a
159 diameter (¢p) of 6cm. A soil pore water sampler is inserted to the soil and a trap with ion-exchange resins is installed
160 beneath the pot. c. Timeline of the greenhouse experiment. There are four weeks of establishment phase for the plant
161 to recover from the transplantation. The experiment starts with the application of 150 kg/ha NH4*-N as (NH4)2SO4
162 (1000 ppm N). We collect soil pore water samples on day -4, 3, 15, 24 of the experiment. On day 27, resin traps are
163 collected. On day 28, we collected soil samples and plant tissues. Soil pore water, resin and soil samples are for
164 rhizosphere N trait measurement and the plant tissues are subjected to RNA extraction and sequencing.
165
166
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167 NOs extraction and quantification

168  We extracted 2 grams of fresh soil media in 5 ml of 2M KCI extraction solution. The samples were
169  shaken for 1 hour. After shaking, the samples were allowed to rest undisturbed for at least 30
170  minutes. The top layer of the extract solution, in a volume greater than 1 ml, was then filtered into
171 new tubes. Similarly, for resin extraction, we extracted 2 grams of resin in 5 ml of 2M KCI. The
172  extracts were stored at -80°C until shipment and quantification. Nitrate concentrations in pore
173  water, soil and resin extracts were quantified colorimetrically using the VCls/Griess method
174  (Miranda et al., 2001) in a 96-well microplate (Doane & Horwath, 2003). Plates were incubated
175 overnight in the dark and absorbance at 540 nm read using a Synergy HT microplate reader. A
176  standard curve of 0 to 15 ppm was included on each plate and calculated concentrations expressed
177  on asoil dry weight basis (ug N g soil ).

178

179  Potential nitrification rate measurement

180 Nitrification potential of mesocosm soil was assessed on fresh soils within a week of sampling
181  using the shaken slurry method of (Hart et al., 1994). Approximately 5 g of moist soil media was
182  placed in a half pint mason jar along with 33 ml of buffer (0.3 mM KH2POas, 0.7 mM K2HPOg4,
183  0.75 mM (NH4)SOa, pH 7.2), capped with a vented lid and shaken at 150 rpm at 30 °C for 24 hr.
184 At 2,4,22and 24 hr a 1 ml aliquot was sampled from each jar and centrifuged at 16,000 x g at
185  4°C for 10 min, the supernatant removed and stored at -20°C until quantification of nitrate as
186  described above. Potential nitrification rate (PNR) was calculated as the rate of nitrate
187  accumulation over time using the equation:

188

Rate (mg N L™ hr™1) x 0.033 L + wvol.water in soil sample

1 PNR Nkg*hr 1) =
89 (mg N kg™ hr™") kg oven dry soil in jar

190
191  Comparing the PNR of each sample to bulk soil blank samples, we calculated the relative PNR in

192  percentage as following:

193
PNR — PNR .
194 Relative PNR (%) = ( sample bulk soit)
PNRbulk soil
195
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196  Characterization of species with distinct rhizosphere N managing strategies

197  Comparing the average rhizosphere N trait measures of each species to the average measures of
198  bulk soil blank samples, we identified three groups of species that manage their rhizosphere N
199 differently. The groups and criteria are as following:

200 1) Conservationists: PNR reduced by 25% or more and NO3s™ lost by <50%
201 2) Leachers: PNR elevated by 25% or more and NOs™ lost by >50%

202 3) Nitrate keepers: PNR elevated by 25% or more but NOs" lost by >50%
203

204  Characterization of geographic adaptation and environmental vectors (envPCs)

205 To estimate the natural environmental conditions in which each species occurs, we conducted a
206  two-step environmental characterization. The initial step estimated the geographic range of each
207  species using geographic coordinates sourced from species diversity and global distribution
208  databases. This was accomplished using the R packages ‘BIEN’ v1.2.6 (Maitner, 2023) to access
209 the Botanical Information and Ecology Network (BIEN). Then, the second step was focused on
210 obtaining the environmental features characteristic of their adaptation. For each coordinate sample,
211  we extracted a set of 94 environmental factors from diverse publications (Ross et al., 2018;
212  Lembrechts et al., 2022) and databases, including WorldClim (Fick & Hijmans, 2017), FAO-
213  GAEZ (‘GAEZ v4 Data Portal’) and GDSE (Shangguan et al., 2014) (Supplementary Table S2)
214  using the packages ‘terra’ v1.7 (Hijmans et al., 2023). Subsequently, we computed the ranges of
215 these environmental features for each species in terms of quantiles (10%, 50%, and 90%) across
216  their geographic distribution. A total of 282 environmental features (a combination of
217  environmental factors and quantiles) were obtained (Supplementary Table S3). Data quality
218  control was performed by removing features with a rate of missing values higher than 10%, and
219 imputing missing values using the function imputePCA() from the package 'missMDA' v1.19
220  (Husson & Josse, 2023). Finally, using the function PCA() from the package ‘FactoMineR’ v2.9
221  (Husson et al., 2023), we did an eigen decomposition of the environmental relationship matrix to
222  obtain linear and orthogonal combinations of numerous environmental features, the so-called
223  environmental principal components (envPCs; Supplementary Table S3). We assumed that each
224 envPC captures a different spatial and climatic trend of the global environmental diversity, serving
225 asaproxy for the ecological range and the selection pressure that might shape the local-adaptation

