ABSTRACT

QIU, YUNPENG. Soil Microbial Responses to Climate Change Factors: Impacts on Soil
N20 Emission and Organic Carbon Decomposition (Under the direction of Shuijin Hu and H.
David Shew).

The ongoing climate change resulting from human activities can significantly influences
the structure and functions of terrestrial ecosystems. However, our capacity to predict the
impacts of climate change on ecosystem processes is critically hampered by our limited
knowledge of microbial responses to climate change factors. Climate change factors such as
elevated atmospheric carbon dioxide (CO-), ozone (Os3) and temperature can significantly
alter plant growth and subsequent carbon (C) allocation belowground for soil
microorganisms. However, the underlying mechanisms by which soil microbes respond to
and feedback to climate change factors that alter resource availability remain poorly
understood. This dissertation addresses two questions: 1) how do soil microbes mediate the
impact of climate change factors on N2O emissions? 2) how do arbuscular mycorrhizal (AM)
fungi mediate plant and ecosystem responses to climate change factors? We first conducted a
microcosm experiment to examine the impact of plant roots and AMF on N2O emissions
under ambient and elevated CO- in the presence of two distinct N forms, ammonium (NH4")
and nitrate (NOgz"). Results obtained show that the form of N inputs dominated the N2O
emissions: N2O emissions were almost undetectable with NH4" input, but increased
significantly with NO3™ input. This enhanced N2O emission was related to a change in soil
denitrifier community composition. Secondly, we initiated a long-term study in a soybean
agroecosystem to investigate how elevated ozone and temperature impact nitrifiers and
denitrifiers and thus N2O emissions. Results obtained demonstrate that warming significantly

enhanced soil N2O and this increased N>O was mainly due to enhancement of denitrifiers. In



contrast, elevated Oz had little impact on N.O emissions because of its contrasting effects on
microbes that produce or consume N2O. Lastly, we conducted a field experiment to assess
how simulated warming and elevated Oz affect organic C decomposition. We show that
elevated Os and temperature reduced plant biomass, root diameter and root colonization by
AMF. However, they increased root length and root fragility, and stimulated residue
decomposition. Also, warming and elevated Os significantly reduced genus Glomus, but
increased genus Paraglomus. These results suggest that alterations in quantity and quality of
organic C allocated belowground may alter the soil C dynamics under future climate change

scenarios.
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Chapter 1

Literature review



1.1 Introduction

Over the past two hundred years, human activities (e.g. fossil fuel combustion and land
use change) have significantly increased the emissions of carbon dioxide (CO3), ozone (Os3)
and nitrous oxide (N20) into the atmosphere. These trace gases are greenhouse gases and a
change in their concentration can induce significant changes in climate (Solomon et al.,
2007). For example, atmospheric CO> concentration has risen from pre-industrial levels of
280 umol mol™ to currently 400 umol mol™ and is projected to continue to increase in the
next several decades (IPCC, 2013). During this period, global atmospheric ozone
concentration has also increased from 38 nmol mol to 60 nmol molin 2015 (Brauer et al.,
2015; Fuhrer et al., 2016), reaching a level that is already 50% higher than the threshold set
for injury to Oz-sensitive plants (Fuhrer et al., 1997). Correspondingly, global surface
temperature has increased by around 0.6°C from 1880 to 2012, and is predicted to continue

to increase between 1.1 and 6.4°C by the year 2100 (Singh et al., 2010; IPCC, 2013).

Elevated CO2, Oz and temperature as well as other global change factors such as
nitrogen deposition, biotic invasion and changes in precipitation may significantly alter
terrestrial ecosystem structure and function, and constitute a potential threat to humans,
animals and plants (Vitousek et al., 1997; Booker et al., 2009; Cheng, 2010). Over the last
several decades, ecologists have long focused on exploring how these global climate change
factors affect functions and structure of terrestrial ecosystems and most work has been
centered on the responses of aboveground to these climate change factors (Melillo et al.,

1993; Houghton, 2005; Wittig et al., 2009; Ghannoum et al., 2010). Soil microbes play a



critical role in determining soil physical, chemical and biological characteristics,
biogeochemical cycling and terrestrial ecosystem structure and function (Coleman, 2004;
Prosser, 2015) and microbial processes have long been key drivers of, and responders to,
climate change (Singh et al., 2010). However, our limited understanding on belowground
responses, especially soil microbes and microbially-mediated processes, hampers our effort
for predicting future ecosystem processes (Hu et al., 1999; Bardgett et al., 2008; Rousk et al.,

2012; Cheng et al., 2012).

This chapter (chapter 1) provides an overview of current knowledge of global change
effects on soil microbes with the emphasis on the impacts of elevated atmospheric CO2, Os

and temperature.

1.2 Soil microbial responses to global climate change factors: current knowledge

1.2.1 Microbial responses to elevated atmospheric CO2

The rising CO2 in the atmosphere generally enhances the photosynthetic activities of Cs3
plants and thus stimulates plant growth, net primary production (NPP) and net ecosystem
production (NEP) (Drake et al., 1997; Ainsworth & Long, 2005; Reich et al., 2006; Chapin
et al., 2011). Consequently, elevated CO> often increases C inputs belowground through
enhancing rhizodeposition or litter inputs (Hungate et al., 1997; Hu et al., 1999; van
Groenigen et al., 2011). Elevated CO- can enhance or suppress microbial activities depending
on soil resource availability (Hu et al., 2006; Norby & Zak, 2011). Therefore, the resulting

changes in microbial biomass, activities and community composition may alter N availability



for plants and alter long-term ecosystem processes under future CO- scenarios (Hungate et

al., 1997b; Zak et al., 2000).

Microbial biomass and activities

As soil microbes are generally C-limited, an increase in C input belowground may
increase soil microbial biomass and activities under elevated CO, (Hu et al., 1999; Zak et al.,
2000; Reich et al., 2006). Many studies have been conducted to examine CO; effects on soil
microbial biomass and activities over the past several decades (Hungate et al., 1997a; Hu et
al., 2001; de Graaff et al., 2006; Cheng et al., 2012). eCO> has been shown to enhance,
reduce or has no effect on microbial biomass (Hungate et al., 1996; Hu et al., 2001; Hu et al.,
2005; Blankinship et al., 2011). Over the past two decades, several excellent reviews have
summarized the effects of CO2 on microbial biomass (Oneill, 1994; Hu et al., 1999; Zak et
al., 2000; Hu et al., 2006; Sillen & Dieleman, 2010; Garcia-Palacios et al., 2014). For
example, in a synthesis, Hu et al. (2006) found that elevated CO; caused an average increase
by 26% in MBC and 24% in MBN among 19 of 40 studies and 12 of 27 studies, respectively.
The remaining studies showed unchanged or even decreased in microbial biomass. Sillen and
Dieleman (2012) recently reviewed 77 published studies and found a slightly higher increase
in microbial biomass in the combined CO2 and N fertilization treatment compared with the
single COz enrichment treatment. Microbes also need N to be able to accumulate C into their
biomass (Kaye & Hart, 1997; Hu et al., 2001). In ecosystems with severe N limitation,
microbes use the energy from decomposing easily degradable C-compounds to decompose

N-richer compounds, resulting in higher microbial respiration while microbial biomass



remains constant (Sillen & Dieleman, 2012). In another review. Blankinship et al. (2011)
found that the positive effects of elevated CO2 on the abundance of soil biota diminished
with time, suggesting trophic group, body size, and experimental approaches best explained

the responses of soil biota to elevated CO>

A large number of studies have also been conducted to investigate CO; effects on
microbial activities, measured as microbial respiration (Zak et al., 1993; Hu et al., 2001;
Austin et al., 2009; Bader et al., 2010) and enzymatic activities (Finzi et al., 2006; Chung et
al., 2006; Dorodnikov et al., 2009), and often show a CO.-stimulatory effect. In a meta-
analysis of 47 studies evaluating soil microbial respiration under elevated CO- (Zak et al.,
2000) found that elevated CO> generally increased microbial respiration. Another meta-
analysis of 30 studies, de Graaff et al. (2006) showed that CO, enrichment enhanced
microbial respiration by approximately 17%. Enzyme production and activity reflects the
balance of microbial nutrient availability and specific soil microbial functions (Allison &
Vitousek, 2005; Manzoni et al., 2010). Kelley et al. (2011) conducted the first meta-analysis
of 34 studies examining the responses of soil enzymatic activities to elevated COz. They
found that the activity of N-acetylglucosaminidase (chitin-degrading enzyme) increased
consistently by 12.6% under elevated CO». This suggests a transition towards microbes that
can produce enzymes responsible for degrading more recalcitrant forms of N with increasing
CO:s.. In addition, they showed that other enzymes including those degrading starch, cellulose,
lignin, xylan/hemicellulose and organic P and S respond more variably to CO> due to the

wide variety of ecosystems and experimental design (Kelly et al., 2011).



Mycorrhizae and AMF community structure

Mycorrhizal fungi, especially arbuscular mycorrhizal fungi belonging to
Glomeromycota, form symbiotic associations with roots of ~80% of land plant species and
obtain carbon (C) from their hosts (Smith & Read, 2008; Cheng et al., 2012). In exchange,
mycorrhizal fungi provide their host plants with mineral nutrients (e.g., phosphorus (P) and
nitrogen (N)) and enhance the abiotic and biotic stress resistance of the host (Kiers et al.,
2011; Fellbaum et al., 2012). eCO. is expected to increase mycorrhizal biomass because
plant demands for N and P will increase, and plants will allocate more photosynthates
belowground to the mycorrhizal fungi to help satisfy the increased nutrient demand (Fitter et
al., 2000; Johnson et al., 2010; Antoninka et al., 2011). Studies, either from microcosm
experiments or field experiments across a wide range of biomes, have found that elevated
CO:- often stimulates mycorrhizal fungal growth (Fitter et al., 2000; Treseder & Allen, 2000;
Alberton et al., 2005; Cheng et al., 2012). In an earlier meta-analysis, Treseder (2004)
reported that elevated CO; increased mycorrhizal colonization by 47% including only field
studies. Later, Alberton et al. (2005) conducted another meta-analysis with more data and
examined whether elevated CO- differentially affect ectomycorrhizal (ECM) fungi and
arbuscular mycorrhizal (AM) fungi. They showed that CO2 enrichment caused an average
increase by 21% and 34% in the abundance of AM fungi and ECM fungi, respectively. In
addition, Mohan et al. (2014) recently reviewed that the effects of CO enrichment on AM
fungal growth and reported both enhanced and reduced root colonization, depending on

associated plant species and ecosystems.



