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20 Abstract

21 Soil microbial transformation of nitrogen (N) in nutrient-limited native C4 grasslands can be 

22 affected by N fertilization rate and C4 grass species. Here, we report in situ dynamics of the 

23 population size (gene copy abundances) and activity (transcript copy abundances) of five 

24 functional genes involved in soil N cycling (nifH, bacterial amoA, nirK, nirS, and nosZ) in a field 

25 experiment with two C4 grass species (switchgrass [Panicum virgatum] and big bluestem 

26 [Andropogon gerardii]) under three N fertilization rates (0, 67, and 202 kg N ha-1). Diazotroph 

27 (nifH) abundance and activity were not affected by N fertilization rate nor grass species. 

28 However, moderate and high N fertilization promoted population size and activity of ammonia 

29 oxidizing bacteria (AOB, quantified via amoA genes and transcripts) and nitrification potential. 

30 Moderate N fertilization increased abundances of nitrite-reducing bacterial genes (nirK and nirS) 

31 under switchgrass but decreased these genes under big bluestem. The activity of nitrous oxide 
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32 reducing bacteria (nosZ transcripts) was also promoted by moderate N fertilization. In general, 

33 high N fertilization had a negative effect on N-cycling populations compared to moderate N 

34 addition. Compared to big bluestem, the soils planted with switchgrass had a greater population 

35 size of AOB and nitrite reducers. The significant interaction effects of sampling season, grass 

36 species, and N fertilization rate on N-cycling microbial community at genetic-level rather than 

37 transcriptional-level suggested the activity of N-cycling microbial communities may be driven 

38 by more complex environmental factors in native C4 grass systems, such as climatic and edaphic 

39 factors. 

40

41 Introduction

42 Grasslands account for about 46.8% of all agricultural lands in the United States (USDA-

43 NASS, 2012). C4 grasses have become the preferred grass species for regional bioenergy 

44 development and can make valuable contributions to forage production due to their exceptional 

45 drought-tolerance, high productivity, and low nitrogen (N) requirement. C4 grasses are thought to 

46 be able to meet N requirements in nutrient-limited ecosystem via their interactions with 

47 microbial assemblages involved in N cycling (Gupta et al., 2019).

48 The major soil N transformations regulated by microbes include N fixation, nitrification, and 

49 denitrification. Biological N fixation is the process whereby N gas in the atmosphere is 

50 converted to ammonia by symbiotic, associative and free-living diazotrophs (Dixon & Kahn, 

51 2004). Nitrification is the biological oxidation of ammonia to nitrate by ammonia- and nitrite-

52 oxidizers, with ammonia oxidation as the first and rate-limiting step performed by ammonia-

53 oxidizing bacteria (AOB) and archaea (AOA) (Frijlink et al., 1992). Denitrification is the process 

54 of full or partial dissimilative reduction of NO3
- conducted by facultative anaerobic 

55 microorganisms as a type of respiration to yield nitrous oxide (N2O) or dinitrogen gas (N2) 

56 (Colliver & Stephenson, 2000). Grasslands mobilize large pools of N with potential for N losses 

57 through N2O emissions and nitrate leaching via nitrification and denitrification; these losses are 

58 mediated in part by the population size and activity of nitrifiers and denitrifiers (Duan et al., 
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59 2017). Nitrous oxide loss is critical to understand because the global warming potential of N2O is 

60 296 times that of CO2 over a 100-year period (IPCC, 2007). Approximately 100-256 kg N ha-1 

61 yr-1 may be lost via nitrate leaching from grassland cultivation (Di & Cameron, 2002; Duan et al., 

62 2017; Francis et al., 1995; Hansen et al., 2007). Conversely, approximately 2.3-3.1 kg N ha-1 yr-1 

63 can be replenished by biological N fixation to grassland ecosystems (Cleveland et al., 1999). 

