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Abstract: Elevated atmospheric CO; concentration (eCO;) has been the most important driving factor
and characteristic of climate change. To clarify the effects of eCO, on the soil microbes and on the
concurrent status of soil carbon and nitrogen, an experiment was conducted in a typical summer
maize field based on a 10-year mini FACE (Free Air Carbon Dioxide Enrichment) system in North
China. Both rhizospheric and bulk soils were collected for measurement. The soil microbial carbon
(MBC), nitrogen (MBN), and soil mineral N were measured at two stages. Characteristics of microbes
were assayed for both rhizospheric soil and bulk soils at the key stage. We examined the plasmid copy
numbers, diversities, and community structures of bacteria (in terms of 16s rRNA), fungi (in terms of
ITS-internal transcribed spacer), ammonia oxidizing bacteria (AOB) and denitrifiers including nirK,
nirS, and nosZ using the Miseq sequencing technique. Results showed that under eCO, conditions,
both MBC and MBN in rhizospheric soil were increased significantly. The quantity of ITS was
increased in the eCO; treatment compared with that in the ambient CO, (aCO,) treatment, while
the quantity of 16s rRNA in rhizospheric soil showed decrease in the rhizospheric soil in the eCO,
treatment. ECO, changed the relative abundance of microbes in terms of compositional proportion of
some orders or genera particularly in the rhizospheric soil-n particular, Chaetomium increased for
ITS, Subgroups 4 and 6 increased for 16s rRNA, Nitrosospira decreased for AOB, and some genera
showed increase for nirS, nirK, and nosZ. Nitrate N was the main inorganic nitrogen form at the
tasseling stage and both quantities of AOB and denitrifiers, as well as the nosZ/(nirS+nirK) showed
an increase under eCO; conditions particularly in the rhizospheric soil. The Nitrosospira decreased
in abundance under eCO, conditions in the rhizospheric soil and some genera of denitrifiers also
showed differences in abundance. ECO, did not change the diversities of microbes significantly.
In general, results suggested that 10 years of eCO, did affect the active component of C and N pools
(such as MBC and MBN) and both the quantities and relative abundance of microbes which are
involved in carbon and nitrogen cycling, possibly due to the differences in both the quantities and
component of substrate for relevant microbes in the rhizospheric soils.

Keywords: rhizosphere soil; elevated CO,; microbial community; nitrifier; denitrifier; ammonia
oxidizing bacteria
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1. Introduction

The anthropogenic emission of greenhouse gases has caused a major increase in atmospheric
CO; concentration. Atmospheric CO, concentration has risen to 407 pumol-mol™! in 2017 from
280 pumol-mol~! at the pre-industrial revolution period, due to the large amount of fossil fuel
consumption by anthropogenic activities [1,2]. Enriched atmospheric CO, could enhance the production
of above-ground and below-ground, as well as the labile carbon substrate input to the soil through the
increased photosynthetic rate [3,4]. Plant derived carbon, including above-ground and below-ground
residues and root exudation [5-7], usually provides an energy source for soil microbes. However,
microbes could conversely affect the biogeochemistry of some elements [8] through the changes in the
quantity and community structures in response to increased substrate availability under higher CO,
conditions [9].

Some studies have suggested that increased input of photosynthetic carbon to the rhizospheric soil
stimulated the decomposition of carbon in soils [10,11], which may accelerate the growth of microbes
and thus increase losses of carbon in soils [9]. It has been found that the quantity and diversity of soil
microbes would increase with elevation of CO, concentration [12,13]; and the same effect was observed
in the bacterial abundance at rhizospheric soil [14,15]. Elevated atmospheric CO, (eCO,) also showed
an effect on the abundance of fungi, particularly by promoting the decomposition of resistant carbon
substrate [9,16].

Due to the low mineral N content in the natural soil, synthetic nitrogen fertilizers are widely
used in current agricultural production to obtain high yield output. However, available N in the
chemical fertilizers is easily lost through ammonia volatilization, nitrate leaching, or transformation to
nitrogen-containing gases via nitrification and denitrification processes. Ammonia-oxidizing bacteria
(AOB) are a kind of dominant bacteria in the progress of nitrification in most alkaline soils [17,18].
Denitrification is an anaerobic process in which nitrate (NO3 ™) is reduced to nitrite (NO, ~) and nitrogen
gases (NO, N,O and N) in sequence by denitrifiers [19] and could result in the loss of available N. The
key enzymes in denitrification include nar, nor, nirS, nirK and nosZ [20]. Some denitrifiers have the
multi-genes and are able to implement the entire four steps of denitrification, while other denitrifiers
only have one or more of these genes and therefore can only perform one or more of these steps.

ECO; could increase both the content of soil dissolved carbon and dead fine root exfoliation [21,22].
This promotes the activity of microbes and strengthens the microbial demand for inorganic N [23],
thus causing a temporary preservation of inorganic N in the form of microbial N and a decrease in the
available N which may otherwise be lost to the environment [24]. An increase in atmospheric CO,
concentrations affected root exudates and exfoliation of root cells, which influenced the abundance and
communities of soil microbes. Horz [22] reported that soil AOB could respond significantly to changes
in root exudates and plant residues induced to eCO,. However, other studies have suggested that
eCO; showed a decline in the abundance of AOB [25,26] and a significant increase in denitrifiers in the
rhizospheric soil used for maize production [27]. The increase in soil microbial respiration would likely
result in a change in soil oxygen concentration [28], which would decrease the loss of available soil N to
the environment. Actually, in analyzing the nutrient cycling process, the tradeoff of different processes
and their final balance is very important. Cleveland [29] found that more nitrogen was presented in
microbes than in the soil, suggesting that the increase in atmospheric CO, concentrations may lead
to an increase in nitrogen availability, or may alter the process of nitrogen turnover in response to
the change of substrates in the soil. For example, root exudation could cause reductions of nitrate-N
through the denitrification process, and the component of secretion had a notable effect on the forms of
denitrification end products [30]. However, under eCO, conditions, data on the concurrent monitoring
and analysis of the active C and N forms and the synchronized changes of functional microbes in
regard to the soil C and N cycling are still limited.

