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Abstract

Carbon nanotubes (CNTS), reduced graphene oxide (rGO) and ammonia-functionalized
graphene oxide (aGO), are nanomaterials that possess varied and useful properties. However,
following their use, their release into the environment is inevitable. While CNTs have been
shown to influence soil bacterial diversity, albeit at very high concentration, the effects of
rGO have only been examined using pure bacterial cultures, and those of aGO are unknown.
Here, we investigated the effects of CNTs, rGO and aGO, at three time points (7, 14 and 30
days), and over a range of concentrations (1 ng, 1 pg and 1 mg kg dry soil™), on soil bacterial
diversity using 16S rRNA amplicon sequencing. Graphite was included to facilitate
comparisons with a similar and naturally occurring carbon material, while the inclusion of GO
allowed the effects of GO modification to be isolated. Bacterial community composition, but
not alpha diversity, was altered by all treatments except the low GO, low rGO and high aGO
treatments on day 14 only. In all cases, the nanomaterials led to shifts in community
composition that were of similar magnitude to those induced by graphite and GO, albeit with
differences in the taxa affected. Our study highlights that nanocarbon materials can induce

changes in soil bacterial diversity, even at doses that are environmentally realistic.

Keywords: phylogenetic marker gene sequencing, nanoparticles, pollution, nanotechnology,

risk assessment, microbial diversity
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Introduction

Engineered carbon nanomaterials, such as carbon nanotubes (CNTSs) and various forms of
graphene oxide (GO), possess unique physical properties that facilitate their use in a wide-
range of applications (Gao, 2015; Perreault et al., 2015; Ramakrishnan and Shanmugam,
2016; Taha and Alsharef, 2017; Xin et al., 2012). Models estimate that for CNTs, 0.004-1.6
ug kgt enter soils annually (Sun et al., 2014), with release rates of other carbon nanomaterials
(e.g. fullerenes and GO) expected to be similar (Forstner et al., 2019; Sun et al., 2014).
Recently, we have shown that relevant concentrations of GO (1 ng, 1 pg and 1 mg kg dry soil’
1 significantly influence soil microbial community composition. However, these effects were
of similar magnitude to those induced by equivalent doses of graphite — an analogous non-
nanomaterial that occurs naturally in many soils (Forstner et al., 2019). At present, the effects
of CNTs on soil bacterial diversity have only been investigated at concentrations that greatly
exceed the estimated rates of release (6,250-2,500,000,000 times higher) (Chung et al., 2011;
Geetal., 2016; Jin et al., 2013, 2014; Shrestha et al., 2013; Sun et al., 2014), while those
associated with GO derivatives are unknown. Given the important roles of bacteria in
mediating many soil ecosystem services (Bardgett and van der Putten, 2014), the potential
impacts of relevant doses of CNTs and GO derivatives on soil bacterial communities need to
be examined. This information will help to facilitate safe and sustainable management of

nanomaterials as their portfolio of applications continues to expand.

At extremely high concentration (>30 mg kg™ soil), the addition of CNTs to soil has been
observed to reduce microbial biomass (Chung et al., 2011; Jin et al., 2013, 2014) and enzyme
activity (Chung et al., 2011; Jin et al., 2013), and influence the structure of bacterial
communities (Ge et al., 2016; Jin et al., 2014; Shrestha et al., 2013). These effects, however,

have been shown to be similar to those induced by natural and industrial carbonaceous
3
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materials such as biochar and carbon black (Ge et al., 2016). Furthermore, at the lowest CNT
concentration examined to date (10 mg kg soil, viz. 6,250 times higher than the estimated
rate of release), soil respiration, enzyme activity and bacterial community composition were
not significantly affected (Shrestha et al., 2013). For derivatives of GO, such as reduced GO
(rGO) and ammonia-functionalized GO (aGO), we are not aware of any previous studies that
have examined their effects on soil microbial diversity, biomass or activity. However, in pure
culture experiments, rGO has been shown to exhibit bactericidal properties (Guo et al., 2017;
Gurunathan et al., 2012; Liu et al., 2011). No information is available regarding the

interactions between bacteria and aGO.

In this study, we investigated the effects of CNTs, rGO and aGO on the diversity of soil
bacterial communities at a range of environmentally relevant low, high and very high doses (1
ng, 1 pg and 1 mg kg dry soil™) based on models of CNT release (Sun et al., 2014). To
contextualize our findings, we included graphite-amended and GO-amended soils, as well as
no-treatment controls (Forstner et al., 2019). The inclusion of graphite allowed us to interpret
the effects of CNTs, rGO and aGO relative to a similar and naturally occurring carbonaceous
material, while the inclusion of GO allowed any effects of GO modification to be isolated.
Treatments were run in triplicate and bacterial communities were characterized after 7, 14 and

30 days using high-throughput 16S rRNA gene amplicon sequencing.

2. Materials and methods

2.1 Experimental design
A Kandosol (Australian Soil Classification; Isbell, 2002), otherwise known as an Ultisol
(USDA Soil Taxonomy; Soil Survey Staff, 2014), was collected from 0-20 cm depth at a

pineapple (Ananas comosus) farm in Queensland, Australia (27.02 °S, 152.92 °E). The
4
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88  physicochemical properties of this soil have been described previously (Wang et al., 2016).