Compared with abundances of AM fungi, the responses of AMF community
composition to elevated CO- has been less studied. AM fungal community composition may
shift following CO2 enrichment. For instance, Treseder et al. (2003) observed a significant
increase of Scutellospora and Acaulospora, but a significant decrease of Glomus under
elevated CO., based on data from spore evaluation method. Klironomos et al. (2005)
demonstrated that the relative abundance of Gigaspore sp. was reduced by an abrupt increase
of CO2 concentration, resulting in an immediate decline in fungal richness and a change of
mycorrhizal functioning. Cotton et al. (2015) employed high-throughput terminal restriction
fragment length polymorphism (TRFLP) analysis and revealed a significant change in AM
fungal communities with a significant reduction in the abundance of Gigasporaceae under
elevated CO.. They suggested that changes in carbon availability are important determinants
of the community dynamics of the AM fungi. With the development of next generation
sequencing (Opik et al., 2010; Dumbrell et al., 2011), higher resolution community
characterization would help understand how AM fungi will change and how these alterations

will feedback to ecosystem processes under future CO2 scenarios.

Litter decomposition

The COz-induced changes in soil microbes can feed back to atmospheric CO2, mainly
through altering soil decomposition processes. Elevated CO2 may increase the C/N ratio and
recalcitrant compounds such as lignins and other phenolic compounds in plant biomass
(Booker et al., 2005; Bardgett et al., 2008), thereby reducing soil C losses through

suppressing soil microbes. For instance, Hu et al. (2001) found that elevated CO-



significantly increased plant N uptake and reduced soil N availability to soil microbes at the
late growing season, leading to reduced microbial activity and suppression of microbial
decomposition and ultimately increased ecosystem carbon accumulation. However, Norby et
al. (2001) reviewed that CO2 enrichment reduced N concentrations only by 7% in naturally-
senesced leaves, much less than that often observed in green leaves (Norby & Cotrufo, 1998;
Couteaux et al., 1999). The effects of CO. enrichment on carbon loss or respiration rates
from litter were not significant compared with litter grown in ambient CO,. Moreover, Hu et
al. (2006) summarized that only 4 out of 19 studies showed direct inhibitive effect of

elevated CO2 on decomposition.

In contrast, elevated CO> may increase soil C losses through stimulating soil microbes,
positively feeding back to the rising atmospheric CO> (Zak et al., 1993; van Groenigen et al.,
2014). First, elevated CO> increases C/N ratio of litter and enhances decomposition due to
stimulation of microbial abundance and activity, and enhances mineralization of recent and
old soil organic carbon, a phenomenon known as “priming effect” (Dijkstra & Cheng, 2007;
Hartley et al., 2012; Cheng et al., 2012). Second, elevated CO; could stimulate
decomposition of plant-derived C such as root exudation and plant residues (Hungate et al.,
1997b; Phillips et al., 2011). Third, studies showed that AMF can enhance plant litter
decomposition under elevated CO2 (Cheng et al., 2012). One proposed mechanism involves
stimulation of saprotrophic activity via the release of labile C by AMF, thereby stimulating
the decomposition of plant litter (Phillips et al., 2012; Cheng et al., 2012; Carrillo et al.,

2016).



Nitrification, denitrification and N2O emission

Nitrous oxide is the key trace gas that plays a major role in the greenhouse effect and
ozone destruction in the stratosphere (Dickinson & Cicerone, 1986; IPCC, 2013). Globally,
agricultural soils are a major source of anthropogenic N2O due to the use of N fertilizer and
manure (Mosier et al., 1998; Davidson, 2009; IPCC, 2013). N2O is mainly produced through
two microbial transformations of N (i.e. nitrification and denitrification) (Firestone &
Davidson, 1989; Conrad et al., 1996; Wrage et al., 2001). Nitrification is the aerobic
oxidation of ammonia to nitrate via nitrite (NHzs = NH2OH/HNO — NO2 — NO3’). The first
step (i.e. NHs to NO2"), ammonia oxidation, is performed by ammonia-oxidizing bacteria
(AOB) and ammonia-oxidizing archaea (AOA) (Prosser, 1989; Koénneke et al., 2005;
Brochier-Armanet et al., 2008). The second step (i.e. NO2 to NOg") is carried out by nitrite-
oxidizing bacteria (NOB) (Freitag et al., 1987; Hu et al., 2015). The first step is believed to
be the rate-limiting step for the whole nitrification processes (Kowalchuk & Stephen, 2001).
Denitrification is a major microbial process that reduces oxidized mineral forms of N to the
gaseous products (NO3" = NO2" —» NO — N20 — N2) under oxygen-limited conditions
(Philippot et al., 2009). In order to better predict and mitigate N2O emissions, it is critical to

understand the key factors controlling soil N2O production.

Alterations in C and N availability under elevated CO, may significantly influence
microbial N transformations and subsequent N losses via leaching and gaseous emissions
(Hu et al., 2006). In an early meta-analysis of 11 studies, Barnard et al. (2005) found

elevated CO; decreased nitrifying enzyme activity (NEA). Given that nitrification is



positively related with the soil NH4", it is essential that we gain better insight into the eCO»-
mediated effects on NH4* availability. Cheng et al. (2012) conducted a meta-analysis and
found that elevated CO> reduced soil NH4* by 7.9% indicating a negative effect on
nitrification under CO; enrichment. Elevated CO- has also been found to increase soil water
content due to reduced stomatal conductance and enhanced water use efficiency (Hungate et
al., 2002; Keenan et al. 2013). Therefore, nitrification is inhibited at high water content. In a
recent meta-analysis, Liang et al. (2016) found that nitrification was only significantly

reduced by long-term CO; enrichment.

In addition, Barnard et al. (2005) showed that CO. enrichment significantly decreased
denitrifying enzyme activities (DEA) and soil NOz™ over 23 and 11 studies, respectively.
However, denitrification should be favored at high soil water content under elevated CO».
The observed decreased DEA under elevated CO:z is not consistent with effects of elevated
COzon soil water content. In contrast, Cheng et al. (2012) found that elevated CO>
significantly enhanced soil NOs™ by 26.7% in their study including more data, which can
provide more substrate for denitrification. In addition, Liang et al. (2016) reported that

elevated CO; significantly enhanced denitrification only when N was added.

Van Groenigen et al. (2011) conducted a meta-analysis on the effect of CO2 enrichment
on N20 fluxes and found that CO> enrichment stimulated N>O by 18.8%. There are several
possible reasons for this enhanced N2O emissions. First, elevated CO> increased soil water
contents due to improved water use efficiency by plants (Wullschleger et al., 2002; Norby &

Zak, 2011). Second, soil microbial biomass has been observed to increase under elevated

10



CO- across a broad range of ecosystems (Zak et al., 2000; Pendall et al., 2004). Third,
increased CO> promoted root biomass and provided more labile carbon for denitrifiers

(Weier et al., 1993; Morley & Baggs, 2010).

1.2.2 Microbial responses to elevated atmospheric O3

Ozone (O3) at the Earth’s surface (troposphere) is a dynamic, short-lived air pollutant
and is toxic to human health and plant growth (Mills et al., 2011; Sicard et al., 2016). O3 is
formed mainly as a byproduct from chemical reactions between oxides of nitrogen (NOXx)
and volatile organic compounds (VOC) in the presence of sunlight (Ashmore, 2005). Ozone
interacts with a number of molecules within the cell wall and on the plasma membrane
surface, altering plasma membrane function and leading to damage of plant leaves (Fiscus et
al., 2005). Therefore, elevated tropospheric Oz generally suppresses plant photosynthesis and
plant growth, reducing agricultural yields (Fuhrer & Booker, 2003; Morgan et al., 2003;
Ainsworth et al., 2012). Accumulating evidence indicates that elevated Oz can cause a
substantial decline in plant aboveground growth and subsequent C allocation belowground
(Andersen, 2003; Fiscus et al., 2005; Grantz et al., 2006; Booker et al., 2009). The
alterations in C availability belowground will potentially impact soil microbes and associated

processes.

Microbial biomass and activities

Compared with the CO; effect, the effects of elevated Oz on soil microbial biomass and

activities have received relatively less attention. Since soil microbes are generally C-limited,
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decreased C availability would be expected to suppress soil microbial growth and activities
(Islam et al., 2000; Andersen, 2003; Wu et al., 2016). It has been reported that elevated O3
significantly reduced soil microbial biomass in a wheat-soybean rotation experiment using
open-top chambers (Islam et al., 2000), in a pot experiment using wheat plants (Chen et al.,
2009) and in the O3-FACE (free-air ozone enrichment) experiment of a rice-wheat rotation
system (Chen et al., 2015; Wu et al., 2016). However, contrasting results have also been
found in other studies (Scagel & Andersen, 1997; Morsky et al., 2008; Bassin et al., 2015).
For example, Morsky et al. (2008) found that elevated O3 increased microbial biomass in a 4-
yr experiment with peatland microcosms. Bassin et al. (2015) showed that elevated O3
enhanced microbial biomass N resulting from increased litter input and lower litter quality.
Moreover, soil microbial biomass was observed to remain unchanged in a meadow
ecosystem (Kanerva et al., 2006) and a no-till wheat-soybean rotation agro-ecosystem

(Cheng et al., 2012).