226  of each species.
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227

228  Association between habitat environment and rhizosphere N traits

229  To investigate the potential ecological selection pressure that shapes the distinct rhizosphere N
230 dynamics in Andropogoneae species, we modeled the impact of different environmental features
231  of the native habitat range on the rhizosphere N traits (i.e. potential nitrification rate, soil NO3’
232 content, and NOs loss) as follows:

233 Y ~envPC + ¢

234  Where Y stands for average trait values, LoF denotes the binary scores that predict potential
235  functional loss of the homolog, and ¢ is the residual.

236

237  Using a linear regression approach, we identified the envPCs that significantly co-vary with at
238  least one rhizosphere N trait (p-value < 0.05). For each significant envPC, we extracted the
239  significantly contributing environmental features and investigated the distribution of these
240  variables in the three species groups.

241

242  Genome assemblies

243 25 of the studied taxa have high quality long read assemblies available publicly (Zea mays ssp.
244 mays var. B73 (Hufford et al., 2021), Zea mays ssp. mays var. Mo17 (Sun et al., 2018), Sorghum
245  bicolor var. Btx623 (v3) (McCormick et al., 2018), Miscanthus sinensis (Mitros et al., 2020),
246 PanAnd (In prep.)). For 9 of the remaining species, short-read whole genome sequencing data were
247  generated to supplement the long-read data. DNA was extracted from leaves. (Qiagen Inc.,
248  Germantown, MD). Extracted samples were quantified and Illumina Tru-Seq or nano Tru-seq
249 libraries were constructed according to sample concentration. Samples were sequenced in pools of
250 24 individuals in one lane of an S4 flowcell in an Illumina Novaseq 6000 System with 150 bp pair-
251 end reads. With short sequencing reads passing our customized quality control (Schulz et al.,
252 2023), assemblies were generated using Megahit v1.2.9 (Li et al., 2015) using a minimum kmer
253  size (--k-min) of 31 and default setting for the other parameters (Schulz et al., 2023). Two studied
254  genomes without genome assemblies were excluded for phylogenetic and cross-species
255  association analysis.

256

257
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258 Identification of the functional homolog

259  Asthe unit of the cross-species genomic and transcriptomic association analyses, we identified the
260  most likely functional homologous genes among genome assemblies of various Andropogoneae
261  taxa, using the closest outgroup, seashore paspalum (Paspalum vaginatum) (Sun et al., 2022) as
262  reference. Annotated proteins in seashore paspalum were queried against all Andropgoneae
263  genomes using miniProt v0.10 (Li, 2023). We retained the primary alignment (with the least
264  sequence divergence from reference) in each genome to represent the functional homologs. We
265  studied the functional homologs instead of the syntenic orthologs to prevent the comparison among
266  orthologs that underwent differential genome contraction processes following whole genome
267  duplication and/or polyploidization events, which occur repeatedly within the Andropogoneae
268  tribe (Estep et al., 2014; Mitros et al., 2020; Zhang et al., 2024). Ideally, the functional homologs
269  represent the most conserved gene copies among the homeologs/paralogs for each species.
270  Multiple sequence alignments (MSAS) of the coding sequences (CDS) of each functional homolog
271  were generated using MAFFT v7.508 (Katoh et al., 2002).

272

273  Phylogenetic tree construction

274  We used the diversity of the putatively neutral loci to construct the phylogenetic relationship
275  amongst the assayed species in this study. We used the four-fold degenerate sites in the CDS MSA
276  of 2,000 random homologs that are present in >75% of all assayed species to construct the
277  maximum likelihood species tree using RAXML v8.2.12 (Stamatakis, 2014) with the GTR model
278  + Gamma correction for rate heterogeneity (-m GTRGAMMA).