89  Briefly, the soil was a sandy loam, with a pH of 5.4 (1:5, soil:water), an electrical

90 conductivity of 1.0 dS/m (saturation extract), a cation exchange capacity of 2.6 cmolc/kg, and

91 anorganic C content of 1.1 % (Wang et al., 2016). Fresh soil was passed through a 2 mm

92  sieve and then split into sub-samples to which the treatments were applied. Multi-walled

93  carbon nanotubes (CNTSs) (Sigma Aldrich, Cat: 698849-1G , Lot# MKBH5811), reduced

94  graphene oxide (rGO) (Aldrich Chemistry, Cat: 777684-250MG, Lot# MKBR1638V), and

95 ammonia functionalized graphene oxide (aGO) (Aldrich Chemistry, Cat: 791520-25ML, Lot#

96 MKBR2522V) were applied to the soil at rates of 1 ng, 1 pug, and 1 mg kg dry soil* using a

97  fine mist sprayer and thoroughly homogenized by mechanical mixing. All particles were

98  dispersed into deionized water at a volume that resulted in the soil being adjusted to 50%

99  water holding capacity (WHC). Three replicate 500 g samples of each treatment were placed
100 into 1 L plastic containers with lids that facilitated gas exchange. This yielded 27 containers
101  that were incubated for 30 days in the dark at 25°C, with the humidity maintained at 80% in
102  order to keep the soils at the same WHC throughout the experimental period.

103

104  In the same experiment, we also established 1 ng, 1 pug, and 1 mg kg dry soil* graphite and
105 graphene oxide (GO) treatments, as well as no-treatment controls, which were sprayed with
106  an equal quantity of deionized water only and then mixed in the same way as all other

107  treatments. Data for the no-treatment controls, and GO and graphite treatments have already
108  been published (Forstner et al., 2019), but are included in our present study to contextualize
109  our findings for the multiple doses of CNTs, rGO, and aGO.

110

111 2.2 Soil sampling and DNA extraction

112 Using sterile 50 ml plastic tubes, we collected c. 25 g soil cores from each experimental unit

113  after 7, 14 and 30 days, and then transferred the soil to -80°C storage. All samples were then
5
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114  thawed and DNA was extracted from 250 mg soil using the Power Soil DNA Isolation Kit
115 (MO BIO Laboratories, Carlsbad, CA) according to the manufacturers’ instructions.

116

117 2.3 Bacterial 16S rRNA gene amplification, sequencing and analysis

118  Polymerase chain reaction (PCR) and sequencing 16S rRNA genes, and the subsequent

119  bioinformatic analyses were performed as described in our previous study (Forstner et al.,

120  2019). Briefly, universal bacterial 16S rRNA genes were PCR amplified using 926F and

121 1392wR primers and then sequenced on an Illumina MiSeq using 30% PhiX Control v3

122 (Illumina) and a MiSeq Reagent Kit v3 (600 cycles; Illumina). The following processing steps
123 were then applied to forwards reads using USEARCH (v10.0.240) (Edgar, 2010): 1) primers
124 were removed and the residual sequences were trimmed to 250 bp using fastx_truncate; 2)
125  high-quality sequences were identified using fastq_filter by discarding reads with greater than
126  one expected error (-fastq_maxee=1); 3) duplicate sequences were removed using

127  fastx_uniques; 4) sequences were clustered at 97% similarity into operational taxonomic units
128  (OTU) and potential chimeras were identified and removed using cluster_otus; and 5) an OTU
129  table was generated using otutab with default parameters from the pre-trimmed reads and the
130  OTU representative sequences. SILVA SSU (v128) (Quast et al., 2013) taxonomy was

131  assigned using BLASTN (v2.3.0+) (Zhang et al., 2000) within the feature classifier of

132  QIIME2 (v2017.9) (Boylen et al., 2018). The OTU table was then filtered to remove OTUs
133 classified as chloroplasts, mitochondria, archaea or eukaryotes using the BIOM (McDonald et
134  al., 2012) tool suite. De-novo multiple sequence alignments of the representative OTU

135  sequences were generated using MAFFT (v7.221) (Katoh and Standley, 2013), masked with
136  the alignment mask command of QIIMEZ2 and then used to generate a midpoint-rooted

137  phylogenetic tree using FastTree (v2.1.9) (Price et al., 2010) in QIIME2. OTU tables were
138 then rarefied to 4,850 sequences per sample and alpha diversity metrics were calculated using

139  QIIME2.
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140

141 2.4 Statistical analyses

142  For statistical analyses, we defined Treatment as the combination of applied substance (none
143  for the control, GO, rGO, aGO, CNTs or graphite) and applied dose (1 ng, 1 pg or 1 mg kg
144 dry soil™). Hence, Treatment was defined as a categorical variable with 16 classes. In order to
145  determine whether the GO, rGO, aGO, CNT and graphite treatments significantly affected the
146  alpha diversity metrics, we used a linear mixed-effects model approach (Pinheiro and Bates,
147  2004). Treatment (as defined above) and Day, as well as their interaction, were treated as

148  fixed effects, and soil containers (samples) were treated as a random effect to account for the
149  repeated measures. F-tests were applied to assess significance (P<0.05), and were

150 implemented in R using the Ime4 (Bates et al., 2015) and ImerTest (Kuznetsova, 2017)

151  packages.

152

153  Differences in the relative abundances of taxa between samples (beta diversity) were assessed
154  using multivariate generalized linear models using a negative binomial distribution (Warton,
155  2011). The significance of differences in community composition was determined by

156  comparing the sum-of-likelihood test statistics for the alternative statistical models via a

157  resampling method (Wang et al., 2012) that accounted for the correlation between species and
158 the correlation within the repeated measures taken from the same sample container. These
159  comparisons were implemented in R using the mvabund package (Wang et al., 2012). Taxa
160  whose maximum relative abundance was less than 0.1% were disregarded before statistical
161 analysis. Where an interactive effect of Treatment and Day was significant, post-hoc analyses
162  were undertaken to investigate which Treatments differed on what Days. Where no interactive
163  effect was found, but a main effect of Treatment was, post-hoc analyses focused on which
164  Treatments differed from one another. The Benjamini-Hochberg correction was applied to all

165  post-hoc tests.
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166

167 3. Results

168

169 3.1 Alpha diversity of soil bacterial communities

170  Alpha diversity, as represented by the numbers of observed (Sobs) and predicted (Chaol)
171  bacterial taxa, Simpson Diversity Index and Faith’s Phylogenetic Diversity Index (PD), were
172 not significantly influenced by any of the treatments relative to the controls (Fig. S1).