Therefore, this study was conducted based on a mini FACE (free air carbon dioxide enrichment)
system in a typical summer maize soil of North China, which has been running for 10 years. The purpose
of this study was to examine the quantity, and diversity of the community structure of bacteria and
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fungi in terms of 16s rIRNA and internal transcribed spacer (ITS) respectively, regarding carbon cycling,
as well as the microbes related to nitrogen cycling in the soil such as the functional genes of AOB, nirK,
nirS, and nosZ in both the rhizospheric and bulk soils at the maize tasseling stage in response to the
eCO;. Soil MBC, soil MBN and mineral nitrogen content were also monitored. We hypothesized that
eCO, would promote the C and N cycling in some extents and could be reflected in some soil index
and microbes in some characters such as the abundance, diversity, or compositional structure.

2. Materials and Methods

2.1. Experimental Design

The mini FACE (Free Air Carbon Dioxide Enrichment) system was located in the northern suburban
of Beijing, China (40°13'N, 116°14’E, 72 m above sea level) and was the only wheat-maize/soybean
rotation FACE system in China. This region has a temperate and monsoonal type of climate with an
annual average temperature of 10-12 °C and an annual average precipitation of 600 mm. The soil
was aquic cinnamon soil in the Chinese Soil Taxonomy System, equivalent to the Cambisols of the
semi-alfisol order in the FAO World Reference Base for Soil Resources System. The basic physical
and chemical properties in October 2016 were as follows: organic carbon content: 11.8 g C kg~!, total
nitrogen: 0.7 g N kg™!, Olsen-P: 11.8 mg P kg™!, available potassium: 75.2 mg K kg™, and pH 8.6.
The CO, enrichment experiment was started in October 2007. The fertilization rate was 180 kg N ha™!,
165 kg P,O0s ha™! and 90 kg K,O ha™! for each crop in the winter wheat-summer soybean/summer
maize double cropping systems. The nitrogen fertilizers were divided into base fertilizer application
(60%) and topdressing (40%). Phosphate and potassium were applied as base application.

This mini FACE system consists of 12 identical 4 m diameter octagonal rings, six rings of
which were under aCO, condition (400 + 15 1 mol-mol™!), and the other six rings were under eCO,
condition (550 + 20 p mol-mol™!). The aCO, rings were 14 m away from eCO; rings to eliminate
any cross-contamination of CO,. The concentration of CO, was measured throughout the season by
factory-calibrated sensors (Viasala, Vantaa, Finland) at the center of each octagonal plot about 10 cm
above the canopy which adjusts the wind speed and direction in real time. The CO, concentration
was stabilized at 550 + 20 p mol-mol~! most of the time and CO, was released during the daytime
only controlled by a software (Patent No. 2013SR007586) which adjusted the valves depending on
the sunrise and sunset. The detailed description on this mini FACE system was fully described by
Han [31].

2.2. Field Sampling

Summer maize (“Shandan 902" variety of Zea mays) was planted on 19 June, 2017 and the samples
(rhizospheric and bulk soils) were taken at the 0-20 cm depth on 15 August, 2017, at the tasseling
stage. The rhizospheric soil was collected by shaking sampling roots and the soil drill method was
used for bulk soil sampling between the planting rows. Three random samples were collected for both
rhizospheric and bulk soil from each plot and then put through a 2 mm sieve. A total of 12 composite
samples were taken to the laboratory on ice and each sample was divided into two parts: one part was
used to measure MBC, MBN, soil moisture and soil inorganic nitrogen; and the other one was stored at
—80 °C for extraction of soil DNA.

2.3. Measurement of Soil Carbon and Nitrogen

The mineral nitrogen concentration (ammonium-N and nitrate-N) were measured by extracting
the soil nitrogen with 1 M of KCI with a soil to water ratio of 1:10 and the filtrate of each sample was
assayed using an AutoAnalyzer 3 (SEAL Analytical, Southampton, Hants, UK). The MBC and MBN
were measured using the CHCl; fumigation direct extraction method. A 20 g subsample of fresh soil
was fumigated for 24 h with C;HsOH-free CHCl;3 in a vacuum desiccator. A second 20 g subsample
was simultaneously incubated in a desiccator without CHCI3 as a control. Following fumigation, each
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sample was extracted with 0.5 M K,SO, with a soil to water ratio of 1:5. The filtrate of each sample
was assayed using a total organic carbon analyzer (Elementar, Langenselbold, Germany).

2.4. DNA Extraction

Total soil DNA was extracted using AxyPrep Multisource Genomic DNA Kits (Axygen, Union
City, CA, USA) according to the manufacturer’s instructions. Then, the DNA purity was checked using
a NanoPhotometer spectrophotometer (Implen, Munich, Germany). The quality of extracted DNA
was checked using 1% agarose gel electrophoresis and spectrophotometry (optical density was set at
260 nm/280 nm ratio). All extracted DNA samples were stored at —20 °C for further assay.

