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Abstract: Soil salinization is a pressing issue that needs to be addressed in current agricultural pro-
duction. In this study, we utilized novel materials, unfunctionalized multi-walled carbon nanotubes
(MWCNT) and functionalized multi-walled carbon nanotubes (MWCNT-OH), to explore the effects
of soil carbon and nitrogen cycles in saline soil. We set up four treatments, which were exposed to two
exposure doses of 1 g/kg and 1 ug/kg and two MWCNT types of functionalized MWCNT-OH and
unfunctionalized MWCNT. Our results demonstrate that exposure of saline soil to 1 g/kg functional-
ized MWCNT-OH significantly increased the soil inorganic nitrogen (p < 0.05), while also promoting
the soil microbial biomass. This exposure can also potentially enhance greenhouse gas emissions from
saline soil. Moreover, exposure to MWCNTs significantly increased the proportion of Actinobacteria
and Proteobacteria, two dominant phyla (p < 0.05), which in turn improved their contribution to the
carbon and nitrogen cycling processes within saline soil. High exposure dose treatments (1 g/kg)
significantly increased the abundance of functional genes associated with carbon metabolism, carbon
fixation, methane metabolism, and nitrogen cycling processes within saline soil. In contrast, low
exposure dose treatments (1 pug/kg) had no significant effect on the abundance of functional genes
related to nitrogen cycling, but significantly increased the abundance of special functional genes
related to carbon cycling. Redundancy analysis revealed that the microbial community composition
within saline soil was significantly impacted by the soil total carbon, total nitrogen, and nitrate
nitrogen content. Furthermore, it was observed that over 80% of the carbon and nitrogen cycling
processes within the saline soil were contributed by the dominant phyla. In summary, our research
confirms the potential applicability of MWCNTs within saline soil. Notably, exposure of saline soil to
1 g/kg functionalized MWCNT-OH exhibited the most significant promoting effect on the carbon
and nitrogen cycles.

Keywords: functionalized multi-walled carbon nanotubes; saline soil; carbon and nitrogen cycling;
metagenomics; microbial community

1. Introduction

Soil salinization has become one of the main factors limiting agricultural productivity
and farmland use efficiency [1]. Currently, there are approximately 11 million square
kilometers of saline soil worldwide, and its total area is still expanding at a rate of 10%
annually [2]. Soil salinization is caused not only by climatic factors such as drought and in-
tense evaporation but also by human factors such as improper cultivation practices, leading
to secondary soil salinization [2]. Soil salinization suppresses normal crop growth, reduces
crop yields, changes the structure and function of cell membranes, and ultimately decreases
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soil microbial activity [3]. Furthermore, the decreased microbial activity within saline soil
inhibits the carbon and nitrogen cycling processes, which can lead to the accumulation
of salts such as nitrates and nitrites, exacerbating soil salinization. Current methods to
address soil salinization include irrigation and drainage, improving crop salt tolerance, and
applying chemical agents such as gypsum and calcium sulfite to reduce soil salinity [2,3].
While these methods can effectively improve the environment of saline soil and promote
nutrient cycles in farmlands, they still have limitations such as high costs, low efficiency,
and potential damage to local ecosystems. Therefore, there is a pressing need to identify
efficient, cost-effective, and sustainable agricultural development approaches, improving
the living environment for soil microorganisms, and promoting carbon and nitrogen cycles
to alleviate the pressure of soil salinization in farmlands.

In recent years, multi-walled carbon nanotubes (MWCNTs) have emerged as an
efficient and novel material with enormous development potential in many fields, ow-
ing to their unique mechanical properties and thermal and chemical stability [4]. Prior
research has demonstrated the beneficial effects of MWCNTs on saline farmlands. Specif-
ically, according to Carmen Martinez-Ballesta et al. [5], MWCNTs can enter plant cells,
enhance water absorption, mitigate salt stress-induced damage, and ultimately promote
cauliflower growth in saline soil. Li et al. [6] have discovered that MWCNTs can enhance
the salt tolerance of grape seeds and seedlings. This novel approach not only signifi-
cantly increases the root length and seed germination rate of crops, but also maintains
the antioxidant capacity of grape seedlings under high salt stress. Chen and Wang [7]
suggested that MWCNTs can promote the growth of alfalfa in saline-alkaline soil while reg-
ulating crop physiological characteristics such as photosynthesis and antioxidant systems.
Ahmadian et al. [8] have found that applying MWCNTs in agriculture has a more beneficial
effect than other plant growth regulators. MWCNTs not only directly change crop physio-
logical characteristics, but also alter microbial activity, thereby influencing the elemental
cycling process in soil systems. The effects of MWCNTs extend beyond immediate changes
to crop physiological characteristics, as it also alters microbial activity, thereby influencing
the elemental cycling process in soil systems. Soil carbon and nitrogen cycles are crucial
components of the global biogeochemical cycle, with vast implications for land use and
ecological balance on a worldwide scale. Therefore, a comprehensive understanding of
agricultural soil carbon and nitrogen cycling processes is of utmost importance for im-
proving crop productivity, increasing agricultural yields, and promoting sustainable land
management practices. Sekhon [9] indicates that compared to traditional fertilizers, carbon
nanotubes can enhance soil nutrients, promote soil carbon and nitrogen cycling processes,
and prevent nutrient loss caused by soil eutrophication or runoff.

Furthermore, alterations to soil carbon and nitrogen cycling processes have the po-
tential to impact the soil affected by greenhouse gas emissions, including carbon dioxide
(CO»), nitrous oxide (N,0O), and methane (CHy) [10]. However, the use of MWCNTs in
agricultural production often faces some challenges. Some researchers have shown that
exposure to single-walled carbon nanotubes negatively affects soil nutrient cycling by
affecting soil microbial communities [11,12]. Wang et al. [13] indicated that the exposure of
MWCNTs exposure doses of 1 or 10 mg/kg for 100 days led to a significant reduction in
soil microbial diversity, altered soil microbial community composition and metabolic path-
ways, and caused a decrease in specific microbial groups and functional genes. Ultimately,
these changes significantly impacted soil carbon and nitrogen cycling processes. Thus, the
investigation of nutrient cycling in soil systems is inextricably linked to the exploration
of soil microbial communities. The effects of carbon nanotube exposure on soil carbon
and nitrogen cycling processes are still a matter of debate. Specifically, future studies
are required to evaluate the effect of carbon nanotubes on carbon and nitrogen cycling
processes in saline farmlands, where the soil environment is more intricate.