279

280  Loss of function prediction

281  Assuming functional constraint, for a homolog, we inferred that taxa with no alignment or
282  unusually long genetic distance to the outgroup (one standard deviation away from average genetic
283  distance) likely lost or shifted their function. Hence, we define a binary loss-of-function (LoF)
284  score to represent the presence of a functional gene copy in each taxon. LoF score equals O for the
285  taxa with missing or distant alignments while 1 for the other taxa.

286

287

288
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289  RNA extraction and sequencing

290 RNA was extracted from leaf or root tissues using the Direct-zol-96 RNA extraction kit by Zymo
291  Research and RNeasy Plant mini kit by Qiagen based on manufacturers’ protocols. A few random
292  RNA samples were selected for fragment analysis using the BioAnalyzer to check for fragment
293  size and purity using RIN number of >6. RNA-seq library preparation was performed using the
294  NEBNext® Ultra Il Directional RNA Prep Kit for Illumina and NEBNext® Poly(A) mRNA
295  Magnetic Isolation Module. Initial RNA concentration for each sample used ranged from 250-
296  1000ng. Pair-end 150bp reads were generated by the Illumina NovaSeq X Plus PE150 platform.
297

298  Homolog expression quantification and normalization

299  Using Salmon v1.10.2 (Patro et al., 2017), we quantified the expression level of each homolog in
300 different species in reference to the phylogenetically closest long-read genomes (Supplementary
301 Table S1). In addition to coding exons of each homolog, we included reads mapped to putative
302 untranslated regions (within 500bp up- and downstream of the coding regions) for expression
303 quantification. Libraries with mapping rate < 40% were excluded from the subsequent analyses.
304  With a consistent set of homologs, expression was quantified in transcripts per million (TPM) and
305 thus was comparable across species. Only homologs expressed (TPM > 1) in > 10% of samples
306  were retained for subsequent association analysis. For each taxon, we calculated the average
307  expression of homologs among the replicates.

308

309  Cross-species genomic and transcriptomic association analyses

310 Totackle the genetic variation of the rhizosphere N traits amongst the assayed species, we modeled
311 thetrait variation with the functionality and regulation of each homolog separately. First, we tested
312  the impact of loss-of-function (LoF) of each homolog on trait variation with the following model:
313 Y ~LoF + ¢

314 Where Y stands for average trait values, LoF denotes the binary scores that predict potential
315 functional loss of the homolog, and ¢ is the residual.

316

317  Similarly, an association model was applied to test for the impact expression/dosage changes on
318 trait evolution:

319 Y ~Expr+ ¢
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320 Where Y is the trait vector, Expr stands for the expression of each homolog in logz-scale and ¢ is
321  theresidual.

322

323 A matrix of shared branch length among species in the species tree was included in the models as
324  arandom effect to control for species relatedness (shared macroevolutionary history) as proposed
325  previously (Lynch, 1991). However, potentially due to the star-like phylogeny of the assayed
326  species or the phylogenetically independent evolution of rhizosphere N dynamics, including this
327  random effect term had little impact on the test results (Supplementary Figure S2). Hence, we
328  focus on the results of the fixed effect model for simplicity.

329

330 Candidate genes

331  The moderate sample size (N = 36) compromised the power of the above trait-by-homolog
332  association models at a genome wide scale. Hence, we focused on an a priori set of 188 candidate
333  genes previously shown to affect BNI compound synthesis and transport as well as N uptake and
334  mobilization in maize and sorghum (Supplementary Table S4) (Léran et al., 2014; Tesfamariam
335 etal., 2014; Widhalm & Rhodes, 2016; Wang et al., 2020; Pan et al., 2021; Otaka et al., 2022;
336  Petroli et al., 2023).
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337 Results