64 Therefore, the abundance and activity of microbes responsible for these N-cycling processes play 

65 important roles in soil N availability and losses. These population dynamics are frequently 

66 assessed by molecular methods, in particular, by quantifying functional marker genes nifH (N 

67 fixation), amoA (ammonia oxidation), nirK and nirS (nitrite reduction), and nosZ (nitrous oxide 

68 reduction). 

69 The microbially-driven N-cycling processes in soils can be affected by land management 

70 practices and plant types (Lindsay et al., 2010). Fertilization with N impacts N-cycling microbial 

71 communities by altering N availability. Biological N fixation can be inhibited in N-rich 

72 environments because diazotrophs prefer using easily available exogenous N over energy-

73 consuming N fixation (Chapin et al., 2002). However, previous studies have reported mixed 

74 responses: N fertilization decreased (Cusack et al., 2009; Hu et al., 2021c; Wang et al., 2017), 

75 increased (Lindsay et al., 2010), or had no effect on nifH abundance (Ouyang et al., 2018). 

76 Indeed, in our previous study of the C4 grasses switchgrass (Panicum virgatum, SG) and big 

77 bluestem (Andropogon gerardii, BB), we found that high N fertilization (202 kg N ha-1) resulted 

78 in a decrease in activity of soil diazotrophs (Hu et al., 2021c). Nitrogen addition has long been 

79 considered to promote nitrification and denitrification rates because it provides initial substrates 

80 for microbes involved in these N transformation processes (Wang, Chen et al., 2018). A meta-

81 analysis of field studies reported N fertilization increased the abundance of genes associated with 

82 nitrification and denitrification in agricultural soils, including both croplands and grasslands 

83 (Ouyang et al., 2018). Moreover, N fertilization increased nitrification potential and 

84 denitrification enzyme activity by 93.7% and 27.9%, respectively (Ouyang et al., 2018). When N 

85 fertilizer was applied at up to 250 kg N ha-1, soil denitrification increased exponentially with N-
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86 rate, but did not increase further above this threshold (Wang, Chadwick et al., 2018). Long-term 

87 excessive fertilization can increase soil acidity and salinity (Han, Shi et al., 2017). It has been 

88 observed that the soil pH variation caused by N fertilization could be a dominant factor affecting 

89 the response of N-cycling populations to N fertilization (Hallin et al., 2009; Yang et al., 2017). 

90 Excessive fertilization with ammonium-N can increase soil acidity due to the release of hydrogen 

91 during the nitrification process, which lowers overall denitrification rates but leads to higher N2O 

92 emission because of the extremely sensitive of N2O reductase to low pH (Brenzinger et al., 

93 2015). The form of N fertilizer can also be an important factor regulating the variability of N-

94 cycling microbes, with higher variability observed under organic compared to inorganic 

95 fertilizers, because organic fertilizers also provide readily accessible organic C and other 

96 nutrients that support the growth of heterotrophic microorganisms, such as diazotrophs and 

97 denitrifiers (Ouyang et al., 2018).

98 Perennial grass species can affect net N mineralization due to differences in tissue N 

99 concentrations, belowground lignin concentrations, and belowground biomass of the species 

100 (Wedin & Tilman, 1990a). Compared to annual grasses, perennial grasses are more conservative 

101 with N, exhibiting lower nitrification rate and less nitrate leaching via a perennial root system 

102 (Yé et al., 2015). Perennial C4 grasses like switchgrass have the potential to influence the 

103 diazotrophic community and form mutualistic symbioses with diazotrophs to improve N-use 

104 efficiency (Smercina et al., 2020). Grass species may affect denitrification potential because of 

105 differences in labile C input (Groffman et al., 1996). Within perennial C4 grass species, previous 

106 studies reported different optimum N rate for maximum dry mass yield, with 50 to 120 kg N ha-1 

107 for switchgrass and 45 to 90 kg N ha-1 for big bluestem (Brejda, 2000), which may affect N-

108 cycling microbes. For example, big bluestem is more competitive than switchgrass in low-N 