It is also expected that microbial activities measured as microbial respiration and
enzymatic activities would decrease under elevated Oz because of reduced C allocation
belowground (Andersen, 2003). For example, Edwards (1991) found that elevated Os
reduced root and soil respiration, respectively, due to the decreased root exudation rates and
rhizosphere microbial populations. However, contrasting results have also been found in
other studies (Coleman et al., 1996; Andersen & Scagel, 1997; Kasurinen et al., 2004).
Several other studies have shown that soil microbial respiration remained unaffected at

elevated Os (Islam et al., 2000; Phillips et al., 2002; Cheng et al., 2012). In an open-top
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chamber experiment with birch trees exposed to elevated Oz for three consecutive growing
seasons, Kasurinen et al. (2004) showed that elevated O3 stimulated soil CO efflux possibly
due to the stimulated mycorrhizal formation. Moreover, elevated Oz has been found to reduce
cellobiohydrolase and N-acetylglucosaminidase (NAG) activity in soils (Phillips et al., 2002;
Chung et al., 2006; Edwards & Zak, 2011). However, it has also been shown that nitrifying
and denitrifying enzyme activities increased significantly (Chen et al., 2015) at elevated Oa.
Theses alterations indicate soil microbial community structure and function under elevated
O3 may be altered (Li et al., 2013; He et al., 2014). In addition, the activities of many other
enzymes such as 1,4-  -xylosidase, phosphatase, 1,4-a-glucosidase, peroxidase, and phenol
oxidase were not altered at elevated Oz (Reddy et al., 1991; Larson et al., 2002; Chung et al.,
2006). Therefore, it remains unclear how elevated O3z will affect soil microbial biomass and

activities due to the limited studies.

Mycorrhizae and AMF community structure

Reduced carbon allocation belowground under elevated O3 has been suggested to alter
belowground microbial community functions and structure (Kanerva et al., 2008; He et al.,
2014). However, it remains unknown how elevated Oz would affect mycorrhizal fungal
growth and community composition (Cotton et al., 2015). Published studies showed that
elevated Os can affect mycorrhizal colonization of roots but results are not consistent (Mohan
et al., 2014; Wang et al., 2017). For example, it has been observed that the AMF colonization
rate on roots decreased significantly in tomato (McCool & Menge, 1983) and Elymus glaucus

under elevated Oz (Yoshida et al., 2001). However, Cheng (2010) found elevated Oz had no
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effect on mycorrhizal colonization of different AMF species in Avena fatua L. In addition,
Cui et al. (2013) found that elevated Os enhanced root colonization in wheat. These
inconsistent results possibly result from the changes in plant carbon allocation belowground
can be highly variable under ozone stress (Andersen, 2003) or the different experimental
conditions and differnt plant species/genotype sensitivity to ozone (Wang et al., 2014). In a
recent meta-analysis by Wang et al. (2017), they summarized the results of 20 studies and
reported that elevated Oz generally lead to a substantial decrease in AM colonization rate.
Compared to the studies on AM fungal growth, researches on the AM fungal communities
under elevated Os has received less attention. Understanding the mechanisms by which these
alterations of AM fungal communities will be critical for predicting how future global
climate change will affect mycorrhizas and, consequently ecosystem functions. Cotton et al.
(2015) was the first to employ molecular methods to characterize the communities of AM
fungi and reported that elevated Os did not alter AM fungal community composition possibly
due to the young plants they sampled and method sensitivity limitations. Therefore, more

efforts are needed to examine how elevated Oz might impact AM fungi.

Litter decomposition

In addition to reduced plant growth and subsequent decreased C availability (Andersen,
2003), elevated Oz has also been reported to increase recalcitrant compounds in leaf litter
(Loya et al., 2003; Booker et al., 2005; Kasurinen et al., 2006; Meehan et al., 2010). These
changes would slow soil microbial decomposition processes, reducing C losses from soil

(Kasurinen et al., 2006; Parsons et al., 2008; Cheng, 2010; Berg & sMcClaugherty, 2014).
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Compared with elevated COy, the research on the effect of Oz on the quality and
decomposition of litter is relatively rare. Loya et al. (2003) have demonstrated that the
combination of elevated CO; and Oz significantly diminished soil carbon in the Rhinelander
FACE (free-air CO2 and O3 enrichment) forest experiment. Later work at the Rhinelander
FACE, Talhelm et al. (2009) showed that what Loya et al. (2003) observed was a transient
effect and elevated Oz had no effect on soil carbon after the 11-year experimental fumigation.
Yue et al. (2015) conducted a meta-analysis over 17 studies and reported that elevated O3
had no effect on litter decomposition, which possibly was due to the limited studies.
However, there have also been studies showing that elevated Oz increases root turnover and
soil respiration indicating enhanced decomposition processes (Andersen & Scagel, 1997).
Therefore, more studies need to be conducted to investigate how ozone will affect root

morphology and then affect carbon decomposition.

Nitrification, denitrification and N2O emission

Alterations in the relative soil C and N availability under elevated Oz may significantly
influence microbial N transformations and subsequent N losses via leaching and gaseous
emissions (Holmes et al., 2003; Simpson et al., 2014; Chen et al., 2015). Reduced substrate
availability for nitrification and denitrification may affect N cycling and therefore N2O
emissions under elevated O3 (Chen et al., 2015). However, there are limited studies on the
effects of elevated Oz on N cycling (Holmes et al., 2003; Kanerva et al., 2006; Wu et al.,
2016). Those studies indicated that elevated Os had minor or negative effects on soil N

cycling in different ecosystems. For instance, Kanerva et al. (2006) found no significant
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effects on total N, NOs™-N, potential nitrification and denitrification and therefore N2O
emission. Holmes et al. (2003) examined elevated Oz effects on gross N transformation rates
and found that elevated O3 reduced gross N mineralization by 13% due to the decreased
organic substrate inputs belowground. However, in a Soybean Free Air Concentration
Enrichment (SoyFACE) experiment in Illinois after 4 years of O3 fumigation, Pereira et al.
(2011) found that elevated O3 can increase the abundance of nosZ gene and thus
denitrification driven by the high SOC. Elevated Oz effects on N cycling can also vary by
plant species and cultivars due to different sensitivity to Oz stress (Wu et al., 2016). For
instance, Wu et al. (2016) showed that elevated Os significantly reduced N cycling in
sensitive wheat cultivars but had no effects on tolerant wheat cultivars. Compared with

elevated COg, our understanding of Os effects on soil N dynamics is still limited.

1.2.3 Microbial responses to climate warming

The average global surface temperature is projected to continue to increase by 1.5 to
4°C by the end of 21 century (IPCC, 2013). Accumulating evidence has shown that climate
warming can affect the growth of microorganisms, plants and animals, and influence
different ecosystems processes ranging from polar terrestrial to topical marine environments
(Walther et al., 2002; Root et al., 2003; Deutsch et al., 2008). In contrast with elevated CO>
and Os, warming can have both direct and indirect effects on soil microbes that feedback
greenhouse gases to the atmosphere and contribute to climate warming (Bardgett et al., 2008;
Classen et al., 2015; Mayor et al., 2017). Climate warming generally enhances plant growth

and productivity, thereby indirectly altering soil physicochemical conditions, subsequent
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carbon allocation belowground and the composition of microbial community (Zhang et al.,
2005; Dumbrell et al., 2010; Classen et al., 2015). Climate warming can also directly impact
soil microbial growth and activities, leading to changes in ecosystem functions (Blankinship

et al., 2011; Manzoni et al., 2012; Hagerty et al., 2014).

Microbial biomass and activities

Over the last several decades, a large number of studies have examined warming effects
on soil microbial biomass and activities, as summarized by several excellent reviews
(Rustard et al., 2001; Bai et al., 2013; Lu et al., 2013; Zhang et al., 2015; Garcia-Palacios et
al., 2015; Romero-Olivares et al., 2017). Soil microbial biomass has been observed to
increase under warming (Schindlbacher et al., 2015; Zhang et al., 2016), but has also been
shown to remain stable or decrease (Frey et al., 2008; Bradford et al., 2008; Allison et al.,
2010; Schindlbacher et al., 2011). In a recent synthesis, Lu et al. (2013) found that warming
enhanced plant growth and microbial growth and activities resulting in a 4.9% increase in
microbial biomass. They also showed that low (<1°C) and medium (1-3°C) warming
magnitudes significantly increased MBC but high magnitude (>3°C) decreased MBC
indicating the temperature sensitivity of microbes may decline at high temperatures or
microbes may become adapt to high temperatures (Luo et al., 2001; Melillo et al., 2002).
Zhang et al. (2015) synthesized 25 studies on the Tibetan Plateau and found that MBC and
MBN significantly increased by 23.1% and 41.5% under climate warming, respectively, in
grasslands, but had no significant effect in forests due to the different annual air temperature

between the two ecosystems. However, Bai et al. (2013) recently conducted another meta-
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analysis with 31 observations and found warming had no significant effect on microbial
biomass N. Warming may reduce soil labile carbon for microbes to grow, whereas warming
may stimulate N mineralization with greater N availability which could increase microbial N
(Bradford et al., 2008; Frey et al., 2008; Yin et al., 2012). Similar results were also observed
in other three reviews (Wang et al., 2014; Garcia-Palacios et al., 2015; Romero-Olivares et

al., 2017).