338  The evolution of distinct rhizosphere N cycle management strategies

339  We measured the potential nitrification rate (PNR), NOs™ production and loss in the rhizosphere
340  system of various Andropogoneae species grown on US corn belt soil during their active vegetative
341  growth stage (Figure 2a). Significant variations were observed across species in all three
342  rhizosphere N traits (Table 1). However, this variation did not show a clear association with the
343  neutral phylogeny, indicating independent trait evolution (Figure 2b). A rhizosphere system with
344 higher nitrification potential accumulates more NOs™ (Figure 2d) while this does not necessarily
345 translate to higher NOs™ leaching (Figure 2c¢). This suggests that some species may be able to retain
346  or utilize NOs differently. Comparing the potential nitrification rate against the NO3" loss (Figure
347  2c), we showcase that three distinct N cycle management strategies within the rhizosphere systems
348  haveevolved in the Andropogoneae tribe. Interestingly, the rhizosphere soil of all examined annual
349  species, irrespective of domestication status (Sorghum bicolor, Zea mays, and Thelepogon
350 elegans), exhibited pronounced nitrification inhibition (potential nitrification was reduced by 25%
351  or more compared to bulk soil potential). These species produced and lost the least NO3", thereby
352 conserving N within the system (Figure 2c). Vetiver, Chrysopogon zizanioides, is the only
353  perennial species that demonstrated similar N conservation traits. We categorize these species as
354  “Conservationists.” In contrast, most perennial grasses exhibited no significant control over the
355 nitrification rate in their rhizosphere, with some even enhancing nitrification markedly
356  (nitrification was elevated by 25% or more compared to bulk soil potential). Seven of these
357 nitrification-enhancing species (Elionorus tripsacoides, Themeda triandra, Urelytrum digitatum,
358  Sorghastrum nutans, Schizachyrium scoparium, Anatherum virginicum and Schizachyrium
359  microstachyum) displayed increased NOs™ production and leaching (>50% of bulk soil NOs™ loss),
360 asanticipated (Figure 2¢). These species are referred to as “Leachers.” Intriguingly, another group
361  of species (Ischaemum rugosum, Miscanthus junceus, Pogonatherum paniceum and Andropogon
362 gerardi) enhanced rhizosphere nitrification while minimizing NOz™ loss from the system (<50%

363  of bulk soil NOs™ loss) (Figure 2¢). We term these species “Nitrate Keepers.”

median mean Std. deviation C.V. Ntaxa
PNR 1.80 1.92 1.02 0.53 0.82***
Soil NOs 1.20 1.35 0.87 0.65 0.61***
Leached NO3’ 1.05 3.60 6.21 1.73 0.40°

364
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365  Table 1. Descriptive statistics for soil N measurements. Potential nitrification rate (PNR) in mg N kg hr?, soil
366 NOj3 concentration (mg N kg'*; PPM) and leached NOj3™ concentration (mg N kg%; PPM). The sample size equals 112
367  which is composed of 37 taxa each with 1-3 replicates. The variance explained by taxa (n?axa) are calculated based on
368  theanalysis of variance (ANOVA) using log-transformed trait data as following: N%axa = SStaxa/ SStotal. The significance
369  of the taxa term in ANOVA is denoted as following: *** p < 0.001; " p <0.1.
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373  Figure 2. Soil N measurements and the classification of distinct rhizosphere N managing strategies.
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374 a. lllustration of the soil N cycle. Soil N exists as organic N, NHs* and NO3™. Via mineralization processes, organic N
375 is mobilized into NH4*. NH4* can be nitrified into NO3™. Through immobilization processes, inorganic NO3™ turns back
376 into organic N. Due to high mobility, NO3™ is more likely to escape the system, either through leaching or subjected
377 to denitrification and turned to N2 and N2O. Given our focus on how diverse grass species manage their rhizosphere
378 N budget, we measured (1) the potential nitrification rates (PNR) in different studied taxa relative to a bulk soil blank
379 sample (in percentage), (2) soil nitrate concentrations (PPM) and (3) the amount of nitrate leached (PPM). b.
380 Phylogenetically independent evolution of the rhizosphere N traits. Extremes of the measured rhizosphere N traits
381 evolved multiple times across the Andropogoneae phylogeny. Trait values are shown after normalization ((x-
382 mean(x))/sd(x)) as heatmap. Colors in tip labels refer to panel c. c-d. Scatter plots amongst the three measured N traits.
383  The classification of distinct rhizosphere N managing strategies for different taxa is based on c. Relative to a bulk soil
384  blank sample, “Conservationists” inhibit PNR by 25% or more and leach NO3™ by 50% or less; “Leachers” elevated
385 PNR by 25% or more and leach NO3 by 50% or more, and “Nitrate keepers” increase PNR by 50% or more but lost
386  NOs by 50% or less.