Furthermore, the effectiveness of carbon nanotubes is contingent upon multiple fac-
tors, including material type, exposure dose and time, functionalization type, and more [14].
Previous research finds that the application of unfunctionalized carbon nanotubes in agri-
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cultural farmlands results in problems such as poor mixing with soil, as well as potential
toxicity to crops and microorganisms, due to hydrophobicity and unsatisfactory biocom-
patibility [15]. Thus, several studies have focused on the development of functionalized
carbon nanotubes to enhance their positive impact on crops and agricultural soil, while
minimizing their potential hazards [16,17]. Kerfahi et al. [18] shows that functionalized
carbon nanotubes have a milder impact on soil microbial community structures compared
to unfunctionalized ones, with a smaller effect on microbial community diversity as well.
Su et al. [19] indicates that functionalized carbon nanotubes possess a larger number of
hydrophilic groups on their surface, making them more easily utilized by microorganisms
via a lipid-assisted mechanism. Additionally, they exhibit improved dispersibility in water,
which facilitates their application in agriculture. However, some researchers have sug-
gested that functionalized carbon nanomaterials, despite having stronger biocompatibility
compared to unfunctionalized carbon nanomaterials, exhibit high toxicity towards soil
microorganisms at relatively low exposure levels, leading to a reduction in soil microbial
biomass [12]. Despite the potential benefits of functionalized MWCNTs in agricultural
soil, research on their application in saline farmlands still needs to be completed. Given
the potential negative impacts of MWCNTSs on soil health, it is crucial to explore the dis-
parities in the efficacy of functionalized and unfunctionalized MWCNTs in saline soil,
with the aim of utilizing nanotechnology more effectively to mitigate salinity stress in
agricultural production.

Based on the research background, the objective of our study is to shed light on
the effects of distinct types and exposure doses of MWCNTs on the carbon and nitrogen
cycling process in saline soils. To accomplish this aim, we carried out experiments into the
carbon-nitrogen cycling process of saline soils that were subjected to two exposure doses
(1 g/kg and 1 pg/kg) of both functionalized MWCNT-OH and unfunctionalized MWCNTs.
The objective of the study is (1) to investigate the suitability of MWCNTs in saline soils,
(2) to determine whether functionalized MWCNT-OH exhibit greater enhancement effects
on the carbon-nitrogen cycling process in saline soil than unfunctionalized MWCNTs, and
(3) to investigate the effects of multi-walled carbon nanotube exposure on the structure and
function of microbial communities in saline soils by metagenomics.

2. Materials and Methods
2.1. Test Materials

Experimental soil was collected from the autonomous county of Yanqi Hui, Bayingol
Mongol Autonomous Prefecture, Xinjiang, China, at a geographical location of approx-
imately 41°45’ N, 85°44’ E. The experimental area experiences a climate that results in
serious soil salinization. Soil samples were collected at the sampling site using a stratified
multi-point sampling method, and the undisturbed soil samples were placed in sealed bags
and stored for later use. Soil particle size characteristics were measured by a particle size
analyzer (S3500, Microtrac Inc., Pittsboro, NC, USA). The soil texture was determined to be
sandy loam, comprising 52.23% sand, 39.31% silt, and 8.46% clay. A conductivity meter
(HQ40d, HACH Co., Loveland, CO, USA) was used to measure the conductivity of the
1:5 soil-water extract was 841 uS/cm, and the pH value was 8.02.

The selected unfunctionalized MWCNT was purchased from the Chengdu Organic
Chemical Co., Ltd., Chinese Academy of Sciences (http://www.cocc.cn/, accessed on
27 October 2022). The purity was >98%, the outer diameter was 5-15 nm, the inner diameter
was 2-5 nm, the length was 0.5-2 pum, and the surface area was >350 m2/ g. Functionalized
MWCNT-OH purity was >98%, the outer diameter was 5-15 nm, the inner diameter was
2-5 nm, the length was 0.5-2 pum, the surface area was >380 m?2/ g, and the -OH content
was 5.58%. Functionalization treatment significantly increased the material’s surface area
and -OH content. To prepare a uniform suspension, both MWCNTs were soaked in sterile
deionized water at 38 °C for 12 h, then subjected to 15 h of ultrasonic treatment in a high-
frequency 40 kHz, 100 W ultrasonic water bath. The resulting suspensions were mixed
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evenly with soil by spraying, and the soil was adjusted to a uniform moisture content
of 20%.

2.2. Experimental Scheme

The experiment was conducted in the microbial culture box of the Irrigation and
Drainage Test Field at the State Key Laboratory of Water Resources and Hydropower
Engineering Science at Wuhan University. Prior to the experiment, the soil was air-dried,
crushed, and sieved through a 2 mm screen mesh. The soil samples were then layered
and compacted using the layering method based on a bulk density of 1.4 g/cm?. The soil
was then filled into 650 mL culture bottles with a filling volume of 200 mL. The filled soil
columns were placed in a constant temperature chamber at 25 °C and 50% humidity for
7 days to recover the soil condition for pre-incubation. During the experiment, the filled soil
columns were incubated for 56 days under the same constant temperature and humidity
conditions as during the pre-incubation. The samples were exposed to artificial lamps to
simulate the sunlight (light intensity: 1700 pmol/ m?:s, light period: 12 h/12 h, day/night).
The culture bottles were weighed every 24 h, and the soil moisture content was adjusted to
ensure that the moisture content was consistent across all treatments during the experiment.
Four treatments were set up in the experiment: MW1 treatment (soil exposed to 1 g/kg of
unfunctionalized MWCNTs), MW?2 treatment (soil exposed to 1 mg/kg of unfunctionalized
MWCNTs), HMW1 treatment (soil exposed to 1 g/kg of functionalized MWCNT-OH), and
HMW?2 treatment (soil exposed to 1 mg/kg of functionalized MWCNT-OH). In addition
to the four treatments, a control group was set up and labeled as CK treatment. Each
treatment was replicated six times, resulting in a total of 30 culture bottles.