173

174 3.2 Soil bacterial community composition

175  Soil bacterial communities were dominated by representatives of the Acidobacteria,

176  Actinobacteria, Armatimonadetes, Bacteroidetes, Candidatus Berkelbacteria, Chlamydiae,
177  Chlorobi, Chloroflexi, Fibrobacteres, Firmicutes, Gemmatimonadetes, Microgenomates,
178  Planctomycetes, Proteobacteria, Saccharibacteria, Spirochaetae and Verrucomicrobia (Fig.
179  S2).

180

181  Relative to the no-treatment controls, the composition of bacterial communities was

182  significantly influenced by GO, rGO, aGO, CNTs and Graphite (Table 1; Fig. 1), and these
183  effects differed over time (P < 0.003). With three exceptions on Day 14, significant effects
184  were observed for all materials at all doses (Table 1; Table S1). While dose effects were
185  significant, ordination revealed that increasing dose did not lead to consistent directional
186  changes in bacterial community composition (Fig. 1).

187

188  Relative to Graphite, all nanomaterials led to significant changes in bacterial community
189  composition at all doses, except for aGO at high dose (Table 2). While the effects of most
190 treatments were significant at all time-points, those associated with high concentrations of GO

191  and rGO were significant in later time-points only (Table 2).
8
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192

193  Relative to CNTs, GO and its derivatives led to significant changes in bacterial community
194  composition at all doses, and these effects were apparent in most time-points (Table 3).

195

196  Lastly, relative to GO, the rGO and aGO treatments led to significant changes in bacterial

197  community composition at all doses (Table 4). These effects were apparent for both materials
198  atall doses (except high rGO) at the beginning and end of the experiment, but were variable
199 on Day 14 (Table 4).

200

201  The 100 OTUs that were most strongly associated with differences in community composition
202  between treatments were obtained from the multivariate GLMs and assessed independently
203  using univariate GLM models. Of these, 39 were found to differ significantly from the no-
204  treatment controls in at least one treatment combination after Benjamini-Hochberg correction
205  for multiple comparisons (Fig. 2).

206

207  Six OTUs responded exclusively to graphite, an Acidobacterium (OTU 323; Acidobacteria),
208  two members of the Gemmatimonadaceae (OTU 597, OTU 683; Gemmatimonadetes), a

209  Rickettsiales (OTU 7855, Proteobacteria), Acidobacteria of subgroup 6 (OTU 3609) and a
210  member of the Chlorobiales (OTU 6742, Chlorobi) (Fig. 2). Two OTUs responded

211  exclusively to CNTs; these were a member of the Ktedonobacterales (OTU 1968, Chloroflexi)
212  and a member of the Sphingomonas (OTU 8917, Proteobacteria). All of these OTUs

213  responded with increases in relative abundance when exposed to graphite or CNTs (Fig. 2). A
214 further four OTUs responded to some combination of multiple nanocarbon materials but did
215  not respond to graphite addition. These included a member of the Propionibacteriaceae (OTU
216 1951, Actinobacteria) which increased in relative abundance; a Levybacteria (OTU 64,

217  Microgenomates) and a Xanthomonadales (OTU 96, Proteobacteria) population, which
9
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218  decreased in relative abundance; and a member of the Gemmatimonadales (OTU 36,

219  Gemmatimonadetes), which increased in response to GO and decreased in response to aGO.
220 A further nine OTUs responded to all nanomaterials, while a further 18 responded to the

221  addition of graphite, as well as at least one nanomaterial (Fig. 2).

222

223 4. Discussion

224

225  Previously, we reported that graphite and GO influence the composition of soil microbial

226  communities at concentrations deemed realistic by models of release rates for CNTs and other
227  nanomaterials into soils (Forstner et al., 2019). Here, we extend these findings by

228  demonstrating that relative to no-treatment controls, graphite and GO, the composition of

229  bacterial communities is also significantly influenced by the addition of CNTs, rGO and aGO.
230  Irrespective of concentration, all nanomaterials led to shifts in community composition that
231 were of similar magnitude to those associated with graphite, albeit with differences in the taxa
232  affected. Despite the significant changes to bacterial community composition the alpha

233  diversity of bacterial communities remained unaffected by all treatments (Fig. S1).

234

235  Previous studies examining the effects of nanocarbon materials have demonstrated a wide
236  variety of effects on bacterial communities both in culture and in soils. Most of these studies
237  have been focused on either CNTs or GO and have demonstrated an array of effects ranging
238  from inhibition of enzyme activities (Chung et al., 2011, 2015; Jin et al., 2013; Xiong et al.,
239  2018) to reductions of biomass (Chung et al., 2011; Jin et al., 2013, 2014) and shifts in

240  microbial community composition (Du et al., 2015; Forstner et al., 2019; Ge et al., 2016; Jin
241  etal., 2014; Xiong et al., 2018). Availability of data regarding the effects of rGO and aGO on
242  soil microbes is minimal, however. rGO has been shown to have some antibacterial properties

243  in pure culture (Guo et al., 2017; Gurunathan et al., 2012; Liu et al., 2011), whereas no
10
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244 research exists on the effects of aGO on microbes. While some of the studies on CNTs and
245 GO have examined soil bacterial communities (Chung et al., 2011, 2015; Du et al., 2015; Ge
246  etal., 2016; Jin et al., 2013, 2014; Khodakovskaya et al., 2013; Rodrigues et al., 2013;

247  Shrestha et al., 2013; Xiong et al., 2018), these have used doses that are >6,250 times the

248  estimated annual rate of accumulation for CNTs (Sun et al., 2014). In our previous work, we
249  observed significant and diverse shifts in soil microbial community composition after

250 application of GO at realistic exposure concentrations (Forstner et al., 2019), highlighting that
251 the effects of nanocarbon on soil microbial communities may persist in some manner even at
252  realistic exposure rates. However, while this work demonstrated similarities between the

253  effects of GO and graphite, it did not compare these effects against those elicited by other
254 carbon nanomaterials.