109 soils and can promote a low-N environment by tying up N in their slowly decomposing litter 

110 (Wedin & Tilman, 1990b), whch may reduce the availability of soil inorganic N for soil 

111 microbes. In addition, the content of crude protein is higher in switchgrass than big bluestem 

112 (Newell, 1968), suggesting higher potential N availability for nitrifiers and denitrifiers via plant 
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113 residue decomposition. However, only few studies have evaluated the dynamics of N-cycling 

114 microbes under perennial C4 grass systems. For example, Mao et al. (2013) reported that the 

115 abundance of N-fixing organisms increased in both switchgrass and miscanthus cropping 

116 systems compared to maize cropping system, but N-cycling microbial communities showed no 

117 significant difference between these two perennial grass systems (Mao et al., 2013). Thompson 

118 et al. (2018) found that N fertilization with 160 kg N ha-1 increased nirS and nosZ gene 

119 expression in both switchgrass and miscanthus cropping system in Ontario, Canada (Thompson 

120 et al., 2018). Kim et al. (2022) found that bacterial amoA abundance increased with N rate, but 

121 nitrite reductase genes (nrfA and nirS) were more abundant under 56 kg N ha-1 treatment but no 

122 significant effect of grass species on abundance of N-cycle genes (Kim et al., 2022). Switchgrass 

123 and big bluestem are widely planted in the Mid-South United States because of their excellent 

124 wildlife habitat and quality forage for livestock. The dynamics of N-cycling microbes with N 

125 fertilization in these two grass cropping systems can provide valuable information for optimizing 

126 fertilizer application scheme but has not been well documented.

127 Therefore, our objectives were to: 1) determine the effects of grass species and N 

128 fertilization on abundance and activity of the N-cycling microbial community; and 2) identify 

129 relationships among N-cycle functional microbial abundance, activity, and soil physicochemical 

130 parameters. We hypothesized that: 1) compared to no fertilization, moderate N fertilization (i.e. 

131 at the recommended rate) would promote both abundance and activity of N-cycling microbes, 

132 but high N fertilization rate (i.e. in excess of recommended rate) would suppress N-cycling 

133 microbial abundance and activity; and 2) the responses of N-cycling microbial community to 

134 fertilization would be different between SG and BB because of the different optimum N rate for 

135 these species. The study was conducted in a small plot experiment with two C4 grass species and 

136 three N fertilization rates, where we have previously described soil diazotroph and ammonia-

137 oxidizing bacterial populations via molecular investigations of nifH and bacterial amoA genes 

138 (Hu et al., 2021b; Hu et al., 2021c). Here, we expand our investigation to dynamics of other soil 

139 N-cycling functional groups, using quantitative polymerase chain reaction (qPCR) and 
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140 quantitative reverse-transcription PCR (qRT-PCR) to target the gene and transcript abundances 

141 nirK, nirS, and nosZ. The nifH and bacterial amoA targeted in our previous studies (Hu et al., 

142 2021b; Hu et al., 2021c) were also included here to provide a more comprehensive assessment.

143

144 Materials and Methods

145 2.1 Study site, experimental design, and sample collection

146 This study was conducted at the University of Tennessee East Tennessee AgResearch and 

147 Education Center (ETREC) in Knoxville, Tennessee (35.53o N, 83.06o W). Soil at this site is 

148 sandy loam (fine-loamy, mixed, semiactive, thermic Typic Hapludults). This study implemented 

149 a randomized complete block design with split-plot treatment arrangements. The two C4 native 

150 grass species (switchgrass [Panicum virgatum, SG] and big bluestem [Andropogon gerardii, 

151 BB]) were the main plot treatment with three N application rates (0, 67, and 202 kg N ha-1; 0N, 

152 67N, 202N, respectively) as the sub-plot (1.8 × 7.6 m) treatment. Each treatment combination 

153 had three replicates. Grasses were planted in 2013, and N was applied as urea starting in 2014. 