2.3. Research Methods

Soil samples were collected after 7 and 56 days of incubation, and soil characteristics
related to the carbon—nitrogen cycling process were measured. Soil total organic carbon
content (TOC) was measured using the K2Cr207 oxidation-spectrophotometric method
(UV8000, Metash Instruments Co., Shanghai, China). Soil microbial biomass carbon and
nitrogen content (MBC and MBN) were determined using the chloroform fumigation-
K2504 extraction method (multi N/C 3100, Analytik Jena AG, Jena, Germany) [20]. Soil
nitrate nitrogen and ammonium nitrogen (NO3~ and NH,4*) content were measured using
an Ultraviolet-visible Spectrophotometer (UV8000, Metash Instruments Co, Shanghai,
China). Soil nutrient cycling indices for each treatment were calculated using the method
proposed by Delgado-Baquerizo et al. [21] to evaluate the soil nutrient cycling capacity.
In addition, on days 7, 9, 11, 14, 17, 21, 28, 35, 42, 49, and 56 of the experiment, gas-tight
caps with sampling ports were used to seal the culture bottles. At 0 and 45 min after
sealing, 20 mL of gas was extracted from the headspace of the bottles using a syringe
with a rotating three-way valve. The extracted gas was used to measure soil greenhouse
gas flux and calculate cumulative emissions. The collected gas samples were immediately
analyzed for greenhouse gas concentrations using a gas chromatograph (GC2010, Shimadzu
Corporation, Japan) equipped with a thermal conductivity detector (TCD) and an electron
capture detector (ECD). Soil greenhouse gas emission flux and cumulative greenhouse gas
emissions, were calculated according to the methods described in Cai et al. [22]. In addition,
the microbial metabolic quotient (qCO,), developed by Anderson and Domsch [23], was
also calculated to represent soil microbial efficiency. A high qCO; value indicates low
microbial efficiency and can be used as an indicator of microbial stress.

qCO, = r/MBC 1)

where r represents the mean respiration rate of CO,-C from the soil till on the sampling
day and MBC is microbial biomass carbon in the soil.
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2.4. Metagenomic Analysis

The differences in soil microorganisms among all treatments were analyzed by metage-
nomic sequencing and were detected immediately after rapid freezing of liquid nitro-
gen during sampling. Microbial community DNA was extracted from the soil (0.5 g).
After microbial community DNA extraction, the extracted genomic DNA was detected
by 1% agarose gel electrophoresis. High quality DNA was sheared into 400-bp frag-
ments using an ultrasonicator (M220, Covaris, Woburn, MA, USA), and metagenomic
shotgun sequencing proceeded on the NovaSeq Reagent Kits. Fifteen soil samples of DNA
were analyzed in triplicate by whole-genome shotgun sequencing. The original sequenc-
ing data were obtained using Fastp (https:/ /github.com/OpenGene/fastp, accessed on
30 December 2022) and MEGAHIT (https:/ /github.com/voutcn/megahit, accessed on
30 December 2022) for quality control and assembly. The open reading frames of spliced
contigs were predicted using Prodigal (https://github.com/hyattpd/Prodigal, accessed
on 30 December 2022), and a nonredundant gene catalog was constructed using CD-HIT
(http:/ /weizhongli-lab.org/cd-hit/, accessed on 30 December 2022). Non-redundant
gene sets were compared with the Non-Redundant Protein Sequence (NR) Database
(https://ftp.ncbinlm.nih.gov/blast/db/FASTA/, accessed on 30 December 2022)
using DIAMOND (http:/ /ab.inf.uni-tuebingen.de/software/diamond/, accessed on
30 December 2022). The non-redundant gene set sequences were compared with the
Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.genome.jp/kegg, ac-
cessed on 30 December 2022), and the abundance of functional classes was calculated based
on the sum of gene abundance corresponding to Kegg Orthology (KO), Pathway, Read
numbers, and Module.

2.5. Data Analysis

All data processing, analysis, and plotting were performed using R. One-way ANOVA
was used to test for significant differences among the treatments, and the least significant
difference (LSD) test was used to compare the differences between different treatments.
The mean values and standard errors of all parameters were calculated from at least three
replicates. Bias-corrected 95% confidence interval were non-overlapping, and p < 0.05 were
considered statistically significant.

3. Research Results
3.1. Soil Characteristics and Greenhouse Gas Emissions Related to Carbon and Nitrogen Cycles in
Saline Soil

Based on the data presented in Table 1, both short-term and long-term exposure to
MWCNTs significantly affect the characteristics of saline soil and greenhouse gas emissions
related to the carbon and nitrogen cycle in saline soil.

After 7-day exposure to MWCNTs, the differences between the various treatments
and the CK treatment were relatively small, except the HMW1 treatment. Notably, the
HMW1, HMW2, and MW1 treatments significantly increased the total carbon content of
the saline soil (p < 0.05). Furthermore, the HMW]1 treatment greatly increased the MBC and
MBN content of the saline soil (p < 0.05). Compared to the CK treatment, the MBC and
MBN content of the HMW1 treatments were increased by 93.60% and 218.92%, respectively,
with the CK treatment soil containing 10.62 mg/kg and 0.74 mg/kg of MBC and MBN,
respectively. Additionally, the HMW1 treatment significantly increased the total nitrogen
content of the saline soil (p < 0.05).

After a 56-day exposure to MWCNTS, significant changes in the saline soil characteris-
tics occurred, with increasing differences between the various treatments and the control
group. The exposure to MWCNTs significantly increased the total nitrogen content, nitrate
nitrogen, and ammonium nitrogen in the soil and greatly promoted the nitrogen cycling
process in saline soil (p < 0.05). With the increased exposure dose to MWCNTs, the MBC
content of the soil also significantly increased (p < 0.05). The HMW1 and MW1 treatments
increased the soil MBC content compared to the HMW2 and MW?2 treatments. Notably,
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the HMW1 treatment significantly increased the soil MBC and MBN content compared to
other treatments (p < 0.05). Compared to the CK treatment, the MBC and MBN content of
the HMW]1 treatments were increased by 25.16% and 220.99%, respectively, with the CK
treatment soil containing 12.52 mg/kg and 0.81 mg/kg of MBC and MBN, respectively.
However, the exposure to MWCNTs significantly decreased the organic carbon content of
the saline soil (p < 0.05).

Table 1. Changes of soil characteristics and cumulative greenhouse gas emissions related to the
carbon and nitrogen cycle in saline soil.