255

256  Our study illustrates that the degree of bacterial community compositional changes did not
257  increase with the application rate of nanocarbon materials but varied over time and we

258  observed fewer significant differences between treatments at high dose than at medium or low
259  dose (Table 2, 3, 4, Fig. 1). This suggests that even low rates of nanocarbon application in the
260  range of ng-mg kg* can induce significant compositional changes in soil bacterial

261  communities and these changes can persist for at least 30 days and that at mg kg™ dose the
262  changes elicited by different nanocarbon materials converge somewhat. We propose that the
263  absence of a ‘linear’ dose response to nanocarbon addition is, at least partially, due to

264  inhibition of the free movement of particles and the availability of sharp edges as well as

265  clean nanocarbon surfaces. Past studies have identified mechanisms which can reduce the
266  antibacterial effects of nanocarbon materials; agglomeration (Dreyer et al., 2010; Liu et al.,
267  2009), covering of nanocarbon structures with contaminants (Hui et al., 2014), as well as

268 interactions with components of the soil matrix (Chen et al., 2018; Jaisi and Elimelech, 2009;

269 Luetal., 2017). For example, rGO (Sengupta et al., 2019) and CNTs (Hartono et al., 2018)
11


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

270  can damage bacterial cell membranes through mechanical stress and piercing (Hartono et al.,
271  2018; Sengupta et al., 2019). However, this interaction is dependent on both the mobility of
272  particles as well as the availability of clean edges on nano-sheets and tubes.

273

274 While all amendments elicited significant shifts in soil bacterial community composition, a
275  minority of affected taxa responded exclusively to one material. Importantly, 69% of

276  discriminating taxa responded both to graphite and at least one nanomaterial, with a third of
277  these responding to all materials. Furthermore, 15% of OTUs responded only to graphite,
278  thereby supplying the largest group of exclusively responding OTUs. The only other group of
279  taxa responding in such an exclusive manner were the 5% of taxa responding only to CNTs.
280  None of the taxa were solely affected by GO and its derivatives during the experiment. A
281  further 10% of discriminating taxa responded to multiple nanocarbon materials but not to
282  graphite.

283

284  In summary, most populations responded to graphite, with many of these also responding to
285  one or more nanomaterials and 75% of exclusively responding taxa did so in response to
286  graphite addition. The only nanomaterial that elicited responses not seen in other materials
287  were the CNTSs. This is most likely a result of their tubular nature, potentially resulting in
288 interactions with bacteria that are in some manner, such as by shape or structure, shielded
289  against interactions with nano-sheets. Such shielding effects have been observed for GO and
290 rGO in pure cultures (Sengupta et al., 2019). The number of relative increases and decreases
291  in abundance were approximately equal across materials. This is consistent with previous
292  research which has reported variable effects of GO (Akhavan and Ghaderi, 2010; Chung et
293 al., 2015; Du et al., 2015; Forstner et al., 2019; Liu et al., 2011; Ruiz et al., 2011; Xiong et al.,
294  2018) and CNTs (Chung et al., 2011; Ge et al., 2016; Hartono et al., 2018; Jin et al., 2014,

295 2013, Kang et al., 2009, 2008; Khodakovskaya et al., 2013; Rodrigues et al., 2013; Shrestha et
12
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296 al., 2013) on bacterial isolates as well as soil bacterial communities and has reported that
297  CNTs may cause changes similar in magnitude to reference materials such as biochar and
298  carbon black (Ge et al., 2016) albeit at much greater doses than can be deemed realistic (Ge et
299 al., 2016; Sun et al., 2014).

300

301  Previous work has highlighted the effects of very high (10 g kg) CNT applications on

302 various taxa (Shrestha et al., 2013). Shrestha et al. (2013) highlighted increases in the relative
303 abundance of, among others, Rhodococcus and Cellulomonas as well as decreases in

304  Holophaga and Derxia (Shrestha et al., 2013). We did not observe any changes in any of the
305 taxa identified by Shrestha et al. (2013) under the addition of any of the treatments. This is
306 likely due to the up to a 10-billion-fold difference in doses applied between the studies. Our
307  examination of OTUs responding to treatments in univariate GLMs revealed that the number
308  of responses elicited by nanomaterials was exceeded by responses to graphite in all time-
309  points with rGO addition consistently resulting in the smallest number of responses; with not
310 asingle taxon responding at 14 days. The number of responses elicited by CNTs decreased
311  over time, while aGO experienced a drastic increase from 4 to 21 responses between day 14
312 and 30. This resulted in aGO being the only material that elicited more responses at the end
313  than at the beginning of the experiment (Fig. 2). Further research is required in order to

314  determine if the mobilization of ammonia bound to GO sheets is the source of this

315  discrepancy.

316

317 5. Conclusions

318

319  With increasing utilization of nanocarbon materials, it is becoming ever more pressing to
320  examine their ultimate environmental effects. Our study demonstrates that CNTs, rGO and

321  aGO can significantly influence bacterial community composition even at doses as low as one
13
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322 ng kg™ and that these effects significantly differ from not only a no-treatment control but also
323  from those elicited by graphite and unmodified GO sheets. This highlights not only the

324  importance of examining nano-carbon materials as a whole; but also reveals a need to

325  examine each new material and derivative of existing materials in order to determine their
326  environmental impacts on the soil microbial communities that underpin essential ecosystem
327  services.