A positive relationship between soil microbial respiration and temperature has been well
illustrated (Lloyd & Taylor, 1994). Many studies have observed that warming can directly
stimulate soil microbial respiration (Jenkinson et al., 1991; Davidson & Janssens, 2006;
Hartley et al., 2008). In an earlier meta-analysis by Rustad et al. (2001), they showed that
warming generally enhanced soil respiration across 16 field studies. However, some studies
have observed a decline in warming effects over time (Luo et al., 2001; Melillo et al., 2002),
whereas others have also documented no significant change (Schindlbacher et al., 2011).
Several mechanisms have been proposed to explain this pattern, including the depletion of
substrate availability (Bradford et al., 2008), acclimation of individual microbes (Frey et al.
2013), evolutionary adaption of microbial populations (Romero-Olivares et al., 2015) and
microbial community changes (Zhang et al., 2005; Rousk et al., 2012; Treseder et al., 2016).
In the meta-analysis by Lu et al. (2013), they found that warming stimulated soil respiration
by 9.0%, with a 7.5% increase in heterotrophic respiration and a 9.4% increase in autotrophic
respiration, respectively. Similar results were also found in another meta-analysis by Zhou et

al. (2016). However, Romero-Olivares et al. (2017) performed a meta-analysis based on 25
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field experiments lasting more than 10 years and found that warming effects on soil
respiration declined significantly with duration of warming. After 10 years, soil respiration

under warming treatment declined to the control level.

Mycorrhizae and AMF community structure

The effects of climate warming on mycorrhizal fungi can be direct or, more often,
indirect via temperature impacts on plant growth and soil nutrient dynamics. Warming might
directly affect AMF via stimulating the growth of hyphae, but can also indirectly affect the
fungi by affecting plant photosynthesis and altering carbon allocation belowground (Rillig et
al., 2002; Heinemeyer & Fitter, 2004) or changes in soil mineralization rates and hence N
availability (Olsrud et al., 2010; Melillo et al. 2011). Responses of AMF to increased
temperature have been examined in limited studies (Mohan et al., 2014). And most studies
found increased temperature had a positive impact on AMF colonization because of the
direct effect of temperature (Rillig et al., 2002; Gavito et al., 2003; Heinemeyer & Fitter,
2004; Compant et al., 2010). However, in several studies, warming had either no effect or
negative effect on the colonization of AMF in roots (Schroeder-Moreno et al., 2012; Wilson
et al., 2016). Warming not only influences the abundances of AMF in plant roots, but also
alters the species composition. However, warming manipulation studies also reported that
warming has inconsistent results. For instance, warming has been shown to have positive
effects on AM fungal richness or neutral effects on AM fungal richness and Shannon
diversity index (Yang et al., 2013; Kim et al., 2014; Gao et al., 2015). In addition, it has also

been shown warming can have positive, negative, neutral effects on AM fungal extra-radical
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hyphal (ERH) density (Rallig et al., 2002; Gavito et al., 2003; Staddon et al., 2003; Yang et
al., 2013; Kim et al., 2014; Gao et al., 2015). Meanwhile, warming significantly affected the
community composition of AM fungi on the Qinghai-Tibet Plateau in China (Yang et al.,
2013). However, most warming manipulation studies found warming had no effect on overall
AM fungal community composition (Heinemeyer et al., 2004; Yang et al., 2013; Kim et al.,
2014; Gao et al., 2015). AM fungal responses to elevated temperature could have significant
consequences for global climate. Nevertheless, it is less clear how alterations in AM fungal
community composition in response to warming might influence ecosystem carbon storage

and cycling.

Litter decomposition

It was generally accepted that elevated temperature will accelerate rates of heterotrophic
microbial activity and therefore enhance CO, emissions into the atmosphere (Davidson &
Janssens, 2006, Bardgett et al., 2008, Karhu et al., 2014). Because the rates of soil respiration
are thought to be more sensitive to temperature than primary production (Jenkinson et al.,
1991; Schimel et al., 1994), it is predicted that climate warming will cause a positive
feedback on climate change (Cox et al., 2000; Davidson & Janssens, 2006). For example,
several excellent meta-analyses have determined that warming generally increases
decomposition (Rustad et al., 2001; Lu et al., 2013; Garcia-Palacios et al., 2015; Zhang et
al., 2015). Several mechanisms have been proposed to explain this pattern. First, the
activities of enzymes involved in decomposition increase with short-term temperature

sharply (Davidson & Janssens, 2006; Wallenstein et al., 2009, 2010). The size of enzyme
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pool is controlled by microbial production and turnover rate of extracellular enzymes which
are vulnerable to temperature (Cusack et al., 2010; Conant et al., 2011). Second, the
influence of temperature on microbial physiology has a significant impact on soil carbon
dioxide emissions (Allison et al., 2010). Microbial carbon use efficiency (CUE) determines
the partitioning of substrate C between microbial biomass and CO- production, determining
the fate of soil carbon (Manzoni et al., 2012; Frey et al., 2013). Usually CUE declined with
increasing temperature in future, thus potentially decreasing C storage (Frey et al., 2013).
Third, it has long been thought that recalcitrant carbon pools have greater temperature
sensitivity compared with young carbon pools (Knorr et al., 2005; Davidson & Janssens,
2006), although contrasting results have also been shown (Luo et al., 2001; Melillo et al.,

2002; Fang et al., 2005; Conen et al., 2006; Rey et al., 2006).

By contrast, it has also been shown that warming can have either a negative or neutral
effect on decomposition (Luo et al., 2001; Melillo et al., 2002). For example, high
temperatures often increase evapotranspiration and lead to drought, and low soil moisture
reduces the thickness of soil water films, thus inhibiting diffusion of extracellular enzymes
and soluble organic-C substrates and lowering substrate availability at reaction sites
(Davidson & Janssens, 2006; Allison & Treseder, 2008). Physical and chemical protection of
soil organic matter can decrease substrate availability for microbial attack, thereby reducing
microbial responses to warming (Oades, 1988; Six et al., 2002; Davidson & Janssens, 2006).
In addition, the depletion of substrate, acclimation and alterations of soil microbial

communities to higher temperature and the effects of other climate change factors may also
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help explain the uncertainty (Luo et al., 2001; Bradford et al., 2008; Frey et al., 2013; Taylor
et al., 2017). While it is well established that temperature plays a critical role in determining
soil organic matter decomposition, the nature of the relationship between temperature and
heterotrophic respiration and its potential to feedback to climate change, are far from clear

(Davidson & Janssens, 2006; Bardgett et al., 2008).

Nitrification, denitrification and N>O emission

Studies suggested that the optimum temperature for nitrification process depends on the
soil characteristics from different climatic zones (Myers, 1975; Malhi & McGill, 1982;
Dalias et al., 2002). Warming climate region soils can support nitrifying microbes with an
optimum temperature of 35°C (Stark, 1996; Dalias et al., 2002). However, this optimum
temperature will drop to 30°C and even to 20°C in colder regions (Mahendrappa et al., 1966;
Malhi & McGill, 1982; Dalias et al., 2002). In two recent meta-analyses, Bai et al. (2013)
and Zhang et al. (2016) found that climate warming significantly enhanced nitrification rates
in forest ecosystems, whereas the effect was not significant in grassland/prairie ecosystems.
This stronger response of nitrification to warming in forests than grasslands was attributed to

the relatively dry condition in grasslands.

Denitrification is an anaerobic process influenced by temperature, oxygen, carbon
availability and N substrate (Firestone & Davidson, 1987). Elevated temperature could
directly and indirectly impact the process of denitrification. For example, many laboratory
soil incubation and field experiments show a positive direct effect of warming on the

abundances of denitrifiers, causing an increase in denitrification (Braker et al., 2010;
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Cantarel et al., 2012; Wertz et al., 2013; Keil et al., 2015). Warming can also indirectly
affect denitrification by changing C, N availability, soil oxygen concentration and soil
moisture content (Loiseau & Soussana, 2000; Barnard et al., 2005). For instance, enhanced
soil labile carbon under warming could provide more C substrate for denitrifiers (Tscherko et
al., 2001). Increased N availability under warming through stimulating N mineralization can
also increase potential denitrification (Dijkstra et al., 2012). Moreover, warming effect on
soil Oz concentration through increased soil respiration should favor denitrification (Castaldi,
2000). However, drier soil associated with climate warming could promote nitrification and
reduce denitrification due to the changes of soil aeration and O (Smith et al., 2003; Liu et

al., 2016).

Dijkstra et al. (2012) recently reviewed how N2O fluxes responded to increased air
temperature across different field experiments and found that elevated temperature impacted
N20 emissions inconsistently. There are several reasons for this inconsistent result. First,
climate warming has been shown to directly enhance the growth of nitrifiers and denitrifiers,
therefore increasing the potential of N2O production (Cantarel et al., 2012). However, lower
soil moisture caused by warming could have the opposing effect on N2O emission (Bijoor et
al., 2008; Liu et al., 2016). Second, enhanced soil microbial activity and N availability
through increased N mineralization could increase N2O emissions under elevated temperature
(Dijkstra et al., 2012). But, warmer conditions could also stimulate plant growth and N
uptake by plants, thereby reducing N availability for denitrification process (Zak et al. 1990;

Dijkstra et al., 2012). In addition, there are studies showing that the nitrification and
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denitrification to N.O emissions is sensitive to temperature in both microcosm and field
experiments (Maag & Vinther, 1996; Stres et al., 2008). For example, Maag and Vinther
(1996) have shown that nitrification associated N.O fluxes decreases with temperature, but
denitrification associated N»O fluxes increases. Therefore, how N2O fluxes responded to
warming is complex and uncertain and more studies should be conducted under different

ecosystems.