154 The field was fertilized and harvest twice per year. For each year since 2014, the fertilization was 

155 conducted in early May and early July. The grass harvest was conducted in late June and mid-

156 August by using a Carter forage harvester with 91.4-cm cutting with at 20.3-cm cutting height. 

157 For all the sub-plots, the fertilization or grass harvest were conducted and completed within same 

158 day. Soil samples were collected three times during the growing season in 2019: grass green up 

159 (ìGî, late April, one week before the first fertilization), initial grass harvest (ìH1î, late June, 

160 within one week after harvest and before the second N fertilization), and second grass harvest 

161 (ìH2î, mid-August, within one week before the second harvest). Within each sub-plot, six 2.5 × 

162 10 cm cores were collected and composited as one sample. Field operations and soil sampling for 

163 these plots, including other fertilizers (phosphorus, potassium) and lime application, weed 

164 control, grass harvest, and soil sampling were previously described in detail (Hu et al., 2021c). 

165 2.2 Soil physicochemical properties

166 Soil pH was measured using pH electrode in soil slurries with soil (g)/water (mL) ratio of 
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246 NH4
+-N compared to 0N plots. Fertilization with N increased NH4

+-N at initial harvest (H1, 

247 June) in the fertilized plots, but by second harvest (H2, August), there were no difference in 

248 NH4
+-N between fertilized and unfertilized plots (Table S2). At 202N, nitrification potential 

249 increased at H1 and H2 (Table S2). Over the season, NO3
--N did not change under SG, but was 

250 elevated at H1 under BB (Table S2; Table S3). The three-way interaction of season, grass 

251 species, and N fertilization rate affected N2O-N (Table S3). A positive effect of N fertilization on 

252 N2O emission was mainly observed at initial harvest under BB (Table S2).

253 3.2 Functional genes and transcripts

254 The abundance of total 16S rRNA genes was highest at H2 (7.62 × 109 copies g-1 dry weight 

255 soil) and lowest at H1 (3.65 × 109 copies g-1 dry weight soil) (Fig. 1A; Table 1; Table S4). In 

256 contrast, 16S rRNA abundances were similar across sampling seasons and treatments (Table 1).

257 The abundances of N-cycle genes and transcripts under different treatment combinations are 

258 shown in Table S4 and Table S5. In general, the changes in relative abundances (normalized to 

259 16S rRNA genes and 16S rRNA) were consistent with changes in absolute abundances (g-1 dry 

260 weight soil) for both N-cycle genes and transcripts (Fig. 1, Fig. 2, and Fig. 3). Both absolute and 

261 relative abundances of N-cycle genes changed over the season and were mostly affected by the 

262 main effects or the two-way interaction of grass species and N fertilization rate (Table 1). 

263 However, transcript abundances were mostly affected by N fertilization rate (Table 1).

264 Both absolute and relative abundances of N fixation gene nifH were highest at H2 and 

265 lowest at H1 (Fig. 1; Table S4). Transcripts of nifH were lowest at H2 (Fig. 3; Table S5). Grass 

266 species and N fertilization did not have a significant effect on nifH gene abundances or 

267 transcripts (Table 1; Table S4 and S5).

268 Both absolute and relative abundances of bacterial ammonia oxidation gene amoA were 

269 impacted by all three main effects (Table 1): amoA abundances were lowest at H1 and highest at 

270 H2; higher under SG than BB; and higher under N fertilization compared to 0N (Fig. 1; Fig. 2; 

271 Table S4). Prior to G, there was no difference in amoA transcript abundances based on N 

272 treatment (Table 1). At H1, amoA transcript abundances were greatest under moderate N 
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273 fertilization (67N) and at H2, were highest at 202N (Fig. 3; Table S5).