328

329

330 Data availability.

331

332 All sequences have been deposited to the Sequence Read Archive (SRA) under BioProject
333  accession number PRINA515098

334

335

14


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

336  Acknowledgements

337

338  The authors gratefully acknowledge financial support from The University of Queensland for
339  an Early Career Researcher Award to PGD. CF gratefully acknowledges funding from the
340  Australian Government’s Department of Education and Training in the form of an Australian
341  Government Research Training Program Scholarship administered by The University of

342  Queensland. PMK is the recipient of an Australian Research Council (ARC) Future

343  Fellowship (ARC FT120100277).

344

345  Declaration of interest

346

347  The authors report that they have no conflicts of interest.

348

349  References

350

351  Akhavan, O., Ghaderi, E., 2010. Toxicity of graphene and graphene oxide nanowalls against

352 bacteria. ACS Nano 4, 5731-5736. https://doi.org/10.1021/nn101390x

353  Bardgett, R.D., van der Putten, W.H., 2014. Belowground biodiversity and ecosystem

354 functioning. Nature 515, 505-511. https://doi.org/10.1038/nature13855

355  Bates, D., Mé&chler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear mixed-effects models

356 using Ime4. J. Stat. Softw. 67, 1-48. https://doi.org/10.18637/jss.v067.i01

357  Boylen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C., Al-Ghalith, G.A.,

358 Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E., Bittinger,
359 K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-Rodriguez,
360 A.M., Chase, J., Cope, E., Da Silva, R., Dorrestein, P.C., Douglas, G.M., Durall, D.M.,

15


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

361 Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M., Fouquier, J., Gauglitz, J.M.,

362 Gibson, D.L., Gonzalez, A., Gorlick, K., Guo, J., Hillmann, B., Holmes, S., Holste, H.,
363 Huttenhower, C., Huttley, G., Janssen, S., Jarmusch, A.K., Jiang, L., Kaehler, B., Kang,
364 K.B., Keefe, C.R., Keim, P., Kelley, S.T., Knights, D., Koester, I., Kosciolek, T., Kreps,
365 J., Langille, M.G.1,, Lee, J., Ley, R, Liu, Y., Loftfield, E., Lozupone, C., Maher, M.,
366 Marotz, C., Martin, B.D., McDonald, D., Mclver, L.J., Melnik, A.V., Metcalf, J.L.,

367 Morgan, S.C., Morton, J.T., Naimey, A.T., Navas-Molina, J.A., Nothias, L.F.,

368 Orchanian, S.B., Pearson, T., Peoples, S.L., Petras, D., Preuss, M.L., Pruesse, E.,

369 Rasmussen, L.B., Rivers, A., Robeson, M.S. I, Rosenthal, P., Segata, N., Shaffer, M.,
370 Shiffer, A., Sinha, R., Song, S.J., Spear, J.R., Swafford, A.D., Thompson, L.R., Torres,
371 P.J., Trinh, P., Tripathi, A., Turnbaugh, P.J., Ul-Hasan, S., van der Hooft, J.J.J., Vargas,
372 F., Vazquez-Baeza, Y., Vogtmann, E., von Hippel, M., Walters, W., Wan, Y., Wang, M.,
373 Warren, J., Weber, K.C., Williamson, C.H.D., Willis, A.D., Xu, Z.Z., Zaneveld, J.R.,
374 Zhang, Y., Zhu, Q., Knight, R., Caporaso, J.G., 2018. QIIME 2 : Reproducible,

375 interactive, scalable, and extensible microbiome data science. PeerJ Prepr. 6e27295v2
376 https//doi.org/10.7287/peerj.preprints.27295v2.

377  Chen, L., Yang, S., Liu, Y., Mo, M., Guan, X., Huang, L., Sun, C., Yang, S., Chang, X., 2018.
378 Toxicity of graphene oxide to naked oats (Avena sativa L.) in hydroponic and soil

379 cultures. RSC Adv. 8, 15336-15343. https://doi.org/10.1039/c8ra01753k

380 Chung, H., Kim, M.J., Ko, K., Kim, J.H., Kwon, H., Hong, I., Park, N., Lee, S., Kim, W.,
381 2015. Effects of graphene oxides on soil enzyme activity and microbial biomass. Sci.

382 Total Environ. 514, 307-313. https://doi.org/10.1016/j.scitotenv.2015.01.077

383  Chung, H., Son, Y., Yoon, T.K.,, Kim, S., Kim, W., 2011. The effect of multi-walled carbon
384 nanotubes on soil microbial activity. Ecotoxicol. Environ. Saf. 74, 569-575.

385 https://doi.org/10.1016/j.ecoenv.2011.01.004
16


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

386  Dreyer, D.R., Park, S., Bielawski, C.W., Ruoff, R.S., 2010. The chemistry of graphene oxide.

387 Chem. Soc. Rev. 39, 228-240. https://doi.org/10.1039/b917103g

388 Du,J., Hu, X., Zhou, Q., 2015. Graphene oxide regulates the bacterial community and
389 exhibits property changes in soil. RSC Adv. 5, 27009-27017.