1.3 Soil microbial responses to global climate change factors: knowledge gaps

Although there are many studies being conducted to investigate how global change
components affect soil microbial responses over the last several decades, uncertainties and
challenges remain. One major theme is to understand how those climate change factors
interacted with soil biota to affect soil N2O emissions. Another major theme of current global
change research is to understand whether terrestrial ecosystems could act as a C sink under
future climate change scenarios. Though we have made much progress in understanding the
causes of changes in soil microbes under global change components over the last decade, our
knowledge of how soil microbes feedback to global change factors remains poorly
understood. Given that the key role microbes played in mediating soil N2O production and
soil organic C decomposition, this knowledge gap critically hampers our ability to predict

microbial contributions to future greenhouse gas emissions and associated climate change.

Elevated CO> can indirectly alter microbial mediated N>O-producing processes via
plants (Kammann et al., 2008; Wu et al., 2017). CO2 enrichment generally enhances plant

photosynthesis of Cz plants (Ainsworth & Long, 2005) and often increases plant N uptake
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(Hu et al., 2001; Drake et al., 2011). Most studies have shown elevated CO enhanced N,O
emissions (Baggs et al., 2003; Kamman et al., 2008; Wu et al., 2017). In a recent meta-
analysis, van Groenigen et al. (2011) found that elevated CO significantly stimulated N2O
emissions by 18.8% and attributed this increase to higher denitrification induced by CO-
enhancement of soil labile carbon and plant water use efficiency. However, the origin of the
N in the increased N2O was not explained. Wu et al. (2017) first conducted a microcosm
experiment with Cs plants to examine whether the form of N critically mediate the effect of
eCO2 on N0 production. We found that Cs plants under elevated CO, may preferentially
take up NH4"™ over NOs™ from soil, thereby enhancing N2O emissions. However, we still do
not know how elevated CO, will interact with soil biota, especially arbuscular mycorrhizal
fungi (AMF), to affect N.O emissions. In contrast with elevated CO>, studies of eOz-effects
on N20 emissions are much scarcer. Although there have been studies reported that elevated
Os had either negative or neutral effects on N2O fluxes (Kanerva et al., 2006; Bhatia et al.,
2011), the mechanisms underlying Os-mediated N2O production remained unknown. In
addition, warming has been observed to impact N.O fluxes variably, showing a positive,
negative and a neutral effect, as summarized in a recent review (Dijkstra et al., 2012).
Climate warming can affect multiple processes which produce opposing effects on N2O
production (Bijoor et al., 2008; Dijkstra et al., 2012; Liu et al., 2016). Therefore, how these
climate change factors affect soil N.O production is much more complex and highly
uncertain and more experiments need to be conducted to examine soil N2O fluxes under

simulated climate change conditions.
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To date, most studies have emphasized on the influences of elevated CO>, Oz and
temperature on changes in the whole soil microbial community. Few studies have ever been
conducted to investigate the responses of functional groups of soil microbes that dominated
the process of N2O formation (nitrification and denitrification) (Horz et al., 2004; Cantarel et
al., 2012; Hu et al., 2016). Variations in greenhouse gas N2O production may reflect
differences in terms of the abundances and community composition of AOA (ammonium
oxidizing archaea), AOB (ammonium oxidizing bacteria) and denitrifiers (Avrahami &
Bohannan, 2009; Philippot et al., 2010; Brown et al., 2011; Cantarel et al., 2012). To my
knowledge, the majority of current work has centered on the effect of a single global change
factor, little information is available on the causes and consequences of the impacts of

multiple global change factors on soil microbes, particularly in agro-ecosystems.

AM fungi, which form symbiotic associations roots of approximately 80% of land plant
species, receive a large amount of plant photosynthates (up to 20%) and deposit slowly
cycling organic compounds such as chitin and glomalin (Smith & Read, 2008). These AMF-
derived compounds are important binding agents for formation of soil microaggregates and
AM fungal hyphae directly enmesh microaggregates into macroaggregates, protecting
organic matter from microbial attack (Miller et al., 1995; Wilson et al., 2009). However, the
magnitude of C inputs through AM hyphae and their exudates, and their rapid turnover
(Staddon et al., 2003a) represent a major source of labile C inputs which can serve as
substrates for saprophytes. Consequently, AMF proliferation around organic residue patches

likely enhances decomposition through the priming effect and increases plant N acquisition
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by competing with other microbes for limited nutrients (Hodge et al., 2001; Tu et al., 2006;
Cheng et al., 2012). Emerging evidence has shown that elevated CO2, O3 and temperature
can affect AM fungi variably (Mohan et al., 2014). It remains to be examined whether and
how AM fungi impact organic C decomposition under future CO2, Oz and temperature

scenarios.

In addition, understanding the ecology of soil microbes is challenging owing to the high
degree of biological diversity and the inherent temporal and spatial variation that is present at
scales <1 mm in soils (Torsvik & @vreas, 2004; Roesch et al., 2007; Prosser, 2015). Our
limited understanding of the mechanisms that regulate the diversity of functionally important
taxa may be attributed to the lack of modern technology application (Daniel, 2005; Jones et
al., 2009; McGuire & Treseder, 2010). With the development of molecular techniques,
improved DNA-based identification methods have allowed the characterization of soil
microbial community composition in different ecosystems (Angel et al., 2010; Dumbrell et
al., 2010; He et al., 2013; Leff et al., 2015). Therefore, a better understanding of complex
microbial functions and structure would help predict ecosystem functioning under future

climate change scenarios.
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Chapter 2

Effects of arbuscular mycorrhizal fungi and plant roots on N2O emissions depend on

the form of nitrogen species and the level of CO2
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2.1 Abstract:

Elevated atmospheric CO2 (eCO.) often increases soil N2O emissions, which has been
attributed to CO2-enhancement of soil labile carbon (C) and water use efficiency. This labile
C increase mainly stems from eCO; stimulation of roots and their symbiotic microbes such as
mycorrhizae. However, direct impacts of plant roots and mycorrhizae on N2O emissions
under elevated CO have not been examined. We conducted a microcosm experiment
assessing the effects of plant roots and arbuscular mycorrhizal fungi (AMF) on N2O
emissions under ambient and elevated COz, in the presence of two distinct N forms,
ammonium (NH2*) and nitrate (NO3’). We found that the form of N inputs dominated the
N20 emissions: N2O emissions were almost undetectable with NH4" inputs, but increased
significantly with NOs™ inputs. The enhanced N2O emission was more related to a change in
soil denitrifier community composition. We determined the abundance of key genes
responsible for N2O production (nirK and nirS) and N.O consumption (nosZ), and found that
eCOz significantly increased the ratio of ((nirK+nirS)/nosZ) under NOs fertilization. In
addition, plant roots and AMF significantly reduced N2O emission under eCO2 when NO3
was applied. While AMF reduced N2O emission through improved N nutrition retention in
microbial biomass, roots reduced N2O emission through increased plant N uptake. Our
results suggest that plant roots and their associated AMF may play a more important role in

modulating soil N2O emissions under future CO> scenarios.
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2.2 Introduction:

CO2 and N2O are two major greenhouse gases, accounting for ~65% and ~6% warming
potential, respectively (WMO, 2014; Weller et al., 2016). Experimental studies over the last
three decades showed that elevated CO2 (eCOz) often enhanced N2O emissions (Baggs et al.,
2003; Kammann et al., 2008; Lam et al., 2011; Wu et al., 2017), raising the possibility of a
positive feedback loop between eCO2 and N2O under future climate conditions. The
mechanisms that underlie eCO> stimulation of N2O are still unclear, but higher denitrification
induced by CO2-enhancement of soil labile C and plant water use efficiency have been
proposed as the primary mechanisms (van Groenigen et al., 2011). However, the origin of the

N in the enhanced N2O remains unknown.

Arbuscular mycorrhizal fungi (AMF) are ubiquitous, form associations with roots of
approximately 80% of land plant species and obtain C from their host plants in return for
mineral nutrients (Smith & Read, 2010; Kiers et al., 2011). Atmospheric CO2 enrichment
generally increases plant growth (Drake et al., 1997; Ainsworth & Long, 2005) and allocates
more photosynthates to symbiotic microbes (particularly mycorrhizae) (Treseader, 2004;
Alberton et al., 2005). Plant roots and AMF may have contrasting effects on N cycling and
N20 emissions. On one hand, they increase plant N uptake (Hu et al., 2001; Drake et al.,
2011) and reduce N for nitrification and subsequent denitrification, therefore reducing N2O
production (Bender et al., 2014, 2015; Wu et al., 2017). On the other hand, more root

exudates and labile C may stimulate denitrifiers as most of them are heterotrophs and require
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labile C as the energy source and thus enhance N>O emissions (van Groenigen et al., 2011;

Storer, 2013).

Elevated CO> and the form of N input may critically mediate the impact of plant roots
and AMF on plant N uptake and N.O emissions (Wu et al., 2017). Cheng et al. (2012)
conducted a meta-analysis and reported that eCO> enhanced soil NO3z™ by 26.7%, but
decreased soil NH4™ by 7.6%, suggesting that elevated CO2 may have reduced plant N uptake
and increased soil N availability. Several studies have shown that nitrate assimilation in Cs3
plants was slower under elevated than ambient CO3, leading to lower plant N utilization
while receiving NOs™ than NH4" as a sole N (Bloom et al., 2010, 2014; Asensio et al., 2015).
Together, these studies suggest that Cs plants under elevated CO. may preferentially take up
NH4" over NO3™ from soil, contributing to the stimulation of N2O emissions. Wu et al. (2017)
first directly illustrated that the form of N inputs dominates the eCO; effect on soil N2O
emissions. N2O emission was significantly higher under elevated than ambient CO, when
NOs was applied, but was not detectable when NH4" was applied under ambient and
elevated CO2. However, it is not known whether the presence of plant roots and AMF will
modify the impact of elevated CO. on N2O emissions and their combined impact remains

unknown.