TOC Total C MBC Total N MBN NO3— NH,* N,O CO, CH,4 Exposure
(g/kg) (g/kg) (mg/kg) (g/kg) (mg/kg)  (mg/kg)  (mg/kg) (kg/ha) (kg/ha) (kg/ha) Time
CK 4.64 + 14.88 + 10.62 £ 2371 + 0.74 £ 58.02 + 1.01 £+ _ _ B
0.53a 0.28 ¢ 1.23b 0.15b 0.04a 0.32 ab 022a
HMW1 375+ 26.69 + 20.56 + 29.39 + 2.36 = 56.47 + 1.00 £ ~ B B
0.28 a 1.59a 137 a 0.60 a 0.98 a 1.23 ab 0.07 a
HMW?2 3.76 £ 19.70 £ 16.21 £ 23.75 + 1.50 + 60.76 £+ 1.10 £ ~ ~ _ 7 da
020 a 1.39b 3.72 ab 0.78 b 0.79a 3.80a 0.05a y
MW1 537 £ 2041 + 17.57 £ 2444 + 2.83 £ 53.16 + 1.26 £ B _ B
120 a 0.76 b 2.71 ab 0.40b 1.71a 1.40b 0.16 a
MW2 3.85 £ 18.43 + 14.62 £ 23.26 + 1.10 + 61.17 £+ 1.35 + ~ ~ B
024 a 1.40 be 3.45 ab 0.36b 0.68 a 2.32a 0.16 a
CK 5.08 = 13.22 + 12.52 £ 25.03 + 0.81 £ 7247 £ 0.32 + 0.58 £ 757.94 + 1.18 £+
0.27 a 0.25b 048 b 0.97 b 0.42b 453 b 0.05b 0.02a 27.82b 0.26 ab
HMW1 3.68 = 17.20 £ 15.67 £ 27.95 £ 2.60 £ 86.73 + 0.48 + 0.56 = 841.21 + 1.08 =
0.27b 0.23a 0.53 a 0.61 a 043 a 3.72a 0.05 a 0.01 a 48.83 a 0.08 b
HMW?2 3.36 = 16.15 + 12.08 £ 27.85 + 139+ 90.33 + 0.53 + 0.56 = 735.33 £ 1.09 £ 56 da
0.33b 0.58 b 246 b 0.32a 0.76 b 3.86a 0.07 a 0.0la 176.75 ab 0.21b y
MW1 4.29 + 15.88 £ 1533 £ 28.72 + 215+ 87.25 + 0.55 + 0.58 = 726.06 = 0.63 =
0.41 ab 0.55b 1.84 ab 0.38 a 0.99 ab 0.96 a 0.03 a 0.00 a 130.19 ab 0.35b
MW2 349 £ 15.73 + 12.28 £ 28.75 + 1.69 + 81.49 + 0.60 = 0.57 £ 716.41 £+ 1.65 +
0.15b 1.01b 3.36 ab 0.82a 0.47b 211a 0.02a 0.01la 73.59b 0.28a

Note: different lowercase letters represent significant differences between different treatments (p < 0.05).

The exposure to MWCNTs significantly reduced the soil MBC/MBN (p < 0.05), with
the HMW1 treatment showing the smallest value. After 56 days of exposure to MWCNTs,
the MBC/MBN content of the CK treatment was 15.51, which was significantly reduced
by 61.19% in the HMW1 treatment as compared to the CK treatment. With the exposure
time increased, the MBC/MBN content of all treatments, except for the CK treatment,
exhibited a decline. This suggests that the promotion of nitrogen cycling by MWCNTs
exposure surpassed that of carbon cycling. In addition, exposure to MWCNTs significantly
reduced the loss rate of soil ammonium nitrogen (p < 0.05) and promoted the increase in
nitrate nitrogen, demonstrating that exposure to MWCNTs can significantly increase the
soil mineralization rate (p < 0.05). After 56 days of cultivation, CK treatment resulted in a
decrease of 68.79% in soil ammonium nitrogen, while the other treatments, HMW1, HMW?2,
MW1, and MW?2, showed reductions of 52.24%, 51.71%, 56.32%, and 55.41%, respectively.
In addition, except for the CK treatment, all other treatments showed a decrease in soil
organic carbon content compared to the 7-day exposure. Furthermore, it was observed that
higher soil microbial biomass was associated with higher soil organic carbon content.

As the exposure time of MWCNTs increased, the greenhouse gas emission flux from
saline soil gradually stabilized, and the changes in greenhouse gas emissions from each
treatment were small after 56 days of exposure. The exposure of MWCNTs did not have a
significant effect on the emission flux of N, O from saline soil but had a significant effect on
the emissions of CO; and CH4. Among them, the exposure of functionalized MWCNT-OH
had a significantly greater effect on CO;, emissions than unfunctionalized MWCNT. The
HMW]1 treatment significantly increased the CO, emissions from saline soil (p < 0.05), and
the cumulative CO, emission flux from the CK treatment after 56 days was 757.94 kg/ha.
Compared with the CK treatment, the HMW1 treatment increased by 10.99%. In addition,
the MW?2 treatment significantly promoted the emission of CHy from saline soil (p < 0.05),
while the other three treatments had no significant effect on CHy emissions. By calculating
the comprehensive greenhouse effect index of the soil, the HMW1 treatment showed a



Agronomy 2023, 13, 2455

7 of 17

substantial increase of 7.98% compared to the CK treatment (p < 0.05). In contrast, other
treatments showed no significant difference compared to the CK treatment.

3.2. Changes in Microbial Community Structure in Saline Soil

The metagenomic sequencing generated a total of 246 million raw reads, with an
average of 49.11 million raw reads per treatment. Strict read and quality control measures
resulted in an average of 97.34% high-quality sequences, which were subsequently used
for more accurate downstream analyses.

The microbial community structure in saline soil was mainly annotated by compar-
ing against the NR database, and the soil samples included 5 domains, 12 kingdom:s,
233 phyla, 440 classes, 847 orders, 1577 families, 4887 genera, and 29,909 species. Figure 1a
displays the microbial community composition at the phylum level. Among them, the CK
treatment phylum level microbial community composition includes Actinobacteria 29%,
Proteobacteria 28%, Chloroflexi 10%, Gemmatimonadetes 9.6%, Acidobacteria 9.4%, and
Others 14%. HMW1 treatment significantly increased the proportion of Actinobacteria and
Proteobacteria (p < 0.05), especially Proteobacteria, which significantly increased by 11.14%
compared to CK treatment. The MW1 treatment significantly increased the proportion of
Actinobacteria (p < 0.05) but had no significant impact on the proportion of other species
and had a smaller impact on the microbial community composition than the HMW1 treat-
ment. However, the effects of low exposure dose, including MW2 and HMW?2 treatment,
on soil microbial community composition were insignificant. We further analyzed the top
30 relative abundances of microbial genera in different treatments, created a heatmap, and
conducted cluster analysis between different treatments (Figure 1b). Among them, the
exposure of MWCNTs significantly increased the proportion of Methylibium (p < 0.05),
and compared to CK treatment, HMW1 treatment significantly increased by 343.78%. Ac-
cording to cluster analysis, the exposure dose of MWCNTs is the main factor affecting
the soil microbial community composition. HMW1 treatment and MW1 treatment are
divided into one group, while MW?2 treatment and HMW?2 treatment are divided into one
group. Furthermore, the dissimilarity in soil microbial community composition between
the CK treatment and the low exposure dose treatments is comparatively smaller than
that observed between the high exposure dose treatments. In addition, we analyzed the
effects of exposure to MWCNTs on microbial «-diversity in saline soil (Figure 1c). Except
for the HMW]1 treatment, there was no significant difference in soil microbial diversity
between the CK treatment and the other three treatments. Among them, HMW1 treatment
significantly reduced the Simpson index (the smaller the Simpson index, the greater the
microbial diversity) and increased the soil Shannon index and Chao index (p < 0.05). The
Simpson index of CK treatment was 0.026, which decreased by 6.62% compared to CK
treatment. HMW]1 treatment significantly increased soil microbial community diversity
and richness. Finally, we investigated the differences between soil microbial communi-
ties (Figure 1d). The dissimilarity in soil microbial community follows a similar pattern
to the changes in community composition mentioned above, indicating that MWCNTs’
exposure dose significantly impacts soil microbial diversity. Under low exposure doses, the
soil microbial community composition in the HMW2 and MW?2 treatments showed little
difference compared to the CK treatment. There were no significant differences between
the two treatments. However, under high exposure doses, the soil microbial community
composition in the HMW1 and MW1 treatments showed significant differences compared
to the CK treatment. There were also noticeable differences between the two treatments.