2.5. PCR and Quantitative Real-Time PCR

The V3-V4 hypervariable regions of the 16s rRNA gene were subjected to a high-throughput
sequencing by Beijing Allwegene Tech, Ltd., (Beijing, China) using the Illumina Miseq PE300 sequencing
platform (Illumina, Inc., San Diego, CA, USA). Tenfold serial dilutions of the genomic DNA of 6 genes
(16s rRNA, ITS, AOB, nirS, nirK, nosZ) from 1071 to 107° were subjected to PCR and qPCR to generate
a standard curve. The qPCR assay of standards, samples and no-template control was performed in
triplicate on an Applied Biosystems 7500 Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA USA) with a 96-well format. The specific primer and conditions for PCR are described in the
Supplementary Material (Table S1).

2.6. Bioinformatics Analysis

In this study, the compositional structure of microbial communities denotes the number of the
Operational Taxonomic Unit (OTU) of a specific species or genus in all OTU numbers for a given
functional gene (where groups with a composition of less than 1% were merged to one group together,
referred to as “others”). Some researchers also called it the relative abundance of a specific species or
genus. It can indicate the dominant species which plays a given role and can be used to interpret one
of the aspects of a given functional gene.

2.7. Statistical Analysis

Data were analyzed to do the variance (ANOVA) using the statistical package SPSS 20.0 (IBM
Corp, Armonk, NY, USA). Differences marked significant were checked using the least significant
difference LSD method at p < 0.05.

3. Results

3.1. Effect of ECO, on the Concentration of Soil Inorganic N, MBC, and MBN

In this study, topdressing was applied on 2 August, 2017 in the summer maize growth period.
Data showed that (Figure 1) the ammonium-N in the soils was lower than 1.0 mg kg ™! and the nitrate-N
increased to around 90 mg kg~! at the sampling date (13 days after topdressing). As the nitrate
concentration in the soil was lower than 20 mg kg~! at the seedling period (Figure S1 in Supplementary
Material), we can deduce that the applied urea had been mostly nitrified to nitrate-N 13 days after
topdressing in the soil. Both concentrations of ammonium-N and nitrate-N at the rhizospheric zone
were lower than 25 mg kg™, obviously lower than at the bulk soils, possibly due to the uptake of roots
(Figure 1a,b). For the ammonium-N, the concentrations at the bulk soil were 1.9 and 3.5 times that
at the rhizospheric soils for eCO, and aCO; treatments respectively. The nitrate-N concentrations at
the bulk soil were 4.8 and 4.2 times higher than that of the rhizospheric soils for the eCO, and aCO,
treatments respectively.
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Figure 1. Effect of elevated CO, concentration on soil inorganic N contents at Tasseling stage (a: NTH,™*
& b: NO3 ™) and soil MBC and MBN contents at Tasseling (c) stage and Maturity stage (d) in rhizospheric
and bulk soil of maize (mg-kg’l).

Tasseling stage is a transitional period when maize changes from vegetative growth to reproductive
growth. At this stage, the biomass reaches its peak and the turnover and uptake of nutrients in the soil
are active. Results showed that soil MBC was between 119.4 mg kg~! and 248.7 mg kg ™! at the tasseling
stage (as shown in Figure 1c,d) and decreased by 31%-59% at the maturity stage. Soil MBN also
decreased somewhat at the mature stage compared with that at the tasseling stage. As MBC declined
more rapidly after the tasseling stage, the C:N ratio decreased from 4.8-7.6 at the tasseling stage to
1.8-8.2 at the maturity stage. At the tasseling stage, MBC in the rhizospheric soil for eCO; treatment
was significant higher, about 2.1-fold than that of aCO,; treatment. MBC in all treatments decreased at
the mature stage compared to that at the tasseling stage and there was no obvious difference between
eCO; and aCO, treatments, no matter in the rhizospheric soil or in the bulk soil at the mature stage.
For MBN in the rhizospheric soil, it was 1.7-fold in the eCO, treatment than that in the aCO, treatment
at the tasseling stage. However, it was slightly lower in the eCO, treatment than in the aCO, treatment
at the mature stage. For MBN at the bulk soils, it did not show significant difference between the eCO,
and the aCO, treatments at the mature stage.

3.2. Responses of Microbes in Terms of Quantity under ECO, Conditions

There are a variety of microbes in the soil that play different or sometimes similar function in
medjiating the soil nutrient cycling. In this experiment, the plasmid quantities and communities of 16s
rRNA and ITS, as well as amoA, nirS, nirK, and nosZ were measured to investigate their characteristics
and the relationship with soil carbon and nitrogen. The copy number of 16s rRNA plasmids of
different treatments ranged from 1.37 x 10” to 2.36 x 10° g~! soil; while ranged from 0.16 x 107 to
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2.01 x 107 g_1 for ITS, which was two to three orders lower in magnitude than that of 16s rRNA
(Table 1). For the quantity of bacteria in terms of 16s rRNA plasmids, it showed that it was lower by
25% in the rhizospheric soil at the eCO, treatment compared to that at aCO, treatment. For the quantity
of fungi in terms of the plasmid number of ITS, it was higher by 27.1% in the rhizosphere soil at the
eCO, treatment than at the aCO, treatment. Moreover, there were significant difference in the bulk soil
between the eCO, and aCO; treatments in the plasmid number of 16s rRNA and ITS. For the ratio of
the plasmid numbers of 16s rRNA to ITS, it was significantly lower in the rhizospheric soil under eCO,
(88.67 in eCO,-R against 149.38 in aCO;-R). However, the ratio was different in bulk soil, suggesting
that the rhizosphere might be enriched by fungi-preferred substrate under the eCO, conditions.