We conducted a microcosm experiment with wheat (Triticum aestivum L.) to assess the
impact of plant roots, AMF and eCO2 on N.O emissions. We hypothesized that 1) eCO>

increases N2O emissions when NOgz™ was applied, 2) the presence of roots and AMF reduces
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N20 emission, and 3) eCO; effects on N2O emissions are related to alteration in denitrifying

microbes.

2.3 Materials and methods

Experimental design and treatments

This experiment was conducted in the USDA-ARS Plant Science Research CO; facility
at North Carolina State University (Raleigh, NC, USA). The facility consisted of 8
continuously — stirred tank reactors (CSTR) for the exposure of plants to CO2 (Wu et al.,
2017). Each CSTR is a cylindrical chamber covered with Teflon and measured 1.2 m in
diameter by 1.4 m tall (Cheng et al., 2012; Wu et al., 2017). Compressed CO, was mixed
with air and dispensed to chambers 24 hours daily using rotameters to maintain CO>
concentrations at a target level. To monitor CO2 concentrations, chamber air was measured

using infrared analyzers (model 6252, LiCOR Inc., Lincolin, NE USA).

This experiment was a split-split plot design with whole-plots randomly assigned into
each of the four blocks. Two adjacent CSTR chambers were formed into one block. The
whole-plot treatments were two atmospheric CO2 levels (ambient: 400 pmol CO, mol™ and
elevated CO2: 680 pmol CO2 mol™) with four replicates. The split-plot treatments were two

N species (NH4* and NOs’), which were further split into three mycorrhizal treatments.

In each CSTR chamber, we have two plexi-glass microcosms and each microcosm was
divided into six compartments with each compartment measuring 13x14x15cm (width x

depth x height) (Tu et al., 2006). Three compartments in a row were designated as HOST
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compartments (containing host plants and AM fungi) and the other three adjacent
compartments were designated as TEST compartments to determine the N2O emission. The
HOST and TEST compartments were separated by a replaceable 0.45 pum, 20 um or 1.6 mm
mesh (Tetko/Sefar mesh, Sefar America, NY) that controlled the penetration of plant roots or
AM fungal hyphae into the TEST compartments (Hodge et al., 2001). Therefore, this
experiment had three mycorrhizal treatments. In the control treatment (CK), the HOST and
TEST compartments were separated by a fine mesh screen (0.45 pum). In the AMF treatment,
a 20 um mesh screen was used to allow AM fungal hyphae, but no plant roots, to grow into
the TEST compartment. In the root treatment, a 1.6 mm mesh screen was used to allow both

AM fungal hyphae and plant roots to grow into the TEST compartment.

In this experiment, the multiple AM fungal species were trap-cultured from an
agricultural soil, collected from the Center for Environmental Farming Systems, NC, and
were then pot-cultured to increase fungal biomass in the greenhouse. Twelve AM fungal
species were identified and characterized according to the International Culture Collection of
(Vesicular) Arbuscular Mycorrhizal Fungi (INVAM). AMF inoculum consisted of culture
media containing spores, hyphae, and colonized root pieces (Tu et al., 2006; Cheng et al.,

2012).

Planting, plant sampling and analysis

Each compartment of the microcosm was filled with a 3.3 kg sandy loam soil collected
from the Lake Wheeler Research Farm of North Carolina State University, Raleigh, NC,

USA (35° 43' N, 78° 40" W; elevation 120 m) (Wu et al., 2017). The soil is well drained with
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a pH of 6.02, and contained 17 g C kg*and 1.5 g N kg soil prior to the experiment. The
HOST compartments were inoculated with 150 g inoculum of a mixture of AMF species.
Twenty seeds of wheat were sown into HOST compartments and then thinned after
emergence to ensure the uniform density. Plants received CO, fumigation immediately
following seed germination. Each compartment received 20 mg N kg* soil was added at the
4™ week after seedling emergence. Microcosms were watered with deionized water regularly.
Plants were grown for 15 weeks. The aboveground of plants were cut at the soil surface.

Roots were carefully separated from the soil and washed thoroughly with tap water.

Root colonization by mycorrhizal fungi was measured using the gridline-intersect
method (Giovannetti & Mosse, 1980). Thoroughly washed root samples (cut into about 1 cm
in length) were cleared in 10% (w/v) KOH, acidified in 1% (v/v) HCI for 2 hours, and then
stained with acidic glycerol-trypan blue solution (Phillips & Hayman, 1970). The stained
roots were then spread on a Petri dish with gridlines and examined for infection using a
dissecting microscope at x40 magnification. Results obtained were expressed as percentage

root length colonized (PRLC) (Tu et al., 2006).

The shoots and roots were oven-dried (65°C) and weighed. The oven-dried shoots were
finely ground to powder for measuring total C, and biomass N. Shoot biomass C and N
concentrations were determined with CHN elemental analyzer (Cara Erba and model 2400,

Perkin Elmer Co., Norwalk, CT, USA).

CO- and N2O flux measurement
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Nitrogen fertilization: CO2 and N>O sampling was conducted twice during this
experiment. After the 8" and 12" week of plant growth, each TEST compartment was
watered to 80% water-filled pore space (WFPS) with deionized water mixed with a fertilizer
[NH4" as (NH4) 2S04 or NOs™ as KNO3] pulse corresponding 40 kg N ha. Potassium was
balanced with K.SO4. TEST compartments were watered to maintain the soil moisture to
80% WEFPS to ensure an environment conducive for denitrification. We employed a
Campbell Scientific HS2 Hydrosense 11 probe (Campbell Scientific, Logan, UT, USA) to
measure soil volume water contents (VWC, %) to 12 cm depth and then converted the VWC
into the water-filled pore space (WFPS). Water addition was terminated when N2O emission

was not detectable.

CO; and N0 sampling and measurements: At the 8" week of plant growth, gas
emissions were sampled starting at 12, 24, 48, 72, 96 and 120 h after fertilizer-N addition,
resulting in 6 flux measurements. Again, at the 12" week of plant growth, gas emissions
were sampled starting at 12, 24, 36, 48, 72, 96, 120 until 312 h after fertilizer - N addition,
resulting in 16 fluxes measurements. CO2 and N»O flux measurements were taken in all
TEST compartments using a modified static chamber method (Cavagnaro et al., 2012). The
chambers were closed with a lid, and fitted with a rubber septum to allow gas sampling via
syringes. Gas samples (5 ml) were taken with 20 ml PE syringes (Beceton Dickinson
Franklin Lakes, NJ, USA) and immediately injected into N2-preflushed 12mL vials at time 0
and 30 min after the closure of lids. Air temperature and soil WFPS were recorded during

sampling period. Gas samples were analyzed within 24 h on a gas chromatograph fitted with
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an electron capture detector (ECD) and a flame ionization detector (FID) (Shimadzu GC —
2014, Kyoto, Japan) with an autosampler (Shimadzu AOC-5000 Auto-Injector). The CO2 (ug
CO2-C m2hY) or N2O (ug N2O-N m2 ht) fluxes were calculated using the formulas by Wu

et al. (2017):

CO; or N2O flux=px(P/760)X (V/A)X (AC/A)x[273/(273 + T)]

Where p is the density of N,O at 0 °C and 760 mm Hg (1.25 kg m™), V is the chamber
volume (m3), A is the area of the gas sampling static chamber (m?), AC/At is the rate of gas
accumulation in the chamber, T is the chamber air temperature (°C) and P (mm Hg) is the air
pressure of the experimental site (mm Hg). The altitude of the experimental site for this study
is very close to sea level, so P/760 close to 1. Mean CO2 or N2O emissions of a TEST
compartment were calculated by averaging the fluxes from each time point during the

sampling period.

Soil sampling, soil and microbial analyses

Soil samples from TEST compartments were taken after plants were harvested and
stored in 4°C refrigerator for analysis. MBC and MBN were determined using a fumigation-
extraction method (Vance et al., 1987). Briefly, 20-g dry weight soil samples were fumigated
with ethanol-free chloroform for 48 h and then extracted with 50 mL of 0.5 M K,SQO4 by
shaking for 30 min. Another 20-g samples of nonfumigated soil were extracted with 50 mL
of 0.5 M K>S0O4 shaking for another 30 min. Soil extractable organic C in both fumigated and

non-fumigated extracts was determined using a TOC analyzer (Shimadzu TOC-5050A,
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Shimadzu Co., Kyoto, Japan). Soil extractable inorganic N referred to the sum of NH4*-N
and NO3™-N in the extracts of non-fumigated soils. MBN was determined following alkaline
persulfate oxidation of the fumigated and non-fumigated K>SQOj4 extracts (Cabrera & Beare,
1993). The concentration of NO3™ and NH4* was quantified on the Lachat flow injection
analyzer (Lachat Instruments, Milwaukee, W1, USA). The differences in extractable organic
C and inorganic N between fumigated and non-fumigated soils were used to calculate MBC
and MBN using a conversion factor of 0.33 (kec) and 0.45 (ken), respectively (Vance et al.,

1987; Tu et al., 2006).

Gene copy numbers

To investigate how eCO», roots and AMF and N forms affect denitrification bacterial
communities, copy numbers of key genes involved in denitrification and N2O production
(nirK, nirS and nosZ encoding the copper and cytochrome cd1 nitrite reductases and the

nitrous oxide reductase, respectively) were quantified.