3.3. Changes of Microbial Carbon and Nitrogen Cycles Function in Saline Soil
3.3.1. Changes of Functional Genes Related to the Carbon Cycles in Saline Soil

Given the intricate nature of carbon cycling processes in soil systems, this research
delved into the modules associated with three key carbon cycling processes, including
carbon metabolism, carbon fixation, and methane metabolism in saline-alkaline soil, based
on the KEGG database.
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Figure 1. Effects of MWCNTs exposure on the microbial community structure in saline soil.
(a) Microbial community composition at the phylum level. (b) Microbial community composi-
tion at the genus level (color depth represents the relative abundance of genera). (c) Microbial
a—diversity (Simpson index, Shannon index, Chao index). (d) Microbial 3 —diversity. (Purple arrow
indicates increasing MWCNTs exposure dose from low to high).

From Figure 2a, the exposure of MWCNTs significantly affects the carbon metabolism
process in saline soil, and 14 related modules were significantly affected by the expo-
sure of MWCNTs. Overall, the exposure of MWCNTs significantly increased the number
of functional genes related to carbon metabolism in saline soil, including M00001 (Gly-
colysis, glucose => pyruvate), M00002 (Glycolysis, core module involving three-carbon
compounds), M00003 (Gluconeogenesis, oxaloacetate => fructose-6P), M00004 (Pentose
phosphate pathway (Pentose phosphate cycle)), M00009 (Citrate cycle (TCA cycle, Krebs
cycle)), M00010 (Citrate cycle, first carbon oxidation, oxaloacetate => 2-oxoglutarate),
MO00011 (Citrate cycle, second carbon oxidation, 2-oxoglutarate => oxaloacetate), M00012
(Glyoxylate cycle), M00307 (Pyruvate oxidation, pyruvate => acetyl-CoA), M00373 (Ethyl-
malonyl pathway), M00532 (Photorespiration), M00620 (Incomplete reductive citrate cycle,
acetyl-CoA => oxoglutarate), M00740 (Methylaspartate cycle), and M00741 (Propanoyl-
CoA metabolism, propionyl-CoA => succinyl-CoA) (p < 0.05). The effectiveness of HMW1
treatment is the most significant, and the high exposure dose of MW1 treatment has a
more robust promoting effectiveness than the low exposure dose of HMW2 treatment
and MW2 treatment. Therefore, exposure dose is one of the main factors affecting the
abundance of soil microbial carbon metabolism function genes. Specifically, the exposure
of MWCNTs promotes Glycolysis, Pentose phosphate cycle, Citrate cycle, Glyoxylate cy-
cle, Pyruvate oxidation, Incomplete reductive citrate cycle, Propanoyl-CoA metabolism
to promote carbon metabolism in saline soil. From Figure 2b, it can be seen that expo-
sure to MWCNTs significantly affects the carbon fixation process in saline soil, and six
modules were significantly affected by the MWCNTs. Among them, HMW1 treatment
significantly promoted the carbon fixation process of saline soil, including M00173 (Re-
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ductive citrate cycle (Arnon-Buchanan cycle)), M00167 (Reductive pentose phosphate
cycle, glyceraldehyde-3P => ribulose-5P), M00165 (Reductive pentose phosphate cycle
(Calvin cycle)), M00376 (3-Hydroxypropionate bi-cycle), M00375 (Hydroxypropionate-
hydroxybutylate cycle), M00374 (Dicarboxylate-hydroxybutyrate cycle) (p < 0.05). The
other three treatments only significantly promoted the processes of M00173 and M00374
in saline soil (p < 0.05) and had no significant impact on the carbon fixation process in
most soil systems. Figure 2c shows that exposure to MWCNTs significantly affects the
methane metabolism process in saline soil, and six modules were significantly affected by
the MWCNTs. The exposure of MWCNT significantly promoted the M00346 and M00357
processes in saline soil (p < 0.05). In addition, high exposure dose treatments (HMW1
and MWT1 treatments) also significantly promoted saline soil M00563 (Methanogenesis,
methylamine /dimethylamine/trimethylamine => methane) and M00567 (Methanogenesis,
CO; => methane) processes (p < 0.05).

M00173

(b) Carbon fixation

P N > H
(a) Carbon metabolism Moo72

M00171

M00170

M00620 M00169

MO00532

MO00373

M00307

M00149

M00140

M00168

M00167

M00166

Moudle number

M00165

M00377

=
@ M00376

2 M00095 HMW2

E HMW1

g M00375 g [ _Juw2

S Moooss Evw1

= I [ [e%

E] M00374 )

S Mo00s2

= 0 15000 30000 45000 60000 75000 90000

M00020

M00012

MO0011 |

MO00567

M00563

Total reads

F3

(¢) Methane metabolism

M00010
MO00378

I
e MO00358

MO00357 =
S
M00356

MO00345

M00007

MO00004

Moudle number

@
2

M00002

MO00344

M00001

T T T M00174
0 15000 30000 45000 60000 75000 90000

T T T T T
Total reads 0 5000 10000 15000 20000 25000

Total reads

Figure 2. Effects of MWCNTs exposure on carbon cycle-related functional genes in saline soil (asterisk
indicates that there is a significant difference between this treatment and CK treatment, p < 0.05).

3.3.2. Changes of Functional Genes Related to the Nitrogen Cycle in Saline Soil

The nitrogen cycle in the soil system is an integral part of the global biogeochemistry
cycle. It can be seen from Figure 3 that exposure to MWCNTs significantly affects the
nitrogen cycle process of saline soil.

Notes: the digits in the figures show the relative content changes of nitrogen cycle
functional genes in MWCNTs exposure treatment and CK treatment, the arrows in different
colors indicate the process of the soil nitrogen cycle, and the asterisk indicates that the
process in this treatment is significantly different from that in CK treatment, p < 0.05.