387

388  Ecological selection on rhizosphere N cycle

389 To understand the potential ecological selection forces that drive the evolution of distinct
390 rhizosphere N management strategies in different species, we associated the biogeography and
391 habitat environmental conditions of diverse Andropogoneae species with their rhizosphere N traits.
392  The range records of different species were retrieved from the Botanical Information and Ecology
393  Network (BIEN). Using all the documented occurrence coordinates, we collected a total of 291
394  environmental features (see materials and methods) and summarized the environmental variation
395 with 20 principal components (envPCs) which account for >80% of the total environmental
396 variance (Supplementary Figure S3). Association analysis revealed five envPCs that significantly
397 explain the rhizosphere N trait variation (Figure 3a). Several soil characteristics (e.g. acidity,
398 nutrient composition, temperature, particle size...etc) and climatic factors (e.g. isothermality)
399 loaded heavily on the significant rhizosphere N-associated envPCs (Supplementary Figure S4).
400  “Leachers” originate from areas with drier and sandier soil with high leaching potential (Figure
401  3b-d). “Conservationists” with nitrification inhibitory effects are adapted to less acidic (Figure 3¢
402 and j), more fertile (Figure 3f and g) soil where nitrifying microbes may be more active. We also
403  observed slightly higher soil isothermality (i.e. diurnal changes are closer to seasonal difference)
404  in the habitat range of the “Conservationists” (Figure 31). The “Nitrate keepers” originally live on

405  potassium (K)-rich soil (Figure 3h). This result implied that the diverse rhizosphere N management
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406  strategies in the Andropogoneae tribe may evolve as potential adaptive responses in distinct
407  ecological niches.

408
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410 Figure 3. The association of rhizosphere N traits and the native habitat environments.

411 a. A summary of the association analyses between the habitat environments of different species and their rhizosphere
412 N traits. The habitat environments of different species are summarized with a principal component analysis (PCA) of
413 282 environmental features, where the top 20 envPCs explained >80% of total variance. A list of the environmental
414  features and the loading of the PCA is available in Supplementary table S2. We test the association of each envPC
415  with each rhizosphere N trait. Each cell indicates an independent test. The color and the circle size denote the effect
416 of the association (Pearson’s correlation coefficient). Asterisks denote statistical significance (p < 0.05). Five envPCs
417 significantly co-vary with the rhizosphere N trait variation. We select a subset of the top contributing environmental
418  features to these significant envPCs and visualize the difference between species with different rhizosphere N
419 managing strategies. These include b. soil sand content, c. soil clay content, d. soil water content, e. soil pH, f. soil N,
420 g. soil phosphate (P), h. soil potassium (K) and i. soil isothermality. Small case letters denote statistical grouping
421 based on Fisher’s Least Significant Difference test. j. A map of global soil acidity (pH) with species occurrence records
422 (empty dots) overlaid. Occurrence data are retrieved for each studied Andropgoneae species from the BIEN database.
423 Species with >20 occurrence records are down-sampled to 20 records for visual clarity. Dot colors follow the species
424 group colors denoted in panel e. Both leacher and nitrate keeper species (blue and orange) showed occurrence in more

425 acidic environments.
426

427  Genetic basis of the variation in rhizosphere N cycle

428  Next, we explored how the potential loss of function and regulatory evolution of the homologs
429  affect the rhizosphere N cycle. With a linear modeling framework, we conducted a total of nine
430  sets of cross-species association analyses between the three rhizosphere N traits (PNR, soil NO3s
431 and NOs loss) and three genetic factors (loss of function prediction, leaf expression and root
432  expression). The moderate number of species assayed in this study limits the statistical power of
433  the association models. Therefore, we focus our gene discovery on a set of 188 candidates
434  (Supplementary Table S4) identified from previous works (Léran et al., 2014; Tesfamariam et al.,
435  2014; Widhalm & Rhodes, 2016; Wang et al., 2020; Pan et al., 2021; Otaka et al., 2022; Petroli et
436  al., 2023). We aim to test for shared evolution signatures in multiple species that evolved similar
437  rhizosphere N managing strategies. Compared to a random set of homologs, a priori candidate
438 homologs are enriched for significant association at the p-value threshold of 0.01, particularly
439  between root expression profiles and rhizosphere N traits (Supplementary Figure S5). We
440 identified 13 homologs that are key to the variation of rhizosphere N cycle in diverse species
441  (Figure 4a and Supplementary Figure S6; Supplementary Table S5).