Soils (0.5 g) were weighed for genomic DNA extraction using a FastDNA SPIN kit (MP
Bio, Solon, OH, USA). Soil DNA quality and size were checked by electrophoresis on a 1%
agarose gel. The quantity of the DNA extractions was determined with a nanodrop
spectrophotometer (Thero Scientific, Wilmington, DE, USA). The copy numbers of nirS,
nirK, and nosZ genes were performed on each soil DNA sample using quantitative real-time
polymerase chain reaction (PCR) (CFX96 Real-Time PCR Detection System, Bio-Rad,
Hercules, CA, USA). The primers for the three genes in the soils are given in Appendix 1,

which were considered as the surrogates of the abundances of bacterial denitrifiers. Each
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reaction system was performed in a 20 pL volume involving 14 pL 1*SsoAdvanced ™
SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), 2 puL of template DNA, and 2 L of
each primer. All the gPCR reactions were conducted using an initial denaturation at 98 °C for
3 min, followed by a number of touchdown cycles and/or regular PCR cycles as specified in

Appendix 1. These reactions were performed in triplicate for each bacterial denitrifying gene.

The standard curve for determining the gene copy number was developed with the
agarose gel-purified PCR products based upon the method of Chen et al. (2015). Briefly,
PCR products were run on a 1% low-melting agarose gel and gel bands corresponding to the
expected amplicon sizes were excised. Then, target DNA was extracted with a gel extraction
kit (Qiagen, Valencia, CA, USA). The quantity of the DNA extractions was determined with
a nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Number of the
gene copies per pL of the standard was calculated by the equation: 2%3, where A is the
concentration of the PCR product (ng uL™?), B is the Avogadro number (i.e., 6.023 x 10?3
copies mol™), C is the average molecular weight of a DNA base pair (i.e., 6.6 x 10** ng mol-
1), and D is the respective PCR amplicon size listed in Appendix 1. Serial dilutions of the
PCR products (i.e., the standard) were amplified in triplicate together with samples and an
average value was calculated. A standard curve was obtained by plotting the logarithm of the

copy numbers against the mean threshold cycle (Ct) value for each standard dilution.

Statistical analyses
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Data were subjected to analysis of variance (ANOVA) using the Mixed Model
procedure (Proc Mixed) of SAS 9.4. All the data sets of this experiment (split-split-plot
design) were analyzed using linear mixed-effects model, which tested the effects of CO-
(whole-plot), N form (split-plot), mycorrhizae (split-split-plot) and their interactions on all
the variables. Statistical significance is indicated for P < 0.001, P <0.01, or P < 0.05, and

actual P values are presented where 0.05 <P < 0.1.

2.4 Results

Plant biomass

eCO significantly stimulated the growth of plant (Fig. 2.1, Appendix 2.2). The form of
N has no effect on plant biomass (Fig. 2.1, Appendix 2.2). AMF had no impact on plant
shoot and total biomass (Fig. 2.1a, 2.1c), but tended to reduce root biomass by 12% (P=0.1,
Fig. 2.1b). When plant roots penetrated the TEST plot, plant biomass increased significantly

(Fig. 2.1).

There was no significant CO2 x N interaction on plant biomass (Fig. 2.1, Appendix 2.2).
But there was a significant N x mycorrhizae interaction on plant shoot and total biomass (Fig.
2.1a, 2.1c, Appendix 2.2). Under eCO2, NH4" also enhanced plant biomass when plant roots
penetrated into the TEST compartments, but the application of NO3™ had no effect (Fig. 2.1).
There was a significant CO2 x N x mycorrhizae interaction on plant growth (Fig. 2.1,

Appendix 2.2).

Mycorrhizal colonization
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The mycorrhizal infection rate in all treatments was relatively low (Appendix 2.3). Yet,
eCO: significantly increased AMF colonization rate (Appendix 2.2, 2.3). Neither the form of
N nor the penetration of roots or AMF into the TEST compartments significantly affected

mycorrhizal colonization of wheat roots (Appendix 2.2, 2.3).

Shoot biomass nitrogen and C:N ratio

eCO: significantly increased shoot biomass N (Appendix 2.2, 2.4). N forms had no
effect on total shoot biomass of N (Appendix 2.2, 2.4a). Plant roots significantly increased
shoot biomass N (P<0.05, Appendix 2.4a), but, AMF has no effect (P>0.05, Appendix 2.4a).
Under eCOg, plant roots significantly increased shoot biomass N when NH4*, not NO3s™ was
applied (P<0.05, Appendix 2.4a). There was a significant CO2 x N x mycorrhizae interaction

on shoot biomass N (Appendix 2.2, 2.4a).

Both CO- concentrations and N forms significantly affected shoot biomass C:N ratio
(Appendix 2.2, 2.4b). eCOz increased biomass C:N ratio by 12.3%. Also, shoot biomass C:N
ratio was significantly higher under NO3 than NH4* was applied (Appendix 2.2, 2.4b).
Neither plant roots nor AMF had effect on shoot biomass C:N when NH4* was applied
(Appendix 2.2 and 2.4b). However, plant roots significantly decreased and AMF tended to
reduce biomass C:N ratio when NOs™ was applied (P=0.01 and P=0.07, respectively;
Appendix 2.4b). There was a marginal mycorrhizae x N interaction on shoot biomass C:N

ratio (Appendix 2.2, 2.4b).

Soil extractable inorganic nitrogen and nitrate concentration
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We found that CO> enrichment had no significant on total soil extractable inorganic N
and nitrate concentration (Fig. 2.2, Appendix 2.2). The application of NH4* significantly
increased soil extractable inorganic N and nitrate concentration compared with NO3z
fertilization (Fig. 2.2, Appendix 2.2). Either AMF or plant roots significantly reduced soil
extractable inorganic N and nitrate concentration. (Fig. 2.2, Appendix 2.2). And a significant
N x AMF interaction was observed (Fig. 2.2, Appendix 2.2). AMF significantly reduced soil
extractable inorganic N and nitrate concentration with NH4*, not NO3™ fertilization (Fig. 2.2).
Under ambient CO., AMF had no effect on soil extractable inorganic N and nitrate
concentration (Fig. 2.2). However, under elevated CO, there was a significant decrease of
soil extractable inorganic N and nitrate concentration when only AMF penetrated into the
TEST compartment by 30.5% and 26.2%, respectively (Fig. 2.2). This reduction was mainly

induced under NH4" application (Fig. 2.2).

Soil extractable organic carbon (C)

Neither CO2 nor N forms had a significant effect on total soil extractable organic C
(Appendix 2.2, 2.5). However, there was a significant decrease in soil extractable organic C
when plant roots penetrated into TEST compartment (Appendix 2.5), while, AMF had no

significant effect on soil extractable organic C (Appendix 2.5).

Microbial biomass carbon and nitrogen

We did not observe any significant difference on soil MBC among all the treatments

(Appendix 2.2, 2.6b). NOs™ application significantly enhanced MBN by 21.4% (Appendix
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2.6a). eCO2 had no impact on MBN. There was also a CO2 x N x AMF interaction on soil
MBN (Appendix 2.2, 2.6a). Under elevated CO2, AMF significantly increased MBN by
40.9% compared with control when NO3™ was applied (P<0.05, Appendix 2.6b). In addition,
NOs" fertilization significantly altered microbial biomass C to N ratio (MBC/MBN), leading
to a decrease from 6.85 to 5.68 (Appendix 2.2, 2.6¢) indicating a significant change of

microbial community.

Soil CO2 and N20O emissions

Both soil CO2 and N2O emissions were low in all treatments after 8 weeks of plant
growth when plants were small (Appendix 2.7, 2.8). While, four weeks later, soil CO>
emissions were enhanced significantly, varying from 116.1 to 5338.3 mg C m d* (Fig. 2.3).
N20 emissions increased significantly only when NO3s™ was applied (Fig. 2.4c, 2.4d), but
were still close to the background when NH4* was applied (Fig. 2.4a, 2.4b). The peak of N2O
flux in the NO3 treatment was significantly higher under elevated CO, than ambient CO;
(Fig. 2.4c, 2.4d). When NOs™ was applied, eCO2 enhanced the peak N2O emission fluxes by

86.7% (Fig. 2.4c, 2.4d).

Elevated CO> tended to enhance the mean CO, emission by 25.3% (Fig. 2.5a, Appendix
2.2). N forms significantly affected mean CO2 emission. NH4* application significantly
increased average COz emission by 26.7% compared with NO3™ application (Fig. 2.5a,
Appendix 2.2). There was no significant CO2 x N interaction on CO. emission (Fig. 2.5a,

Appendix 2.2). Plant roots significantly increased soil mean CO, emission by 44.1%
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compared with control (P<0.05, Fig. 2.5a, Table 2.1). However, AMF has no effect on soil

mean CO2 emission (P>0.05, Fig. 2.5a, Table 2.1).

Elevated CO: significantly increased the mean N2O emission by 35.9% and this increase
was mainly caused by the fertilization of NO3™ (Fig 2.5b, Appendix 2.2). N forms also
significantly affected mean N>O emission (Fig 2.5b, Appendix 2.2). Average N2O emission
was significantly different among control, AMF and Root treatments (Fig 2.5b, Appendix
2.2). AMF and plant roots significantly reduced soil mean N2O emission from TEST
compartments by 25.2% and 37.4%, respectively. Under ambient CO2 conditions, AMF had
no effect on N2O emissions, but AMF could significantly reduce N>O emissions under CO>

elevated when NO3™ was applied (Fig 2.5b, Appendix 2.2).

Denitrification gene copy humbers

We found that there was not any significant effect on the gene copy numbers of nirS and
nosZ among any treatments (Fig. 2.6b, 2.6¢, Appendix 2.2). While, we observed that the
application of NOz™ tended to increase the gene copy numbers of nirK by 42.1% (P=0.08,
Fig. 2.6a, Table 2.1). And plant roots significantly reduced the copy numbers of nirK, but
AMF had no effect (Fig. 2.6a, Table 2.1). eCO. tended to increase nirK gene copy numbers
by 23.7% when NOs™ was applied (P=0.08, Fig. 2.6, Table 2.1). There was a significant CO>

x N interaction on the gene copy numbers of nirK (Fig. 2.6a, Appendix 2.2).