274 Both absolute and relative abundances of nitrite reduction gene nirK were lowest at H1 and 

275 highest at H2 (Fig. 1; Table S4). Moreover, the absolute (but not relative) abundance of nirK was 

276 greater under SG than BB (Fig. 2; Table S4). The absolute abundance of nirK transcripts was 

277 highest at H1 (Table S5). The relative abundance of nirK transcript was highest under 67N at H1 

278 (Table 1 and Fig. 3B; Table S5).

279 The abundance of nitrite reduction gene nirS was elevated at H2 (Fig. 1; Table S4). The 

280 absolute abundance of nirS genes was promoted by 67N under SG but reduced by 67N under BB 

281 (Fig. 2A; Table S4). The relative abundance of nirS gene was higher under SG than under BB 

282 (Table S4). Absolute abundances of nirS transcript were lower at H2 (Table 1; Table S5). Grass 

283 species had no significant effect on nirS transcript abundance (Table S5). However, both 

284 absolute and relative abundances of nirS transcripts were affected by N fertilization rate (Table 

285 1), with highest abundances under 67N and lowest under 202N (Table S5).

286 The abundances of nitrous oxide reduction gene nosZ varied over the season (Table 1; Table 

287 S4), with both absolute and relative abundances lowest at H1, but were unaffected by grass 

288 species or fertilization rate (Fig. 1; Table S4). Absolute abundances of nosZ transcript were 

289 higher under 67N but lower under 0N and 202N (Fig. 3A; Table S5). Relative abundances of 

290 nosZ transcripts were not affected by any treatment (Table 1).

291 3.3 Variability of N cycling microbial functional potential and activity

292 As expected, the statistical dispersion or variability of the populations by activity 

293 (transcripts) was higher than by functional potential (genes) (dispersion index = 0.307 for 

294 transcripts and 0.178 for genes; P < 0.001), which can be visualized by principal coordinate 

295 analysis (PCoA) (Fig. 4). Analysis of similarities (ANOSIM) testing showed that the population 

296 distribution by functional potential was affected by the three-way interaction of sampling season, 

297 grass species, and N fertilization rate (R = 0.384; P = 0.001) (Fig. 4A, Table 2). Although not 

298 significant, the difference in communities was most apparent at G and H1, whereas communities 

299 converged and were more similar by H2 (Fig. 4A). The population distribution by activity was 
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300 only affected by sampling season (R = 0.060; P = 0.029), with no apparent patterns by grass 

301 species or N fertilization rate (Fig. 4B).

302 3.4 Relationship of soil properties with functional gene and transcript abundance

303 In general, the abundances of N-cycle genes and 16S rRNA gene were more closely 

304 correlated to soil properties than their transcripts (Fig. 5). The 16S rRNA gene abundance was 

305 positively correlated to DOC (R = 0.553; P < 0.05) but negatively correlated to SWC (R = -

306 0.578; P < 0.01) and NH4
+-N (R = -0.562; P < 0.01) and NO3

--N (R = -0.503; P < 0.05), whereas 

307 16S rRNA abundance was only positively correlated to SWC (R = 0.306; P < 0.01). The N-cycle 

308 genes were negatively correlated with SWC whereas their transcripts were positively correlated 

309 with SWC (Fig. 5). Nitrification potential was positively correlated to amoA gene abundance (R 

310 = 0.530; P < 0.01) but not to amoA transcript abundance (Fig. 5). The abundances of nirK and 

311 nirS genes were both positively correlated to DOC (R = 0.593, P < 0.01 for nirK; R = 0.606, P < 

312 0.01 for nirS) and DON (R = 0.295, P < 0.05 for nirK; R = 0.345, P < 0.05 for nirS), a pattern 

313 not observed for their transcripts (Fig. 5). N2O emission rate was negatively correlated to the 

314 abundances of all five N-cycle genes but had no correlation with their gene transcripts (Fig. 5).