Table 1. The copy number of 16s rDNA and ITS in rhizospheric and bulk soil of maize at tasseling
stage under elevated CO, concentration. Data are the mean + S.E., n = 3. Different letters indicate
significants differences among CO, concentration, rhizophere and bulk soil at p < 0.05.

Treatment  16s rDNA (*10%) ITS (*107) 16s rDNA/ITS

aCOz-R 236+028a 1.58 £0.05Db 149.38 b
eCO,-R 177 £0.10b 201+0.16a 88.67 ¢
aCO,-B 1.37 £0.30 ¢ 0.16 £0.02d 547.90 a
eCO,-B 1.95+0.26 b 1.21+£0.09c 137.35b

For the quantity of AOB in terms of amoA gene plasmid copy numbers, there was no obvious
difference between eCO, and aCO, treatments in the rhizospheric soil (Table 2). However, there was
a significant difference in copy number of AOB in the bulk soil under different CO, concentration.
For the quantities of denitrifiers in the soil, their quantities were shown in the descending order: nirK
(10%) > nosZ (10%) > nirS (10°) according to their magnitudes and they were all higher in the bulk soil
than in the rhizospheric soil. Moreover, the quantities of three types of denitrifiers showed a similar
pattern in that they were all higher in eCO, treatments than in aCO, treatments either in rhizospheric
or in bulk soils. In addition, the ratio of nosZ to (nirS + nirK) was higher in the eCO, treatments than
in the aCO, treatment, particularly in the bulk soil.

Table 2. The copy number of AOB, nirS, nirK and nosZ in rhizospheric and bulk soil of maize at
tasseling stage under elevated CO, concentration. Data are the mean + S.E., n = 3. Different letters
indicate significants differences among CO, concentration, rhizophere and bulk soil at p < 0.05.

Treatment AOB (107) nirS (*10°) nirK (*10°) nosZ (*108) nosZ/ (nirS + nirK)
aCOz-R 638 +0.10b 277 £0.17d 464 +030Db 475 +0.48 ¢ 0.16 b
eCOz-R 6.56 +0.39b 6.31 +0.37b 7.63+0.13a 2541 +5.53b 0.59 a
aCO,-B 6.58 £0.99b 3.54+0.39 ¢ 5.29 + 0.82 ab 8.56 +0.84 ¢ 0.10b
eCO,-B 754 +0.23 a 929 +0.54a 6.39 + 0.55 ab 523 +2b51a 0.33 ab

3.3. The Diversity of Microbes in Response to the ECO;

The Shannon-Wiener index is a typical index to indicate the diversity of a series of microbes
which have the similar function. A higher Shannon-Wiener index value implies the higher biodiversity
of a group of microbes at a given classification level. In this study, the diversities of 16s TRNA, ITS,
AOB and denitrifiers (i.e., nirS, nirK, and nosZ) did not show significant differences between eCO, and
aCO, treatments in either the rhizospheric soil or the bulk soil (Table 3). Under the eCO, conditions,
the diversity of microbes did not show obvious difference between the rhizospheric and the bulk soils
for most microbes with the exception of nirS and nosZ under the aCO, conditions in the bulk soil.
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Table 3. Effect of elevated CO, concentration on rhizospheric and bulk soil of maize on Shannon

index at tasseling stage (Shannon-Wiener). Data are the mean + S.E., n = 3. Different letters indicate

significants differences among CO, concentration, rhizophere and bulk soil at p < 0.05.

Shannon 16s rDNA ITS AOB nirS nirK nosZ

aCO,-R 985+0.04a 596+025a 535+038a 7.09+0.13a 6.97 + 0.27a 791+029 a
eCO>-R 9.82+0.05a 622+0.08a 531+051la 729+0.02a 6.54 + 0.25a 8.08 £0.39 a
aCO,-B 9.68+0.08b 593+049a 531+06la 637+051b 6.60 + 0.13a 5.69+1.43b
eCO,-B 9.76 £+ 0.04ab 6.19+0.13a 496+054a 6.85+0.11lab 6.87 £0.22a 6.02 + 3.7ab

3.4. The Community Structure of Microbes in Response to ECO;

3.4.1. 16s -IRNA

At the order level in terms of 16s rRNA for bacteria, Subgroup 6 and Xanthomonadales were the
two dominant orders (Figure 2). Subgroup 6 accounted for 5.5%-11.0% and Xanthomonadales accounted
for 6.3%—7.9% in the compositional structure of 16s rRNA. Other major orders of 16s rRNA in this
study included Sphingobacteriales, Subgroup 4, Rhodospirillales, Rhizobiales, and Sphingomonadales,
and each of them accounted for around 5% in the compositional proportion. Overall, the proportion
of Subgroup 6 was significantly higher in the rhizospheric soil than in the bulk soil. However,
Sphingomonadales was higher in the bulk soil compared to that in the rhizospheric soil. Under eCO,
conditions, both Subgroup 6 and Subgroup 4 were significantly higher in either the rhizospheric or bulk
soils compared to that under the aCO, conditions (11.0% vs. 8.2% and 6.3% vs. 4.9%, respectively, in
the rhizospheric soil and 6.5% vs. 5.5% and 4.6% vs. 3.9%, respectively, in the bulk soil). However, the
compositional proportion of Sphingomonadales under the eCO, conditions was slightly lower than
that under the aCO; conditions (3.5% vs. 4.7% in rhizospheric soil; 6.2% vs. 7.5% in bulk soil).
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Figure 2. The compositional structure of 16s rDNA at the tasseling stage of maize growth period (at
the order level).
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3.4.2. ITS