442
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443  The significant candidates mostly encode transporter proteins, which include three ammonium
444  transporters (AMTSs), two nitrate/peptide transporter family proteins (NPFs), one sugar
445  transporters (SWEETS) and three ABC-type transporters (Figure 4a). The potential loss of function
446  of ZmNPF8.12 homolog is significantly associated with higher nitrification rate. >70% of the
447  Leachers, which produced and lost the most NOs", do not have a functional copy of this homolog
448  (Figure 4b). In line with this, we detected a signature of relatively constrained evolution for
449  ZmNPF8.12 homologs in the Conservationists species (codeml-branch model; likelihood ratio =
450 6.58, p = 0.01). Leaf expression of the ZmNPF2.2/2.3 homolog appears to be important for N
451  conservation (Supplementary Figure S7). The homolog of ZmAMT3.2 exhibits relatively high
452  expression in the roots of the Conservationists species which exhibit strong nitrification inhibitory
453  effects (Figure 4d). Root expression of the ZmMSWEET2a homolog is associated with lower NO3s
454 leaching, with low expression in the roots of the leacher species (Figure 4e). In addition to the
455  nutrient transporters, the expression of the ZmABCc8 homolog is negatively correlated with
456  rhizosphere nitrification rate (Figure 4f).

457

458  Four homologs of the genes involved in BNI metabolite biosynthesis were detected, one of which
459 s found in the benzoxazinoid biosynthetic pathway (Figure 4a). HDMBOA, an important BNI
460  metabolite in maize (Otaka et al., 2022), is a benzoxazinoid derivative (2-hydroxy-4,7-dimethoxy-
461  1,4-bezoxazin-3-one). Potential loss of function of the ZmBx10/11/12/14 homolog, which
462  catalyzes the synthesis of the storage form HDMBOA-glucoside (Otaka et al., 2022), is associated
463  with increased production of rhizosphere NO3s™ (Figure 4a): we only observe putative loss of
464  function events in two Leacher species (Figure 4c). In addition, we also observe a significant
465  negative correlation between the NOs" loss rate and the leaf expression of ZmVdacla homolog.
466  ZmVdacla encodes an isochorismate synthase which is potentially important for the synthesis of
467  zeanone, another BNI metabolite in maize (Otaka et al., 2022). The leaf expression of another
468 homolog encoding a ZmAroC-like protein correlates negatively with soil nitrification: higher
469  expression is observed in the conservationist species (Figure 4g).

470
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471
472  Figure 4. Genes underlying the rhizosphere N trait variation.
473  a. A summary of the significant association between different genetic factors (i.e. LoF prediction and expression
474  estimates) and the rhizosphere N traits across species for the candidate homologs. For each homolog, there are nine
475  association tests (three genetic factors by three rhizosphere N traits) as denoted by the columns. Each row is a homolog
476  that exhibits significant association in at least one trait-genetic combination. Row annotation colors indicate the gene
477  classes each significant homolog belongs to. The cell colors denote the strength and direction of the association
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478 (Pearson’s correlation coefficient, r). Stars denote statistical significance( **: p <0.01; ***: p <0.001). The same test
479 summary for all tested homologs is available as Supplementary Figure S6. b. & c. Bar plots demonstrating the
480 occurrence of potential LoF in different species groups with distinct rhizosphere N traits for the homologs of NPF8.12
481 and Bx10,11,12,14 respectively. Bar heights indicate the count of taxa. Colors denote the species groups. Solid bars
482 represent the functional copies while slashed bars indicate potential loss of function. d-g. Homolog expression profiles
483 in different tissues (left: leaf and right: root) in different species groups with distinct rhizosphere N traits (colors) for
484 a subset of candidates: d. AMT3.2, e. SWEET2a, f. ABCc8, and g. AroC-like2. The remaining significant homolog-

485  trait associations are visualized in Supplementary Figure S7.

486

487  Despite the limited statistical power, top outliers with the strongest association signatures among
488  all tested homologs may also be reliable candidates, in addition to the a priori ones. We identified
489  thetop five candidates in each of the nine association tests and collected a union set of 40 homologs
490  (Supplementary Table S5). These homologs are enriched for biological functions related to defense
491  responses (GO:0050832, GO:0042742 and GO:0031640) as well as cell wall and polysaccharide
492  catabolic processes (GO:0006032, GO:0016998 and GO:0000272) (Supplementary Table S6).
493  The potential loss of function in a homolog encoding a knottin scorpion toxin-like protein and low
494  root expression of the ZmSod2 (superoxide dismutase) homolog are linked to elevated NO3s™ loss.
495  Additionally, increased expression of several homologs with putative chitinase, cellulase, and
496  laccase activities correlates with higher NOs™ loss. These findings highlight the significance of
497  plant-microbe interactions in the rhizosphere for soil N dynamics.