390 https://doi.org/10.1039/C5RA01045D

391 Edgar, R.C., 2010. Search and clustering orders of magnitude faster than BLAST.

392 Bioinformatics 26, 2460-2461. https://doi.org/10.1093/bioinformatics/btq461

393  Forstner, C., Orton, T.G., Skarshewski, A., Wang, P., Kopittke, P.M., Dennis, P.G., 2019.
394 Effects of graphene oxide and graphite on soil bacterial and fungal diversity. Sci. Total

395 Environ. https://doi.org/10.1016/j.scitotenv.2019.03.360

396  Gao, W., 2015. The Chemistry of Graphene Oxide, in: Gao, W. (Ed.), Graphene Oxide:
397 Reduction Recipes, Spectroscopy, and Applications. Springer International Publishing,

398 Cham, pp. 61-95. https://doi.org/10.1007/978-3-319-15500-5_3

399 Ge, Y., Priester, J.H., Mortimer, M., Chang, C.H., Ji, Z., Schimel, J.P., Holden, P.A., 2016.

400 Long-term effects of multiwalled carbon nanotubes and graphene on microbial
401 communities in dry soil. Environ. Sci. Technol. 50, 3965-3974.
402 https://doi.org/10.1021/acs.est.5b05620

403  Guo, Z., Xie, C., Zhang, P., Zhang, J., Wang, G., He, X., Ma, Y., Zhao, B., Zhang, Z., 2017.

404 Toxicity and transformation of graphene oxide and reduced graphene oxide in bacteria
405 biofilm. Sci. Total Environ. 580, 1300-1308.
406 https://doi.org/10.1016/j.scitotenv.2016.12.093

407  Gurunathan, S., Han, J.W., Dayem, A.A., Eppakayala, V., Kim, J., 2012. Oxidative stress-
408 mediated antibacterial activity of graphene oxide and reduced graphene oxide in

409 Pseudomonas aeruginosa. Int. J. Nanomedicine 7, 5901-5914.
17


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

410 https://doi.org/10.2147/1IN.S37397

411  Hartono, M.R., Kushmaro, A., Chen, X., Marks, R.S., 2018. Probing the toxicity mechanism
412 of multiwalled carbon nanotubes on bacteria. Environ. Sci. Pollut. Res. 25, 5003-5012.

413 https://doi.org/10.1007/s11356-017-0782-8

414 Hui, L., Piao, J., Auletta, J., Hu, K., Zhu, Y., Meyer, T., Liu, H., Yang, L., 2014. Availability
415 of the basal planes of graphene oxide determines whether it is antibacterial. ACS Appl.

416 Mater. Interfaces 6, 13183-13190. https://doi.org/10.1021/am503070z

417  Isbell, R.F., 2002. The Australian soil classification (Revised ed.). CSIRO Publishing,

418 Collingwood, Victoria.

419  Jaisi, D.P., Elimelech, M., 2009. Single-walled carbon nanotubes exhibit limited transport in

420 soil columns 43, 9161-9166. https://doi.org/10.1021/es901927y

421  Jin, L., Son, Y., DeForest, J.L., Kang, Y.J., Kim, W., Chung, H., 2014. Single-walled carbon
422 nanotubes alter soil microbial community composition. Sci. Total Environ. 466467,

423 533-538. https://doi.org/10.1016/j.scitotenv.2013.07.035

424 Jin, L., Son, Y., Yoon, T.K,, Kang, Y.J., Kim, W., Chung, H., 2013. High concentrations of
425 single-walled carbon nanotubes lower soil enzyme activity and microbial biomass.

426 Ecotoxicol. Environ. Saf. 88, 9-15. https://doi.org/10.1016/j.ecoenv.2012.10.031

427  Kang, S., Herzberg, M., Rodrigues, D.F., Elimelech, M., 2008. Antibacterial effects of carbon
428 nanotubes: size does matter! Langmuir 24, 6409-6413.

429 https://doi.org/10.1021/1a800951v

430 Kang, S., Mauter, M.S., Elimelech, M., 2009. Microbial cytotoxicity of carbon-based
431 nanomaterials: Implications for river water and wastewater effluent. Environ. Sci.

432 Technol. 43, 2648-2653. https://doi.org/10.1021/es8031506

18


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

433  Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7:
434 Improvements in performance and usability. Mol. Biol. Evol. 30, 772—780.

435 https://doi.org/10.1093/molbev/mst010

436  Khodakovskaya, M.V., Kim, B., Kim, J.N., Alimohammadi, M., Dervishi, E., Mustafa, T.,

437 Cernigla, C.E., 2013. Carbon nanotubes as plant growth regulators: Effects on tomato
438 growth, reproductive system, and soil microbial community. Small 9, 115-123.
439 https://doi.org/10.1002/smll.201201225

440  Kuznetsova, A., 2017. ImerTest: Tests in linear mixed effects models. R package version 3.0-

441 1. J. Stat. Softw. 82, 1-26.

442  Liu, S., Wei, L., Hao, L., Fang, N., Chang, M.W., Xu, R., Yang, Y., Chen, Y., 2009. Sharper
443 and faster “nano darts” kill more bacteria: A study of antibacterial pristine single-walled

444 carbon nanotube. ACS Nano 3, 3891-3902. https://doi.org/10.1021/nn901252r

445  Liu, S., Zeng, T.H., Hofmann, M., Burcombe, E., Wei, J., Jiang, R., Kong, J., Chen, Y., 2011.

446 Antibacterial activity of graphite, graphite oxide, graphene oxide, and reduced graphene
447 oxide: Membrane and oxidative stress. ACS Nano 5, 6971-6980.
448 https://doi.org/10.1021/nn202451x

449  Lu, T, Xia, T., Qi, Y., Zhang, C., Chen, W., 2017. Effects of clay minerals on transport of
450 graphene oxide in saturated porous media. Environ. Toxicol. Chem. 36, 655—660.

451 https://doi.org/10.1002/etc.3605

452  McDonald, D., Clemente, J.C., Kuczynski, J., Rideout, J.R., Stombaugh, J., Wendel, D.,

453 Wilke, A., Huse, S., Hufnagle, J., Meyer, F., Knight, R., Caporaso, J.G., 2012. The
454 Biological Observation Matrix (BIOM) format or: How | learned to stop worrying and
455 love the ome-ome. Gigascience 1, 1-6. https://doi.org/10.1186/2047-217X-1-7

456  Perreault, F., De Faria, A.F., Nejati, S., Elimelech, M., 2015. Antimicrobial properties of
19


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

457 graphene oxide nanosheets: Why size matters. ACS Nano 9, 7226-7236.