In general, the dominant genera in the studied soil included Talaromyces, Chaetomium, Fusarium,
Pseudallescheria, Mortierella, Humicola, and Monographella, and their compositional proportions were
1.40/0—10.90/0, 6.30/0—8.30/0, 5.90/0—7.40/0, 2.4(70—5.50/0, 5.00/0—7.4(70, 2.90/0—4.70/0, and 2.60/0—4.5(70, respectively
(Figure 3). Of these, the proportion of Talaromyces was significantly higher in the rhizospheric
soil than in the bulk soil; while the proportions of Chaetomium and Monographella were lower in
rhizospheric soil than in the bulk soil. Under the eCO, conditions, the proportions of Humicola and
Chaetomium were raised in both rhizospheric and bulk soil compared with that under aCO, conditions.
The percentages of Humicola were 4.7% (for eCO;) and 2.9% (for aCO;) in the rhizospheric soil
respectively; while they were 3.8% (for eCO;) and 3.5% (aCO;) in the bulk soil. For the Chaetomium,
the compositional ratios were 8.2% (for eCO;) and 6.3% (for aCO;), in the rhizospheric soil respectively,
and 8.3% (for eCO;) vs. 7.6% (for aCO,) for bulk soil respectively. However, the proportions of
Talaromyces were lower under eCO; conditions than under aCO, conditions, in both rhizospheric
(5.7% vs. 10.9%) and the bulk soils (1.4% vs. 1.7%), and these differences were more obvious in the

rhizospheric soil.

Rhizosphere Soil Bulk Soil
100
80
T =
g
S} 60 -
<
=
=
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B g_Stachybotrys B g_Geminibasidium Og_Suillus Eg_Penicillium
Dothers

Figure 3. The compositional structure of ITS (internal transcribed spacer) at the tasseling stage of maize
growth period (at the genus level).

3.4.3. AOB

In this study, we examined the community structure of AOB in rhizospheric soil and bulk soil
under different atmospheric CO, concentrations. Figure 4a shows that, among the AOB that could be
identified at the genus level, Nitrosospira was the dominant genus in the soil (34.8%-55.6%), higher
(more than 50%) in rhizospheric soil than in bulk soil, followed by Nitrosovibro (6.8%-8.8%) and
Nitrosomonas (4.5%-9.9%). Under the eCO, conditions, the compositional proportion of Nitrosomonas
was lower than under the aCO, conditions in both the rhizospheric soils (3.5% vs. 4.5%) and the
bulk soils (6.9% vs. 9.9%). The proportion of Nitrosovibro in the rhizospheric soil exhibited higher
in the eCO, treatment than in the aCO, treatment (8.5% vs. 6.8%). However, for the Nitrosospira,
its proportion was significantly lower in rhizosphere soil under the eCO, condition than under aCO,
condition (34.8% vs. 47.1%), but not significant in the bulk soil. At the species level (Figure 4b), the
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dominant species of Nitrosospira for the studied soil included Nitrosospira_sp. TCH716 (10.2%-16.3%),
Nitrosospira_sp. Nspl7 (9.6%—-16.0%), Nitrosospira_briensis (7.0%-10.4%), Nitrosospira_sp._N15
(3.0%—7.6%), and Nitrosospira_sp._Np39-19 (4.0%-5.4%), etc., in which Nitrosospira_sp. Nsp17 and
Nitrosospira_sp._ TCH716 showed significant decrease in the compositional proportion under eCO,
conditions in both rhizospheric and bulk soil. However, Nitrosospira_briensis showed significant
increase in compositional proportion under the eCO; treatment than under the aCO, treatment in the
rhizospheric soil. Additionally, the compositional percentage of unclassified genera were increased
under the eCO, condition than under the aCO, condition (Figure 4b), particularly at the bulk soil
(38.3% vs. 33.1%), implying that eCO, may promote the development of some unknown microbes.
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Figure 4. The compositional structure of AOB at the tasseling stage of maize growth period at the
genus level (a) and the species level (b).
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3.4.4. nirS, nirK and nosZ

As shown in Figure 5a, the dominant genera which possess nirS gene included Rubrivivax
(10.8%—-12.8% in proportion), Rhodanobacter (3.1%-6.2% in proportion), Cupriavidus (4.6%—6.7% in
proportion), Halomonas (4.7%-6.3% in proportion) and Herbaspirillum (4.1%-7.4% in proportion) etc.
There were some genera which were higher in proportion in the rhizospheric soil than in the bulk soil,
such as Rubrivivax, Rhodanobacter, Halomonas, Azoarcus and so on. However, some genera were
lower in the proportion in the rhizospheric soil than in the bulk soil, for instance Thauera (7.1% vs.
12.7%). Under the eCO, condition, there was no significant difference in the compositional structure
for nirS comparing with that under aCO, condition in the rhizospheric soil. However, in the bulk soil,
the proportion of Thauera under the eCO, condition was higher in percentage than under the aCO,
condition (12.7% vs. 7.1%).