315

316 Discussion

317 We found that the N-cycling microbial population size changed seasonally regardless of 

318 grass species and N fertilization rates. The total bacteria, diazotrophs, AOB, and denitrifying 

319 bacteria were all most abundant at H2 and least abundant at H1, which may have been influenced 

320 by variability of DOC and DON. We sampled soils after mowing at H1 but before mowing at 

321 H2. Mowing decreases C-substrate supply from photosynthesis and grass residues and, therefore, 

322 may have decreased decomposition rates and DOC released by soil microbes (Luo et al., 2019). 

323 The lower SWC in August may also have reduced the potential loss of DOC and DON through 

324 leaching (Poll et al., 2008), providing easily accessible C to support the growth of heterotrophic 

325 diazotrophs and denitrifiers. Denitrifying bacteria are widespread in soils, accounting for about 

326 0.5-5.0% of the total bacterial population and include both autotrophic and heterotrophic bacteria 

PeerJ reviewing PDF | (2022:01:69847:1:2:NEW 2 Jun 2022)

Manuscript to be reviewed



327 which are strongly influenced by soil C (Levy-Booth et al., 2014). Accordingly, we found that 

328 the abundance of soil nirK and nosZ gene quantities are positively correlated to DOC and/or 

329 DON, which was consistent with previous findings (Bárta et al., 2010; Rasche et al., 2011). The 

330 positive correlation of AOB abundance with DOC and DON concentrations in grasslands 

331 observed in our study was also found in other agroecosystems (Hu et al., 2021a; Sun et al., 

332 2019), providing strong evidence that C and N mineralization by heterotrophs can provide C and 

333 N sources for AOB growth.

334 The higher soil oxygen content due to significantly lower SWC in August could explain the 

335 lowered activity of diazotrophs and nitrate reducing bacteria, as indicated by reduced nifH, nirS 

336 and nirK transcript abundances; nitrogenase and nitrite reductase activities are sensitive to 

337 oxygen (Dobereiner et al., 1972; Eady & Postgate, 1974). Because ammonia oxidation is an 

338 aerobic process, we expected to see increased amoA transcripts in August when SWC was 

339 reduced, however, this was not the case. One explanation is that AOB increased the expression 

340 of amoA genes under oxygen stress (Theodorakopoulos et al., 2017; Yu & Chandran, 2010). 

341 Another possible reason is that the exudates containing compounds released by roots of some 

342 grasses can inhibit nitrification (Subbarao et al., 2009). Moreover, because autotrophic AOB are 

343 not as competitive as heterotrophs for NH4
+ under labile C-rich conditions, they may have been 

344 outcompeted (Strauss & Lamberti, 2002).

345 Fertilization with N had no effect on the abundance of diazotrophs, which was in accordance 

346 with results from a previous meta-analysis (Ouyang et al., 2018). Compared to 0N, moderate 

347 (67N) and high (202N) urea fertilization similarly increased AOB abundance. The increased 

348 AOB abundance by urea addition has also been observed in previous studies (Rudisill et al., 

349 2016; Xiang et al., 2017). The positive effect of N fertilization on AOB activity and nitrification 

350 potential was only observed after N fertilization (H1 and H2), indicating that urea fertilization 

351 may only have short-term rather than year-over-year influence on nitrification process in this 

352 system. Other studies have reported that lower pH caused by urea fertilization can inhibit amoA 

353 expression and reduce nitrification potential (Rudisill et al., 2016). However, we did not observe 
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354 this in our study; pH was reduced at 202N, but there was no reduction in amoA expression. 

355 The response of nirS-type nitrite reducing bacterial absolute abundance to N fertilization rate 

356 depended on grass species, with 67N promoting nirS abundance under SG but decreasing nirS 

357 abundance under BB, which might be related to different soil conditions caused by species-

358 specific characteristics (e.g., N-use efficiency, photosynthetic N-use efficiency, C:N ratio of 

359 litter, root exudates) of these grasses. Fertilization with N also had an impact on the activity of 

360 denitrifying bacteria. Compared to 0N, 67N increased the activity of nirS-type nitrite-reducing 

361 bacteria and N2O-reducing bacteria, but 202N did not increase and even slightly suppressed the 

362 activity of denitrifiers, perhaps because of the sensitivity of denitrifiers to high nitrate levels 

363 caused by high N inputs (Kastl et al., 2014; Wallenstein et al., 2006) and/or the increased soil 

364 acidity/lower pH caused by the application of high ammonium-N fertilizer. The inhibition effect 

365 of pH on the transcriptional activity of denitrifiers has been documented (Brenzinger et al., 

366 2015).