In general, the high exposure dose treatments (HMW1 treatment and MW1 treatment)
significantly promoted the nitrogen cycle process of saline soil, while the low exposure
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dose treatment (HMW?2 treatment and MW?2 treatment) had no significant effect. Moreover,
the improvement effects of different types of MWCNTs were also significantly different,
and the promotion effect of HMW]1 treatment on the nitrogen cycle of saline soil was
more substantial than that of MW1 treatment. HMW1 treatment significantly promoted
the transformation of NO3~ to NO, ™~ during denitrification, nitrogen fixation, NH;* to
NH;O0H, and NO,;~ to NO3~ during nitrification in saline soil, and significantly pro-
moted the mutual transformation of organic nitrogen and ammonium nitrogen in the soil
(p < 0.05). In addition, MW1 treatment also considerably affected the nitrogen cycle process
of saline soil, significantly promoted the transformation of NO,~ to NO3~ during nitrifi-
cation, NO3~ to NO, ™ during assistant nitrate reduction, and NO3~ to NO, ™ during soil
denitrification, and also significantly promoted the mutual transformation of organic nitro-
gen and ammonium nitrogen in the soil (p < 0.05). However, the effect of MW1 treatment
on the nitrogen cycle of saline soil was less than that of HMW1 treatment.
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Figure 3. Effects of MWCNTs exposure on the nitrogen cycle—related functional genes in saline soil
(asterisk indicates that there is a significant difference between this treatment and CK treatment,
p <0.05).

3.3.3. Responses of Biotic and Abiotic Factors to Carbon and Nitrogen Cycles in Saline Soil

The exposure of MWCNTs significantly affects the functional contribution of soil
microorganisms in saline soil. Figure 4a shows the functional contribution of dominant
phyla, including carbon metabolism, carbon fixation, methane metabolism, and nitrogen
metabolism in saline soil. Our results show that more than 80% of the carbon and nitrogen
cycling processes in saline soil can be contributed by four dominant phyla, Actinobacteria,
Proteobacteria, Chloroflexi, and Gemmatimonadetes. Among them, Actinobacteria and
Proteobacteria contributed significantly more to the carbon and nitrogen cycles of saline
soil than Chloroflexi and Gemmatimonadetes. Under the exposure of MWCNTs, the pro-
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portion of Actinobacteria and Proteobacteria in saline soil is the highest, thereby making
the most significant contribution to the biological function of saline soil. In addition, the
exposure of MWCNTs can promote the contribution of dominant phyla to the carbon and
nitrogen cycles in saline soil. Actinobacteria contribution to the nitrogen cycle of saline soil
was significantly higher than that to the carbon cycle. At the same time, Proteobacteria’s
contributes to the carbon cycle of saline soil was considerably higher than that of the nitro-
gen cycle. HMW1 treatment significantly increased the proportion of Actinobacteria and
Proteobacteria (Figure 1) and further promoted the carbon and nitrogen cycling processes
in saline soil.
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Figure 4. (a) The functional contribution of dominant phyla (%); (b) RDA analysis of the relationship
between soil microbial community and environmental factors (RDA, redundancy analysis). Red
represents environmental factors, and blue represents soil microbial community.

Exposure of MWCNTs significantly affects the response relationship between soil
microbial community and environmental factors. Figure 4b shows the response relationship
between dominant phyla and saline soil characteristics and greenhouse gas emissions based
on RDA analysis. The cumulative contributions of the first and second axes reach 89.75%,
so the response mechanisms of most microorganisms to environmental factors can be
determined through RDA1 (81.96%) (p < 0.05). RDA analysis showed that soil total carbon
(p = 0.024), total nitrogen (p = 0.012), and nitrate nitrogen (p = 0.046) significantly affected the
microbial community composition in saline soil (p < 0.05). There is no significant response
relationship between other soil characteristics and the microbial community composition
in saline soil, while there is a strong correlation between different saline soil characteristics.
Apart from the direct effects of MWCNTs in saline soil microorganisms, the difference in
soil environment caused by the diverse exposure doses and material types of MWCNTs also
indirectly influences the carbon and nitrogen cycles in saline soil (p < 0.05). Furthermore,
a significant positive correlation exists between the exposure dose of MWCNTs and the
dominant phyla within saline soil (p < 0.05).

4. Discussion
4.1. Effects of MWCNTs Exposure on Carbon and Nitrogen Cycles in Saline Soil

The HMW1 treatment significantly increased the microbial biomass (MBC and MBN)
in saline soil (p < 0.05), and the positive effect of the HMW1 treatment increased gradu-
ally with exposure time (Table 1). Compared to the CK treatment, the HMW1 treatment
demonstrated a notable 9.03% increase in metagenomic read length, suggesting a sub-
stantial enhancement in the soil microbial biomass. Furthermore, the HMW1 treatment
significantly increased the microbial community diversity in saline soil (p < 0.05). The
enhancement of MBC and diversity, which can effectively regulate the ecosystem function-
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ing and services [24]. The significant reduction in soil MBC/MBN by HMW]1 treatment
(p < 0.05) indicates that exposure to functionalized MWCNT-OH increases bacterial com-
munity and decreases fungal community in saline soil, representing a more robust ability
of soil to resist adverse factors [25]. The HMWT1 treatment significantly enhances the total
carbon and total nitrogen content in the soil by promoting the carbon fixation and nitrogen
fixation processes (p < 0.05). This can effectively mitigate nutrient leaching losses in the
soil during crop growth [25]. Furthermore, the HMW1 treatment significantly increases
the ammonium nitrogen and nitrate nitrogen content in saline soil (p < 0.05), increasing
soil nutrient content and reducing the reliance on traditional fertilizers used in saline
farmlands to a certain extent. In addition, the soil nutrient cycling index, as calculated by
Delgado-Baquerizo et al. [21], indicates that applying MWCNTs significantly enhances the
carbon and nitrogen cycling processes in saline soil, with the HMW1 treatment demon-
strating the most notable improvement effect. The soil nutrient cycling process of the high
exposure dose treatments (HMW1 and MW1 treatments) is more robust than that of the
low exposure dose treatments (HMW2 and MW?2 treatments). In contrast, the low exposure
dose has no significant effect on most of the soil carbon and nitrogen cycling processes in
saline farmlands. Furthermore, Dharni et al. [26] indicated that as the exposure dose of
carbon nanomaterials increases, inhibited soil microbial activity, reduced soil microbial
diversity, and the development of some fungi and bacteria may be hindered. Jin et al. [27]
indicated that the exposure dose of single-walled carbon nanotubes is negatively correlated
with soil microbial biomass, and the exposure of MWCNTs has a particular impact on the
soil microbial community composition. The divergent conclusions of these studies from the
present study may be attributed to variations in the application mode of carbon nanomateri-
als and soil environmental conditions. Moreover, discrepancies in the definition of high and
low exposure doses of carbon nanomaterials across different studies may also contribute
to these differences. The exposure of MWCNTs also significantly affects greenhouse gas
emissions in saline soil (p < 0.05), with CO, emission flux often positively proportional to
soil microbial activity. This finding also indicates that the HMW1 treatment can effectively
increase microbial activity in saline soil. Moreover, the exposure of MWCNTs reduces
qCO,, with the HMW!1 treatment significantly increasing qCO; by 11.33% compared to
the CK treatment, considerably enhancing the functional biological efficiency of saline soil
(p < 0.05). The microbial community composition and functional structure drive the most
critical soil element cycling processes. Moreover, the utilization of metagenomic offers a
powerful means of elucidating the underlying mechanisms by which exposure to MWCNTs
impacts carbon and nitrogen cycling processes in saline soil.