498
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499  Discussion

500 In this study, we present the first systematic screening for rhizosphere N dynamics in dozens of
501  grass species with wide adaptive ranges, identifying three distinct patterns of N-cycling (Figure
502  5). BNI capacity, in combination with a “more ammonium” management, was proposed as one
503  important trait for soil N sustainability (Subbarao & Searchinger, 2021). The documentation and
504  success of BNI capacities in perennial grasses in tropical savannas (Subbarao et al., 20073;
505 Srikanthasamy et al., 2018) and pasture systems (Baruch et al., 1985; Rossiter-Rachor et al., 2009)
506  gave rise to the hypothesis that some Andropogoneae species may present enhanced BNI capacity
507  and potentially favorable rhizosphere N traits that are not observed in the standing genetic variation
508 of domesticated annual maize. However, we observe little evidence supporting this hypothesis.
509  Despite substantial variation across diverse Andropogoneae species, only one wild annual grass,
510 Thelepogon elegans, exhibits slightly higher BNI capacity and N conservation than the
511  domesticated annuals in our experiment. Both annual crops assayed in this experiment, maize and
512  sorghum, are already good N Conservationists. This result undermines the leverage of tribe-level
513  phylogenetic diversity for BNI improvement in maize. However, the systematic assays of diverse
514  grasses allowed unprecedented biogeographic and cross-species genomic/transcriptomic analyses
515  on the emergence and evolution of rhizosphere N cycles (Figure 5).

516

517  Three out of the four conservationist species exhibit annual life history, implicating potential
518  benefit of such N conservation traits during the perennial-annual transition. We observed that the
519  conservationist species originate from more fertile areas (high N and P; Figure 3f-g and Figure 5).
520 Incontrast to the hypothesis that low N availability drives the evolution of BNI (Lata et al., 2022),
521  our result suggests the competition with nitrifiers for more available N may be the driving force
522  for the emergence of BNI. Notably, in addition to N fertility, we also observed a significant
523  association between BNI capacity and soil pH. Species with high BNI capacity grow on less acidic
524  soil (Figure 3e and Figure 5). Independent evidence for the emergence of BNI capacity during the
525 adaptation to alkali soils was also documented recently (Wang et al., 2023; Przybylska et al.,
526  2024). We expect limited nitrifier populations in more acidic environments as the nitrification
527  reaction is largely inhibited when soil pH is below 5 (Dancer et al., 1973). Hence, we hypothesize
528 that BNI capacity and NH4* conservation mechanisms in a few Andropogoneae grasses could

529  emerge in competition with nitrifying bacteria during evolution. Nevertheless, maize field soil was
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530 used in our common garden experiment so it is also possible that the lack of nitrification inhibitory
531  or even stimulating effects in some of the wild species may be mal-adaptive plasticity in response
532  tothe foreign soil and microbes. Multiple common garden experiments including distinct soil types
533  or reciprocal transplantation between some species pairs will provide further insights into this
534  hypothesis.

535

536  The discovery of Nitrate Keepers, which enhanced nitrification while conserving NOs, is
537 interesting. There is massive variation in the preference between NH4" and NOs™ among plant
538  species (Houlton et al., 2007; Kahmen et al., 2008; Boudsocq et al., 2012; Britto & Kronzucker,
539  2013), and such preference determines the fitness benefits and cost of BNI capacity (Boudsocq et
540 al., 2012; Konaré et al., 2019). Stimulation of nitrification can be particularly beneficial for NOs
541  -preferring species in competition to NH4*-preferring plants. The example of two ecotypes with
542  opposing effects on nitrification for Hyparrhenia diplandra (Lata et al., 2000) highlights the
543  presence of environment-specific plant-plant and plant-microbe competition for different N-
544  sources and the evolution of locally adapted soil N management strategies. Therefore, we speculate
545  the “Nitrate Keepers” may exhibit a preferential uptake of NOs  over NHs* while further
546  experiments are still needed.

547

548 In this study, each species was represented by only one genotype, which is a potential caveat:
549  different ecotypes within a species might influence soil chemistry differently (e.g. (Lata et al.,
550  2000). Examining within-species variation, while potentially important and insightful, was beyond
551  the scope of the study, which was designed for broad interspecific differences exploration. We
552  encourage future studies to follow up on the variation within a couple of the species or to include
553  multiple genotypes per species in similar analyses.