367 We found that 202N increased N2O emissions. One of the possible reasons is the lower pH 

368 caused by high N fertilization rate. Compared to nitrite reductase, N2O reductase is more 

369 sensitive to low pH, leading to higher net N2O production (Bergaust et al., 2010). Although 

370 previous studies have suggested that ammonia oxidizers and/or denitrifiers were the primary 

371 contributors to N2O emissions in soils (Kastl et al., 2014; Soares et al., 2016), N2O emission 

372 rates were negatively correlated to N-cycle gene abundances and not to N-cycle gene transcript 

373 abundances in our study. The lack of a clear relationship between N-cycling bacterial population 

374 size/activity and N2O emission rates may be due to climatic factors, edaphic properties, and the 

375 abundance and activity of fungi. Fungi have been considered to be responsible for a large portion 

376 of soil N2O emissions because they do not contain an ortholog to the enzyme nitrous oxide 

377 reductase (NOS) (Kobayashi et al., 1996; Laughlin & Stevens, 2002). For example, it has been 

378 reported that fungal denitrification produced up to 89% of N2O in a grassland soil (Laughlin & 

379 Stevens, 2002).

380 Compared to BB, SG had higher absolute and relative abundances of AOB and nirS-type 
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381 nitrite-reducing bacteria as well as the absolute abundance of nirK-type nitrite-reducing bacteria, 

382 which may have been due to the higher pH under SG observed in our study. Differences in SOC 

383 quality due to different grass root exudates may also result in altered distribution of N-cycling 

384 microbial populations (Strauss & Lamberti, 2002). 

385 The seasonal dynamics of N-cycling microbial community at the genetic level was affected 

386 by grass species and N fertilization rate, but the N-cycling microbial community at 

387 transcriptional level only varied with growing season, which may reflect functional 

388 stability/redundancy of N-cycling populations in native C4 grass systems. However, the higher 

389 statistical dispersion of the N-cycling microbial community at the transcriptional level rather 

390 than at the genetic level suggested that the activity of N-cycling microbial communities may be 

391 driven by more complex environmental factors in this native C4 grass system, such as climatic 

392 and edaphic factors. The lack of significant correlation between gene expression and biochemical 

393 processes observed in our study was reported in a previous study as well (Rocca et al., 2015). 

394 The lack of relationship may be due to 1) the faster degradation and turnover of RNA compared 

395 to DNA in environment; 2) expression of functional genes is strongly dependent on the complex 

396 environmental conditions encountered by the organism. Therefore, both genetic level and 

397 transcriptional level study are essential because gene abundance at genetic level can reflect long-

398 term functional potential whereas gene expression at transcriptional level can be used to track 

399 short-term/real-time processes. 

400

401 Conclusions

402 In summary, our results showed that the dynamics, distribution patterns, abundances, and 

403 expression of some key N-cycle functional genes were affected by N fertilization rate and C4 

404 grass species. Excessive N fertilization did not promote the abundance and activity of N-cycling 

405 microbes, except for ammonia oxidizing bacteria (AOB), and instead, may have negative effects 

406 compared to moderate N addition. Compared to BB, the soils associated with SG contained a 

407 higher population size of AOB and nitrite-reducing bacteria. In addition, the significant 
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408 interaction of sampling season, grass species, and N fertilization rate on N-cycling population 

409 distribution by functional potential (genetic-level) rather than by functional activity 

410 (transcriptional-level) indicated relative stability in the functional capacity of N-cycling 

411 populations in native C4 grass systems.

412
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