458 https://doi.org/10.1021/acsnano.5b02067

459  Pinheiro, J.C., Bates, D.M., 2004. Mixed-effects models in S and S-Plus. Springer, New

460 York, USA.

461  Price, M.N., Dehal, P.S., Arkin, A.P., 2010. FastTree 2--approximately maximum-likelihood
462 trees for large alignments. PLoS One 5, €9490. https://doi.org/10.1371/

463 journal.pone.0009490

464  Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glockner,

465 F.O.F.O., 2013. The SILVA ribosomal RNA gene database project: Improved data
466 processing and web-based tools. Nucleic Acids Res. 41, D590-D596.
467 https://doi.org/10.1093/nar/gks1219

468  Ramakrishnan, P., Shanmugam, S., 2016. Nitrogen-doped porous multi-nano-channel
469 nanocarbons for use in high-performance supercapacitor applications. ACS Sustain.

470 Chem. Eng. 4, 2439-2448. https://doi.org/10.1021/acssuschemeng.6b00289

471  Rodrigues, D.F., Jaisi, D.P., Elimelech, M., 2013. Toxicity of functionalized single-walled
472 carbon nanotubes on soil microbial communities: Implications for nutrient cycling in

473 soil. Environ. Sci. Technol. 47, 625-633. https://doi.org/10.1021/es304002q

474  Ruiz, O.N., Fernando, K.A.S., Wang, B., Brown, N.A., Luo, P.G., McNamara, N.D.,
475 Vangsness, M., Sun, Y., Bunker, C.E., 2011. Graphene oxide: A nonspecific enhancer of

476 cellular growth. ACS Nano 5, 8100-8107. https://doi.org/10.1021/nn202699t

477  Sengupta, I., Bhattacharya, P., Talukdar, M., Neogi, S., Pal, S.K., Chakraborty, S., 2019.

478 Bactericidal effect of graphene oxide and reduced graphene oxide: Influence of shape of
479 bacteria. Colloids Interface Sci. Commun. 28, 60—68.
480 https://doi.org/10.1016/j.colcom.2018.12.001

20


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

481  Shrestha, B., Acosta-Martinez, V., Cox, S.B., Green, M.J., Li, S., Canas-Carrell, J.E., 2013.

482 An evaluation of the impact of multiwalled carbon nanotubes on soil microbial
483 community structure and functioning. J. Hazard. Mater. 261, 188-197.
484 https://doi.org/10.1016/j.jhazmat.2013.07.031

485  Soil Survey Staff, 2014. Keys to soil taxonomy, 12th ed. USDA -Natural Resources

486 Conservation Service, Washington, DC.

487  Sun, T.Y., Gottschalk, F., Hungerbuhler, K., Nowack, B., 2014. Comprehensive probabilistic
488 modelling of environmental emissions of engineered nanomaterials. Environ. Pollut. 185,

489 69-76. https://doi.org/10.1016/j.envpol.2013.10.004

490 Taha, M.R., Alsharef, J.M.A., 2017. Use of nanocarbons to control swelling , shrinkage , and
491 hydraulic conductivity of a residual soil. Proc. 2nd Symp. Coupled Phenom. Environ.

492 Geotech.

493  Wang, P., Menzies, N.W., Dennis, P.G., Guo, J., Forstner, C., Sekine, R., Lombi, E., Kappen,

494 P., Bertsch, P.M., Kopittke, P.M., 2016. Silver nanoparticles entering soils via the

495 wastewater—sludge—soil pathway pose low risk to plants but elevated CI concentrations
496 increase Ag bioavailability. Environ. Sci. Technol. 50, 8274-8281.

497 https://doi.org/10.1021/acs.est.6b01180

498  Wang, Y., Naumann, U., Wright, S.T., Warton, D.I., 2012. Mvabund - an R package for
499 model-based analysis of multivariate abundance data. Methods Ecol. Evol. 3, 471-474.

500 https://doi.org/10.1111/j.2041-210X.2012.00190.x

501  Warton, D.I., 2011. Regularized sandwich estimators for analysis of high-dimensional data
502 using generalized estimating equations. Biometrics 67, 116-123.

503 https://doi.org/10.1111/j.

504  Xin, S., Guo, Y., Wan, L., 2012. Nanocarbon networks for advanced rechargeable lithium
21


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

505 batteries. Acc. Chem. Res. 45, 1759-1769. https://doi.org/10.1021/ar300094m

506  Xiong, T., Yuan, X., Wang, H., Leng, L., Li, H., Wu, Z., Jiang, L., Xu, R., Zeng, G., 2018.

507 Implication of graphene oxide in Cd-contaminated soil: A case study of bacterial
508 communities. J. Environ. Manage. 205, 99-106.
509 https://doi.org/10.1016/j.jenvman.2017.09.067

510 Zhang, Z., Schwartz, S., Wagner, L., Miller, W., 2000. A greedy algorithm for aligning DNA

511 sequences. J. Comput. Biol. 7, 203-214. https://doi.org/10.1089/10665270050081478

512

513 Table Legends

514

515 Table 1 Summary of multivariate GLM post-hoc results (P values) computed using mvabund
516  highlighting differences in bacterial community composition between treatments relative to
517  the no-treatment controls within each time point

518

519  Table 2 Summary of multivariate GLM post-hoc results (P values) computed using mvabund
520 highlighting differences in bacterial community composition between treatments relative to
521  graphite at the same dose within time points

522

523  Table 3 Summary of multivariate GLM post-hoc results (P values) computed using mvabund
524  highlighting differences in bacterial community composition between GO and its derivatives
525 (rGO and aGO) relative to CNTSs at the same dose

526

527  Table 4 Summary of multivariate GLM post-hoc results (P values) computed using mvabund
528  highlighting differences in bacterial community composition between GO and its derivatives

529  (rGO and aGO) at the same dose
22


https://doi.org/10.1101/591842

bioRxiv preprint doi: https://doi.org/10.1101/591842; this version posted March 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

530

531  Figure Legends

532

533  Fig. 1 Principal coordinate analysis (PCoA) ordination illustrating differences in the

534  composition of bacterial communities in the no-treatment controls and CNT, GO, rGO, aGO,
535 and graphite amended soils over time. The ellipses represent standard deviations. The arrows
536  for each treatment move from low, through medium, to high dose. They highlight that there
537  were no consistent directions of change in community composition with increasing nano-
538  material or graphite dose. The third replicate for the low dose of rGO on day 7 is outside the
539  plot area (0.22,-0.41).