554

555  This substantial cross-species variation in rhizosphere N dynamics underscores the importance of
556  understanding the genetic underpinnings of these traits. The enrichment of transporter-encoding
557  homologs, particularly N transporters, in our cross-species association analyses consistently
558 highlights the relevance of soil N dynamics and plant preference. On the one hand, nitrification-
559 inhibiting Conservationists have higher root expression of ammonium transporter (ZmAMT3.2),

560 implicating their potential preference for conserved NH4" (Figure 4d and Figure 5). On the other
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561 hand, most Nitrate Keepers exhibit lower root expression of ZmAMT3.2 (Figure 4d) but preserve
562 a functional copy of the ZmNPF8.12 nitrate transporter homolog unlike the Leachers, implying
563 their potential preference for NOs  (Figure 4b and Figure 5) Interestingly, another ammonium
564  transporter paralog, ZmAMTS5, was identified in a recent GWAS study on maize BNI (Petroli et
565 al., 2023). The independent discovery of association between BNI activity and AMT gene family
566  supports the interaction between N uptake/preference and soil nitrification modification.

567

568  Besides N transporters, several homologs encoding ABC-type transporters were identified by our
569  association analyses. A homolog of ABC type c transporter (ZmABCc8) showed higher expression
570 in the nitrification-inhibiting Conservationist species. Maize ZmABCc8 and its ortholog in
571  Arabidopsis were reported to be involved in the transport of anthocyanin (Goodman et al., 2004;
572  Deanetal., 2022). Anthocyanin and other flavonoids play a role in copper chelation (Sarma et al.,
573  1997), which is thought to be one nitrification inhibitory mechanism (Corrochano-Monsalve et al.,
574  2021). Therefore, we hypothesized that the identified ABC type c transporter may be responsible
575  for the exudation of BNI compounds and thus their expression correlates with the BNI capacity.
576

577 In addition to the transporters, we also detected significant association in a handful of homologs
578 involved in the biosynthesis of known BNI compounds in maize and sorghum. The identification
579  of homologs involved in the biosynthesis and the modification of chorismate highlight its central
580 role in the synthesis of BNI metabolites. However, the wide variety of BNI compounds found in
581  different BNI-species (Subbarao et al., 2007b, 2013; Pariasca Tanaka et al., 2010; Sun et al., 2016;
582  Otaka et al., 2022) suggests the presence of multiple biochemical routes for the gain of BNI
583  capacity. This poses a challenge for the identification of more genes with convergent
584  functional/regulatory evolution.

585

586  The choice of US corn belt soil for the experiment makes our results directly relevant to modern
587  maize production. Our systematic exploration of phylogenetic diversity in rhizosphere N dynamics
588  offers insights into how and/or to which extent breeding efforts could reduce the environmental
589  impact of maize agriculture. Fine-tuning the regulation of our candidate transporters may help
590 optimize maize rhizosphere N balance. For instance, early expression of AMTs might make maize

591  better fit to the “more-ammonium” management (Subbarao & Searchinger, 2021). The discovery
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592  of NOs keeping strategies also highlight the potential of early and efficient nitrate uptake. Since
593  maize evolved as one of the conservationists in the tribe, favorable alleles might have emerged
594  and segregated as natural variation within maize. The field will need more studies like the recent
595  GWAS (Petroli et al., 2023) to tap the genetic diversity within maize and more exploration in other
596  wild annual Zea species not included in this study. Beyond genetic improvement for N uptake and
597  conservation during the growing season of the annual crops, the integration of cover crops and
598 intercropping into the agricultural system can also be crucial, if not more so, for mitigating early
599  spring nitrogen loss (Parkin et al., 2016; Zhang et al., 2023; Rogovska et al., 2023).

600
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601
602  Figure 5. Schematic illustration of diverse rhizosphere N cycles in Andropogoneae.

603  This figure illustrates the hypothetical rhizosphere N cycles of three species groups with distinct
604  rhizosphere N managing strategies evolved in the Andropogoneae tribe: Conservationists, Leachers, and
605  Nitrate Keepers. The Conservationists inhibit nitrification and potentially uptake the conserved NH4*" with
606  the higher expression of ZmAMT3.2 homolog. The Leachers stimulate nitrification but are not able to
607  utilize the converted NOs™ potentially due to the lack of functional ZmNPF8.12 nitrate transporter. In
608  contrast, the Nitrate Keepers possess functional copies of ZmNPF8.12 and thus they lose less NOs.
609  Conservationists originate from more fertile, less acidic and moist soils. In contrast, the Leachers are from
610 habitats with drainage and/or nutrient stresses. One key difference between the habitats of the Nitrate
611  Keepers and the one of the Leachers is the drainage stress.

612
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