As shown in Figure 5b, the dominant genera of microbes which possess nirK gene in the
studied soil were Rhodopseudomonas (13.5%-21.1% in proportion), Bradyrhizobium (11.9%-18.4%
in proportion), Rhizobium (11.2%-19.4% in proportion), Sinorhizobium (9.0%-12.2% in proportion)
and Mesorhizobium (8.0%-14.9% in proportion) etc. Some genera were higher in proportion in
the rhizospheric soil than in the bulk soil, which included Rhodopseudomonas (18.4%-21.1% vs.
13.5%-15.2%) and Bradyrhizobium (18.1%-18.4% vs. 11.9-14.4%); while, genera lower in proportion
in the rhizospheric soil than in the bulk soil included Rhizobium (11.2%-14.3% vs. 14.3%-19.4%),
Mesorhizobium (8.0%-11.8% vs. 14.5%-14.9%) and Sinorhizobium (9.0%-10.4% vs. 10.9%-12.2%).
Under the eCO; condition, Mesorhizobium exhibited to be higher in the proportion in the rhizospheric
soil than under the aCO, condition (11.8% vs. 8.0%). However, there was no significant difference in the
proportion for Mesorhizobium in the bulk soil between eCO, and aCO, conditions. The Bradyrhizobium
showed to be higher in proportion in the bulk soil under the eCO, condition than under the aCO,
condition (14.4% vs. 11.9%).
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Figure 5. Cont.
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Figure 5. The compositional structure of nirS (a), nirK (b) and nosZ (c) at the tasseling stage of maize

growth period (at the genus level).
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Results showed (Figure 5c) that Azospirillum was the main dominant species which possesses
nosZ gene, particularly in the bulk soil, where it accounted for more than 1/3 in the compositional
proportion. In addition, some other genera also had relatively high proportions in the studied soil,
including Herbaspirillum, Chelatococcus, Azoarcus, Bradyrhizobium, and Pseudomonas. In the
rhizospheric soil, some genera were significantly higher in the compositional proportion than in bulk
soil, which included Herbaspirillum (6.0%-11.8% vs. 2.5%—4.6%) and Bradyrhizobium (4.9%—6.6%
vs. 3.6-4.5%). However, some genera were significantly higher in proportion in the bulk soil than in
the rhizospheric soil, such as the Azospirillum with the compositional proportion of 38.9%—46.2% in
the bulk soil, while only 8.9%-12.8% in the rhizospheric soil. Under eCO, conditions, some genera
were higher in their compositional proportion than under aCO; conditions. These genera mainly
included Herbaspirillum (11.8% vs. 6.0% in the rhizospheric soil and 4.6% vs. 2.5% in the bulk soil) and
Bradyrhizobium (6.6% vs. 4.9% in the rhizospheric soil and 4.5% vs. 3.6% in the bulk soil). However,
some genera showed significantly lower in the compositional proportion under eCO; condition than
under aCO; condition, for instance Azospirillum (8.9% vs. 12.8% in the rhizospheric soil and 38.9% vs.
46.2% in the bulk soil).

4. Discussion

4.1. Effects of Elevated CO; on Soil Carbon and Associated Microbes

Our results showed that soil MBC in the rhizospheric soil had significantly increased under the
eCO; condition compared with that under the aCO; condition at the tasseling stage during summer
maize growth period (Figure 1). This may be due to the increased root exudates and root exfoliations
which came from photosynthetic products enhanced by eCO, [32,33]. In our study, the qPCR results
showed that the quantity of bacteria in terms of 16s rRNA in the eCO, treatment was 75% of that in the
aCO; treatment. However, the quantity of fungi was increased by 10% in the eCO, treatment than
in the aCO, treatment (Table 1). These results illustrated that eCO, had an effect on the microbial
population in the rhizospheric soil, which was mainly reflected in the increase of fungi population.
This is in agreement with the research reported by Janus [34]. Fungi enable to decompose recalcitrant
carbon substrate [35] and have lower oxygen demands than bacteria. Soil pH in the rhizospheric zone
is usually lower due to the ammonium uptake by roots and nitrification in the dryland soils after
fertilization [36,37]. Fungi were more suitable for growing in acidic conditions even when pH reached
to pH 4.5 [38,39]. Therefore, we suggest that the increased MBC in rhizospheric soil at the tasseling
stage was mainly attributable to the increase in fungi population. Paterson [40] compared the microbes
in the rhizospheric and bulk soils with a 13C labeling technique and found that eCO, promoted the
turnover rate of soil carbon by increasing the decomposition rate of carbon derived from plants. He
also observed that, under the eCO, condition, the new labeled 13C accounted for 80% of total carbon
in PLFAs in fungi, while it was only 25% in bacteria. In a 13C-depleted FACE experiment [41], it was
found that 513C decreased by 3.1%o under the eCO, condition, indicating that fungi participated more
actively in utilizing the photosynthetic product in the rhizospheric soil. Therefore, we suggest that
eCO, could increase the substrate for fungal activities, particularly at the mild acidic rhizospheric soil,
and thus promote the soil carbon turnover.

As for the compositional structure of microbes regarding the bacteria, the percentage of Subgroup
6 and Subgroup 4 for 16s rRNA were significantly higher than under the eCO, conditions in both
rhizospheric and bulk soils (Figure 2). It was reported that Subgroups 3, 4, 6 and 7 belonged to
Acidobacteria groups that are hard to be isolated, hence there is only limited information available on
these groups [42]. It was observed that pH could affect the abundance of Subgroups 3, 4, 6 and 7 [38,43].
Moreover, some orders showed slight decrease in the compositional proportion in the eCO, treatment
(Figure 2), for instance Sphingomonadales, a kind of obligate aerobe that can produce catalase [44] and
convert hydrogen peroxide into water and oxygen to eliminate the negative effects of peroxide to other
microbes. Therefore, we suggest that oxygen content may be altered under the eCO, conditions and
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this could lead to a decline in the relative abundance of aerobic microbes such as Sphingomonadales in
the soil. Further study may be needed to consider this.