540

541  Fig. 2 Heatmap of the relative abundances of 39 bacterial OTUs that differed significantly
542  from the control in at least one treatment combination. The asterisks highlight which

543 treatments differ significantly from the no-treatment controls on each day (P < 0.05*, P <
544  0.01**, P < 0.001***). Each column of the heatmap represents the mean relative abundance
545  of each treatment (n = 3). The bubble-plot on the left summarizes the number (circle size) of
546  nanocarbon or graphite treatments that an OTU responded to relative to the no-treatment
547  controls, and of these how many manifested as increases or decreases in relative abundance
548  (circle color). The numbers below the bubble plot and heatmap show the total numbers of
549  significant responses to a particular treatment relative to the control. The OTU IDs are

550  consistent throughout the manuscript. The phylum of each OTU is indicated by the colors on

551 the left of the heatmap and the affiliations associated with each color are shown at the bottom.
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Table 1 Summary of multivariate GLM post-hoc results (P values) computed using mvabund
highlighting differences in bacterial community composition between treatments relative to

the no-treatment controls within each time point

Material Dose Day

7 14 30

Graphite Low 0.002** 0.002** 0.002**
Medium 0.002** 0.002** 0.002**
High 0.006** 0.010** 0.002**
GO Low 0.002** 0.207 0.003**
Medium 0.004** 0.006** 0.002**
High 0.003** 0.042* 0.023*
rGO Low 0.002** 0.081 0.007**
Medium 0.006** 0.035* 0.007**
High 0.009** 0.025* 0.003**
aGO Low 0.009** 0.009** 0.002**
Medium 0.003** 0.034* 0.006**
High 0.005** 0.053 0.006**
CNTs Low 0.009** 0.005** 0.002**
Medium 0.004** 0.024* 0.002**

High 0.003** 0.003** 0.010**
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Table 2 Summary of multivariate GLM post-hoc results (P values) computed using mvabund
highlighting differences in bacterial community composition between treatments relative to

graphite at the same dose within time points

Day Dose GO rGO aGO CNTs
7 Low 0.008** 0.002** 0.002** 0.002**
7 Medium 0.002** 0.003** 0.004** 0.017*
7 High 0.067 0.081 0.076 0.042*
14 Low 0.006** 0.002** 0.002** 0.002**
14 Medium 0.002** 0.007** 0.002** 0.008**
14 High 0.069 0.009** 0.188 0.004**
30 Low 0.020* 0.002** 0.002** 0.002**
30 Medium 0.002** 0.002** 0.002** 0.002**

30 High 0.018* 0.037* 0.272 0.011*
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Table 3 Summary of multivariate GLM post-hoc results (P values) computed using mvabund
highlighting differences in bacterial community composition between GO and its derivatives

(rGO and aGO) relative to CNTSs at the same dose

Day Dose GO rGO aGO

7 Low 0.002** 0.005** 0.046*
7 Medium 0.007** 0.021* 0.023*
7 High 0.083 0.063 0.021*
14 Low 0.002** 0.003** 0.124
14 Medium 0.002** 0.095 0.023*
14 High 0.005** 0.002** 0.005**
30 Low 0.004** 0.006** 0.003**
30 Medium 0.002** 0.002** 0.002**

30 High 0.253 0.011* 0.006**
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Table 4 Summary of multivariate GLM post-hoc results (P values) computed using mvabund
highlighting differences in bacterial community composition between GO and its derivatives

(rGO and aGO) at the same dose

Day Dose réo aGoO

7 Low 0.002** 0.003**
7 Medium 0.009** 0.010**
7 High 0.055 0.037*
14 Low 0.104 0.003**
14 Medium 0.011* 0.009**
14 High 0.080 0.108
30 Low 0.003** 0.002**
30 Medium 0.002** 0.003**

30 High 0.022* 0.012*
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Fig. 1 Principal coordinate analysis (PCoA) ordination illustrating differences in the
composition of bacterial communities in the no-treatment controls and CNT, GO, rGO, aGO,
and graphite amended soils over time. The ellipses represent standard deviations. The arrows
for each treatment move from low, through medium, to high dose. They highlight that there
were no consistent directions of change in community composition with increasing nano-
material or graphite dose. The third replicate for the low dose of rGO on day 7 is outside the

plot area (0.22,-0.41).
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Fig. 2 Heatmap of the relative abundances of 39 bacterial OTUs that differed significantly
from the control in at least one treatment combination. The asterisks highlight which
treatments differ significantly from the no-treatment controls on each day (P < 0.05*, P <
0.01**, P < 0.001***). Each column of the heatmap represents the mean relative abundance
of each treatment (n = 3). The bubble-plot on the left summarizes the number (circle size) of
nanocarbon or graphite treatments that an OTU responded to relative to the no-treatment

controls, and of these how many manifested as increases or decreases in relative abundance
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(circle color). The numbers below the bubble plot and heatmap show the total numbers of
significant responses to a particular treatment relative to the control. The OTU IDs are
consistent throughout the manuscript. The phylum of each OTU is indicated by the colors on

the left of the heatmap and the affiliations associated with each color are shown at the bottom.
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