Several studies have shown that the major phyla in the soil ecosystems have higher
competitive potential and growth rates and are significantly correlated with soil biological
function. In contrast, species with lower proportions contribute less to soil biological
function [28]. In this study, the dominant bacterial phyla Actinobacteria and Proteobac-
teria in saline soil also contribute the most to soil biological function (Figure 4). There-
fore, the HMW1 treatment in this study significantly increases the number of dominant
phyla in saline soil, thereby considerably enhancing the biological function of saline soil
(p < 0.05). Moreover, from the perspective of soil microbial functional genes, the exposure
of MWCNT significantly increases the abundance of functional genes related to soil carbon
and nitrogen cycling (p < 0.05), indicating the carbon and nitrogen cycling process in saline
soil. According to previous studies, a rich set of functional genes often leads to higher soil
microbial activity. However, Yang et al. [29] showed that the abundance of functional genes
in soil microorganisms is not significantly correlated with soil microbial activity but rather
represents the primary energy flow and material cycling processes in the soil ecosystems.
Consistent with the findings of this study, the HMW1 treatment has a rich microbial com-
munity structure and functional gene abundance, representing a more frequent carbon
and nitrogen cycling process within the soil system and greater exchange with the external
environment. The exposure of MWCNTs not only increases soil nutrients in saline soil but
also provides TOC to soil microorganisms. This has the potential to reduce the consumption
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of traditional fertilizers used in saline farmlands, further mitigating the increase in soil
salinity and promoting sustainable agricultural development. Furthermore, we indicated
that soil microbial communities could optimize soil system function by regulating their
ecosystem functioning and services under appropriate exposure doses of MWCNTs. How-
ever, beyond a certain threshold, they exhibit toxicity in certain critical carbon and nitrogen
cycling processes [30,31]. This research found that the toxicity threshold of MWCNTs was
increased under low exposure doses or in saline soil. Specifically, the highest exposure dose
of 1 g/kg of MWCNTs did not exhibit toxicity in saline soil.

4.2. Applicability Analysis of MWCNTS5 in Saline Soil

In previous studies, MWCNTs have often exhibited toxicity in soil. However, the main
reasons for MWCNTs showing predominantly positive effects in saline soil in the present
research might be explained in the following four aspects:

Firstly, the electrical charge strength of the soil can affect the surface charge of MWC-
NTs, which in turn controls the degree of cellular absorption of carbon nanotubes [32].
Therefore, the high electrical charge and high pH soil conditions modulated the biocompat-
ibility of MWCNTTs, enhancing their effectiveness. Secondly, along with soil nitrification,
hydrogen ions are produced, which weaken the alkalinity of saline soil. Therefore, the
exposure of MWCNTs promotes the nitrification process in saline soil, thereby mitigating
the detrimental effects of saline soil. Thirdly, the exposure of saline-alkali soil to acidic
carbon nanotubes can neutralize the alkalinity of the soil, lower the soil pH, and improve
the soil environment. Fourthly, in saline—alkali soil environments, along with insufficient
soil aeration and other conditions, the activity of nitrobacteria is inhibited, leading to an
increase in the accumulation of nitrate and nitrite. The accumulation of nitrate and nitrite
in the soil will produce toxic effects on soil microorganisms (inhibiting microbial activity
and even death), crops (burning seeds, rotten buds, rotten roots, and seedling death), and
even human bodies (carcinogen). Promoting the nitrogen cycle of saline soil will help
alleviate the toxic effects of salt accumulation in saline soil [33]. The exposure of MWCNTs
has also been found to mitigate the toxic effects of salt accumulation in saline soil on soil
microorganisms by promoting the nitrogen cycle and reducing the rate of ammonium
nitrogen loss.

4.3. Advantages of Functionalized MWCNT-OH in Saline Soil

The direct effects of carbon nanomaterials on soil microorganisms and crops are
primarily attributed to their inherent chemical structures and biological properties [1]. This
study suggests that functionalized MWCNT-OH has a more significant promoting effect on
the carbon and nitrogen cycling processes in saline soil than unfunctionalized MWCNT.
The main reasons are as follows:

At first, the electronegative functional groups present in functionalized MWCNT-OH
can provide negative charges to moderately active nutrient ions and biological macro-
molecules, thereby improving soil properties and enhancing the effectiveness of soil nutri-
ents [34]. Secondly, heteroaggregation may occur due to the interaction between positively
charged sites on soil components and negatively charged nanomaterials [34]. Under alka-
line soil conditions, unfunctionalized MWCNTs with strong negative charges tend to have
a stronger aggregation effect with soil compared to functionalized MWCNT-OH, which can
weaken their bioavailability. Moreover, functionalized MWCNT-OH has a higher positive
charge, which can better interact with negatively charged soil microorganisms and improve
the utilization efficiency of MWCNTs [35,36]. Then, the nanoscale structure and richer
hydrophilic functional groups of functionalized MWCNT-OH make it a better transport
carrier for providing water and nutrients to soil microorganisms and crop cells [37]. Next,
soil nutrient availability is crucial in determining soil microbial biomass. Under conditions
of nutrient deficiency, promoting microbial nutrient retention can lead to more available
nutrients being stored within the microorganisms, thereby increasing nutrient effective-
ness [38,39]. Compared to unfunctionalized MWCNT, functionalized MWCNT-OH has a
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higher surface area structure, which can retain more nutrients in conditions of soil nutrient
deficiency, alter the habitat of soil microorganisms, regulate the soil microbial communi-
ties” structure, and enhance the effectiveness of soil carbon and nitrogen elements [36].
Furthermore, the high surface area of functionalized MWCNT-OH can effectively reduce
the availability of unstable organic carbon and the decomposition of existing soil organic
carbon by adsorbing available organic carbon, thereby further strengthening the limiting
effect of carbon on nitrogen denitrification. Additionally, as a carbon source, MWCNTs have
a high carbon—nitrogen ratio, which can further inhibit microbial denitrification [40]. Even-
tually, functionalized MWCNT-OH altered its hydrophobicity, making it more dispersible
in suspension and soil and increasing its chances of contact with crops and microorganisms,
thereby enhancing the bioavailability of MWCNTs [19].