As for fungi communities, under eCO, conditions, the compositional proportions of Chaetomium
and Humicola in both rhizospheric and bulk soils were higher than under the aCO; conditions
(Figure 3). However, the proportion of Talaromyces decreased under the eCO, condition. According
to Gautam [45], both Chaetomium and Humicola were thermophilic microbes that can synthesize
cellulase, hemicellulase and amylase to decompose cellulose and organic materials. In this study, the
compositional proportion of these two genera increased under the eCO, conditions, possibly due to
the increase in dead root litter in the soil, which may promote the utilization of substrate by fungi.
Soil humus could be formed and derived from the decomposed plant products of macromolecular
organic compounds mediate by Humicola. Clare [46] found that increase in fungal populations under
the eCO, conditions could stimulate the formation of soil aggregates, possibly due to the cementing
function of mycelia produced by fungi. Talaromyces can synthesize chitinase and therefore decompose
recalcitrant compounds [47]. In this study, the proportions of Talaromyces showed a decrease in the
rhizospheric soil under the eCO, condition, possibly due to the increase in the labile and resistant
carbon substrate instead of recalcitrant; this may lead to an increase in the quantity of some bacteria
and fungi that preferentially decompose those plant-derived substrates; also, in turn, cause a decrease
in the proportion of some genera that utilize recalcitrant carbon substrates (such as lignin).

We measured the content of soil organic carbon (SOC) in this field almost every year and it did not
show significant change between eCO, and aCO, plots (data unpublished) for the bulk soil. Therefore,
analyzing our results combined with the literature mentioned above, we suggest that eCO, increased
soil MBC at the rhizospheric zone and thus may result in changed pH and oxygen conditions. As a
consequence, the abundance of some fungi (such as Chaetomium, Humicola) increased, which prefer
to decompose cellulose/semi-cellulose/starch. Moreover, some bacteria genera (such as Subgroups 4
and 6) may increase to some extent in response to changed substrate condition at the rhizospheric soil
under eCO;. Ten years of enrichment in atmospheric CO, did not change the SOC except for the MBC
pool at the rhizospheric zone at the key growing period for maize. The comprehensive balance between
carbon input in different pools and the decomposition of SOC still needs further detailed study.

4.2. Effects of Elevated CO, on Soil N and Relevant Nitrifiers and Detrifiers

In general, multiple N processes occur concurrently in the soil, including the biochemical
processes such as mineralization, nitrification, denitrification and physical processes such as ammonia
volatilization, nitrate leaching and ammonium fixation. ECO, could influence the N conversion
due to changed soil environment such as the changed substrate in quantity and components for
microbes [48,49].

In this study, the sampling period for measuring the quantities and communities of soil microbes
was at the 13th day after topdressing, when most of applied ammonium-N had been nitrified to
nitrate-N (Figure 1). The concentration of nitrate-N also showed slightly lower in eCO, treatments
than that in the aCO, treatments. Data also indicated that the AOB quantity, in terms of copy number
of amoA genes, did not show significant difference in the rhizospheric soil as that in the rhizospheric
soil under the eCO; condition (it showed a little higher in the bulk soil under the eCO, condition).
This was in agreement with the results reported by Lu [50] and Liu [51]. Nelson [52] found that eCO,
had no effect on AOB; however, Lin [53] demonstrated that the quantity of AOB could decline under
eCO, conditions in the winter wheat growth period for the rice-winter wheat cropping system. These
differences may likely be due to differences in the soil N forms, plant types (dryland, paddy field),
fertilization, crop growth period and other abiotic factors.

Nitrosospira showed to be a dominant genus (39.8%-55.6% in compositional proportion) in the
nitrification process for the studied soil, consistent with the findings of Kowalchuk and Stephen [54].
However, the compositional percentage of Nitrosospira declined under the eCO, conditions in both
the rhizospheric soil and the bulk soil (Figure 4a). It was reported that Nitrosospira was the main
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contributor to the nitrification process in dryland soils when the ammonium-N content was high [55,56].
In this study, we collected soil samples at the 13th day after topdressing and found that most of
the ammonium-N in soil had been converted to nitrate-N by nitrifiers at this period. Therefore,
the significant reduction in the Nitrosospira in percentage in the rhizospheric soil under the eCO,
condition was likely due to the change in substrate concentration. Data also showed that the proportion
of Nitrosospira sp. 17 was one of the dominant species at this period (Figure 4b); however, its
percentage showed decrease under eCO; at the sampling time. Since ammonium-N was the substrate
for nitrification, the AOB community structure was closely related to the level of ammonium-N [57].
AOB community, particularly the Nitrosospira, was altered in the calcareous fluvo-aquic soil due to
the different N forms at different periods [58,59]. Other studies also have shown that Nitrosomonas
could mostly be found in the calcareous soil [58] and the manure-added soils [60]. Hence, we suggest
that Nitrosomonas other than Nitrosospira may play a dominant role at this stage when nitrate N had
become the main N form in the soil, possibly due to a change with the substrate change.

For the denitrifiers, our results showed that the quantities of three kinds of denitrifying functional
genes (nirS, nirK, and nosZ) were significantly higher under eCO, conditions than under aCO,
conditions and the ratio of nosZ to (nirS + nirK) also showed similar characteristics. In this study;,
after 13 days of N fertilizer application, nitrate-N exhibited to be the main inorganic N form in the
soil (Figure 1). Data also indicated that some genera such as Mesorhizobrium for nirK was increased
in the proportion at the rhizospheric soils under the eCO, condition (Figure 5b). Jung [61] reported
that the community of nirK gene was more sensitive to environmental changes than that of nirS gene,
consistent with our results. For microbes bearing nosZ genes, the compositional ratio of some genera
was increased significantly in the rhizospheric soil in the eCO; treatment than in the aCO; treatment,
including Herbaspirillum (11.8% vs. 6.0%), Bradyrhizobium (6.6% vs. 4.9%) and Rhodopseudomonas
(3.9% vs. 2.2%); while the Azospirillum showed a decrease in compositional proportion under eCO,
conditions (Figure 5c). Many researchers reported that Herbaspirillum was the dominant genus
with the nosZ gene in the rhizospheric soils of arable land for either rice or maize planting [30,62].
Herbaspirillum could convert N,O to N; and it can also oxidize glucose, galactose and L-arabinose,
other than hydrolyze starch [63]. We hypothesize that the reason that the relative abundance of
Herbaspirillum was higher in rhizosphere soil was due to the lower oxygen resulted by both hetero-
and autotrophic respiration in the rhizospheric zone. Studies reported that Azospirillum can reduce
the release of N,O in the denitrification, but the rate of N>O reduction in the denitrification was much
lower than that of Herbaspirillum [64].

Soil MBN is a kind of temporary N pool to resist the loss of soil N to the environment and could
be converted into the available N when crops need it. In our results, the total inorganic N in the
rhizospheric soil for eCO, treatment was lower to some extent due to crop uptake, while the content
of soil MBN was increased at the same time. Our measurements showed that soil total N had no
significant difference after ten years FACE (2007-2018, unpublished data). It may be because that
there was an N-balance between input from fertilizers, and output from uptake, mineralization and
loss under the current management practices. Cheng [8] indicated that ten years of eCO, did not
change the availability of soil N in a rice paddy soil. The effect of eCO, was also reflected in the active
component of carbon and nitrogen, particularly in the rhizospheric soil even after 10 years enrichment
in atmospheric CO5; this coincided with previous studies done by Liu [65] and Deng [66]. Studies
indicated that net N mineralization rate and nitrification rate were positively correlated with soil
MBC under both ambient and high CO, concentrations [67,68]. The nitrification rate was usually
controlled by AOB for dryland soils, especially in N-rich alkaline soils [58,68]. Liu [65] also showed
that AOB abundance was significantly increased in eCO, plots at the heading stage of rice and the
same results were observed in a forest soil reported by Long [69]. As for the denitrifiers, it was found
that the abundance of nirS-bearing denitrifiers was highly correlated with potential denitrification
rates in the sediments of San Francisco Bay [70]. In our study, the copy number of nirS-bearing
denitrifiers and other denitrifiers were all promoted by eCO,, especially in the rhizospheric soil. Thus,
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we suggest the increase of soil MBC in eCO, conditions came from influx of rhizodeposition such
as root exudates and secretions, and in response to that, other processes including mineralization,
nitrification, denitrification and biological preservation (related to MBN) may be promoted in the
meantime. Besides, an increase in soil MBC could provide more energy for denitrifiers during the
denitrification process. The promoted C and N cycling processes coincided with the increase in the
quantities of ITS, denitrifiers and the compositional changes in some genera for 16s rRNA (reflected in
Subgroups 4 and 6), ITS (reflected in Chaetomium and Humicola), AOB (reflected in the decrease of
Nitrosospira), nirK (reflected in Mesorhizobrium), and nosZ (reflected in Herbaspirillum). Moreover,
the integrated rate balance among multiple C and N cycling processes would be more important in
analyzing the relationship between the nutrient status and microbes.

Actually, the effects of eCO, on soil nutrient cycling remain unclear at many aspects, such as
increasing or decreasing the soil carbon sequestration, the influences on N N, O emission contributions
from different pathways and so on. Further studies are needed to address the comprehensive processes
of carbon and nitrogen cycling and their final balance and associated microbes.

5. Conclusions

Throughout this study, we demonstrated that the eCO, significantly increased the soil MBC and
MBN in the rhizospheric soil at the active tasseling stage during maize growth period. The change of
microbes which were associated with carbon substrate was reflected in the significant increase in the
quantity of fungi in terms of ITS and their change in the compositional proportion of some genera
such as increase in Chaetomium for ITS, and increase in Subgroups 4 and 6 for 16s rRNA. ECO; also
increased the quantity of AOB at the bulk soil slightly, as well as the denitrifiers significantly, in terms of
the plasmid copy number of nirS, nirK, and nosZ genes, especially at the rhizospheric soil. The related
changes in compositional proportion for nitrogen cycling microbes were reflected as the decrease in
the ratio of nitrosospira for AOB, increase in the proportion of Mesorhizobium for nirK, and increase
in the percentage of Herbaspirillum and Bradyrhizobium for nosZ. The changes in compositional
proportion of the functional genes, which are associate with C and N cycling, were mostly the response
of microbes on the form and quantity of soil C and N in the soils, particularly in the rhizospheric soil.
More studies are needed for further detailed explanations between nutrient cycling and microbes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/3/1250/s1,
Figure S1: Effect of elevated CO, concentration on soil inorganic N contents at main growth period in bulk soil of
maize, Table S1: Primers and reaction conditions of Real Time PCR.
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