Although the above results have demonstrated the positive effects of MWCNTs expo-
sure on the carbon and nitrogen cycles in saline soil, there are still many issues that need to
be addressed:

Firstly, exposure to MWCNTs cause changes in soil microbial communities and higher
microbial diversity, which pose risks to ecological stability and weaken the soil to resist
adverse effects. Subsequently, the longest exposure time set in this study was 56 days. After
56 days of exposure, the greenhouse gas emission fluxes from each treatment showed only
a marginal change, indicating the effects of the MWCNTs on soil microbial activity and
nutrient cycling had reached a relatively stable state. However, Ge et al. [41] suggested
that soil exposed to MWCNTs and graphene can still alter the soil microbial communities’
structure after one year. Therefore, future research should explore the long-term effects of
carbon nanotube exposure in the saline soil and select appropriate application modes to
the peculiarities of the local soil environment. At last, exposure to functionalized MWCNT-
OH (HMWT1 treatment) significantly increased the microbial biomass in saline soil and
greenhouse gas emissions (p < 0.05), exacerbating global greenhouse effects. Nevertheless,
this should not be considered a limitation of carbon nanotube materials since nearly all
fertilizers utilized in agricultural production may yield comparable adverse consequences.
Therefore, in future research, we intend to contrast the dissimilarities between the impacts
of MWCNT and conventional fertilizers on greenhouse gas emissions within saline soil.

Based on this study, the exposure to MWCNTs positively impacts the carbon and
nitrogen cycling processes in saline soil. MWCNTs can improve the quality and productivity
of saline farmlands. Moreover, functionalized MWCNT-OH is more suitable for saline soil
as it has a more pronounced promoting effect on the carbon and nitrogen cycling processes
in saline soil than unfunctionalized MWCNT (p < 0.05). This article highlights the potential
of MWCNTs as a novel material for employment in saline soil. Controlling the exposure
time and dose is necessary for the large-scale application of MWCNTs in saline farmlands
in the future. However, it is crucial to regulate the exposure time and dose as prerequisites
for the widespread application of MWCNTs in saline farmlands in the future.

5. Conclusions and Prospects

This study carries significant scientific implications for enhancing soil quality, boosting
crop productivity, and promoting sustainable agricultural development in saline farmlands.
It provides a robust theoretical basis for the future large-scale application of MWCNTs in
saline farmlands. Based on the results obtained, the conclusions are as follows:

Firstly, short-term exposure of saline soil to MWCNTs and HMW1 treatment signif-
icantly increased the total carbon and nitrogen content of the soil (p < 0.05). In contrast,
other treatments did not have significant effects on the saline soil characteristics. Under
long-term exposure conditions, MWCNTs significantly increased saline soil’s total nitrogen
content, nitrate nitrogen content, and ammonium nitrogen content (p < 0.05), promoting
the nitrogen cycling process in saline soil. Moreover, the HMW1 treatment significantly
increased the MBC and MBN in saline soil, promoting greenhouse gas emissions from
saline soil (p < 0.05).
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Secondly, high exposure doses of MWCNTs significantly altered the microbial commu-
nity structure in saline soil. The HMWT1 treatment significantly increased the proportion of
Actinobacteria and Proteobacteria (p < 0.05). It increased the microbial diversity in saline
soil, while other treatments did not have a significant impact on microbial diversity. The
MW1 treatment significantly increased the proportion of Actinobacteria (p < 0.05), while
not having a significant impact on the proportion of other phyla. Low exposure doses
of MWCNTs did not significantly impact the microbial community composition in saline
soil. The exposure dose and material type of MWCNTs are important factors affecting the
microbial community structure in saline soil. The microbial community structure in saline
soil is significantly influenced by the type and exposure dose of MWCNTs.

Then, exposure to MWCNTs significantly affects the quantity of functional genes
in saline soil. High exposure doses of MWCNTs increase the abundance of functional
genes related to carbon metabolism, carbon fixation, methane metabolism, and nitrogen
cycling processes in saline soil. The HMW1 treatment was observed to be more efficacious
in stimulating the aforementioned promotion effects compared to the MW1 treatment.
However, low exposure doses of MWCNTs had no significant impact on the quantity of
most nitrogen cycling related functional genes in saline soil.

Next, more than 80% of the carbon and nitrogen cycling processes are contributed by
four dominant phyla, including Actinobacteria, Proteobacteria, Chloroflexi, and Gemmati-
monadetes in saline soil. Furthermore, exposure of MWCNTs can increase the contribution
of these dominant phyla to the carbon and nitrogen cycling processes in saline soil. Within
the dominant phyla, Actinobacteria play a more prominent role in nitrogen cycling as com-
pared to carbon cycling, whereas Proteobacteria exhibit a greater contribution to carbon
cycling than nitrogen cycling within saline soil.

Eventually, the RDA analysis revealed that the microbial community composition in
saline soil is significantly influenced by the total carbon, total nitrogen, and nitrate nitrogen
content of the soil (p < 0.05), while other soil characteristics do not exert a significant
impact. Furthermore, a significant positive correlation (p < 0.05) was observed between the
exposure dose of MWCNTs and the proportions of dominant phyla within saline soil.

It is recommended that future studies focus on the following ideas: (1) To set the most
suitable exposure dose for multi-walled carbon nanotubes according to different soil and
climate conditions. (2) To probe the interaction mechanism between CNMs and microbial
cells. (3) To investigate the soil environment in which MWCNTs are suitable.

In conclusion, applying MWCNTs in saline soil exhibits immense potential for future
development. Functionalized MWCNT-OH has a more pronounced promoting impact on
the carbon and nitrogen cycling processes in saline soil as compared to unfunctionalized
MWCNT. The exposure dose and material type significantly influence the effectiveness
of MWCNTs in saline soil, and therefore, precise control of the exposure dose of different
MWCNTs under varying environmental conditions is imperative. Notably, exposure of
saline soil to 1 g/kg functionalized MWCNT-OH exhibited the most significant promoting
effect on the carbon and nitrogen cycles.
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