NOs™ application significantly enhanced the ratio of (nirk+nirS)/nosZ (Fig. 2.6d,

Appendix 2.2). Plant roots significantly increased the ratio (P<0.05, Fig. 2.6d, Table 2.1), but
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AMF had no effect (P>0.05, Fig. 2.6d, Table 2.1). There was also a significant CO2 x N

interaction on the (nirkK+nirS)/nosZ ratio (Fig. 2.6d, Appendix 2.2).

2.5 Discussion:

It has long been recognized that N.O emissions are highly sensitive to changes in
atmospheric CO2 concentrations (van Groneigen et al., 2011), and there is growing evidence
that CO. enrichment is leading to an increase in root biomass and AM fungi (Treseder, 2004;
Chen et al., 2007). However, the effects of plant roots and AMF on soil N2O fluxes under
future COz scenarios are virtually unknown. Here, we first demonstrated in a microcosm
experiment that the effects of plant roots and AMF on soil N2O emission is both modulated
and strongly controlled by nitrogen forms and CO> conditions. Our results showed that there
was a significant CO-stimulation of N2O emissions in the presence of NO3™ rather than NH4*
indicating that the form of N inputs critically mediates the effects of eCO2 on denitrification
that dominates N2O emissions. And AMF had no significant effect on N2O emissions under
aCOg, but, significantly reduced it when NOs™ was provided under eCO2. While, plant roots

significantly reduced soil N2O emissions under ambient and elevated CO2 when NOs™ was

applied after 12 weeks of plant growth.

Denitrifiers are very diverse and consist up to 5% of all soil microbes (Tiedje, 1988;
Henry et al., 2006). Most of them are heterotrophs and obtain energy from organic
compounds to convert NO3z™ to N2O and other products (Firestone & Davidson 1989; Wrage
et al., 2001). Elevated CO: generally increases belowground allocation of plant

photosynthates for roots and AMF and soil labile carbon (Hungate et al., 1997; Treseder,
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2004; Chen et al., 2007), therefore stimulating heterotrophic denitrifying microbes and N.O
emissions (van Groenigen et al., 2011; Knohl & Veldkamp, 2011). Wu et al. (2017) reported
that the effect of eCO. on wheat biomass strongly depended on the N forms. eCO>
significantly increased wheat shoot and total biomass when NH4* was applied, but reduced
them when NO3™ was applied. Also, NOs™ fertilization significantly reduced root biomass
under eCOz. In addition, they found eCO: significantly reduced total shoot biomass N when
NOs" was applied. Recent studies showed that eCO> inhibits nitrate assimilation in Cs plants
(Bloom et al., 2010, 2012), suggesting that the enhanced N2O emission resulted from eCO-

constraints on plant NOgz™ utilization in wheat.

In this study, we found that eCO> significantly stimulated the growth of plant and shoot
biomass N, but the form of N had no effect on them (Appendix 2.2). Also, eCO; had no
effect on soil inorganic N and nitrate concentration (Appendix 2.2). At the end of
experiment, we found that NO3™ application significantly reduced soil extractable N, but
increased gene copy numbers of nirK and the ratio of (nirK+nirS)/nosZ, indicating a change
in the community composition of denitrifiers under NOz™ fertilization. It has been shown that
a relative reduction in denitrifying organisms containing nosZ gene can lead to enhanced
N20 emissions (Philippot et al., 2011). Hence, these observations suggest that the alterations
in soil denitrifier community composition contribute to the increased N2O emissions in the

presence of NOs™ under eCOx.

Until now, very few studies addressed a potential effect of plant roots and AMF on

emissions of N20, especially under elevated CO: conditions. Bender et al. (2014) found that
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AMF can reduce N2O emissions under ambient CO. condition. One proposed mechanism
involves AMF transfer of soil mineral nutrients, especially N, to their host plants, suggesting
that they can reduce substrate availability for denitrifying organisms (Smith & Read, 2010;
Bender et al., 2015). In our study, plant roots significantly increased shoot biomass N and
decreased soil NOs” when NOs™ was fertilized, resulting the lower N2O emission. However,
AMF had no effect on them (Appendix 2.2). One possible reason was that AMF may have a
minor role in nutrient transfer with high N concentrations (Reynolds et al., 2005; Johnson et
al., 2015) as we applied 20 mg N kg™ to each plant compartment after seed germination.
While, there was a significant decrease of both soil extractable inorganic N and NO3z™ by
AMF under elevated CO; only when NH4" was provided, suggesting that plants rely more on
AMF for N-acquisition when NH." is the dominating N form (Yoshida & Allen, 2001;
Hodge & Storer, 2015). This implies an additional involvement of a mechanism other than

improved plant N nutrition by AMF to prevent N2O emissions under NOs™ fertilization.

It has been reported that soil MBN was significantly higher under NOs™ than NH4*
application (Wu et al., 2017) indicating enhanced plant competition for NH4*, but not NOs".
One of the reasons was that both plants and microbes must reduce NOs™ to NH4* before
assimilating it (Gavrichkova & Kuzyakov, 2008; Wang et al., 2015). High energy demands
during NOs™ assimilation by roots and microbes result in enhanced soil microbial biomass
and activity (Wang et al., 2015). Bender et al. (2014) found that the microbial biomass N
(MBN) was higher in AMF treatment and suggested that increased N immobilization by the

soil microbial biomass may have contributed to the reduced N2O emissions. In this
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experiment, we observed that AMF increased MBN significantly with the fertilization of
NOs" under elevated CO, (Appendix 2.6b). Thus, our results suggest that eCO; significantly
increased AMF abundance, although the colonization rate was low, and this resulting change
of AMF helped improve microbial N nutrition in the presence of high NO3z concentrtion
resulting in lower N2O emissions. Also, there was a tendency for AMF to reduce root
biomass (P=0.1), which can help explain the reduced N>O emissions in AMF treatment.
Many studies showed that mycorrhizal fungi can act as facultative parasites (Reynolds et al.,
2005; Johnson & Graham, 2013; Smith and Smith, 2013). AMF are known as obligate
biotrophs relying on C provided by their host plant. It is generally considered that the main
benefit to the plant from mycorrhizae is its improved nutrition, while the cost is the C
expended in growth and maintenance of the fungus. Williams et al. (2016) showed that
allocation of C to AMF increased linearly with increasing levels of N fertilization and this
corresponded with a significant decline in barley shoot biomass. Moreover, AMF have been
shown to uptake substantial quantities of soil N for their own growth (Hodge & Fitter, 2010).
AMF plants should grow less than their non-AMF controls when mycorrhization results in
higher C expenditure by the plants on their fungal associates. The low colonization rate of

wheat root and high application of N in our study further supported this explanation.

Results from our experiment provide the first direct evidence illustrating that the
mediation of roots and AMF on N>O emissions depends on the form of N inputs and CO>
conditions. Based on these findings, we suggested that soil labile carbon and microbial

community composition play a more important role in mediating N2O emissions. These
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findings potentially have several important implications. First, our results suggest that
microbial conversion of NOz to N2O will accelerate under future CO> conditions. Second,
plant roots and AMF can reduce N2O emissions from soil. The abundance of AMF in soil
depends on soil nutrient availability and declines with fertilization (Treseder, 2004). There is
a tendency of increasing N fertilizers as agricultural production continues to intensify to meet
the increasing food demand in the future (Howden et al., 2007; Reay et al., 2012). The
results obtained here suggest that a reduction of AMF by high fertilization in future may
initiate a cascade of below-ground interactions that further enhance N.O emissions from soil.
Third, this effect exerted by the AMF symbiosis of reducing N2O has a more pronounced
effect under elevated CO> and are the results of complex interaction between fungi and

plants, which warrants further investigations.
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2.7 Table

Table 2.1 Effects of CO, concentrations, plant roots and AMF on mean CO,, mean N,O emission, nirK, nirS,

and nosZ gene abundances and ratio of (nirkK+nirS)/nosZ (means and standard errors are presented; n=4) under

two distinct N.

Mean CO2 Mean N2O Copy numbers of ~ Copy numbers Copy numbers
nirk of nirS of nosz nirkK+nirS)/nosZ
(g Cm*d) (Mg Nm®d) (1078 copy per (1077 copy per (1077 copy per ( :
g soil) g soil) g soil)
CK 939.5430.3 14.9+4.11 4.26+1.79 3.14+1.03 7.70+£4.70 21.99+14.01
NHst*  AMF 869.6+90.4 9.68+3.40 2.95+1.76 1.78+0.60 6.22+3.73 14.50+9.76
Root 1408+138.8 11.5+2.33 3.09+2.02 1.96+0.65 6.16+3.28 7.24+3.68
aCoz CK 697.2471.8 465.7+16.5 5.33+2.19 1.96+0.82 6.48+4.28 33.88+20.16
NOs AMF 889.3+47.7 359.6+72.8 3.39+1.73 2.46+0.77 6.99+3.63 12.21+5.46
Root 931.6+111.8 278.5433.0 2.30+1.68 2.1040.62 9.24+3.55 5.4743.01
CK 1114+135.5 17.6+£2.91 2.02+1.24 2.78+1.29 22.40+17.47 6.58+4.13
NHs5  AMF 1024+23.6 10.6+3.54 2.46+1.57 2.18+0.78 7.89+3.54 6.63+3.64
Root 1867+250.5 10.8+6.86 3.40+2.52 1.52+0.71 9.16+3.92 6.07+2.41
eCO2 CK 1004+44.7 634.2456.0 6.62+1.96 2.33+0.96 8.27+4.03 87.71+78.45
NOs AMF 976.8+97.3 467.4459.0 3.41+2.05 2.88+1.06 5.73+3.62 53.01+46.47
Root 1202+167.5 408.7+45.6 2.97+1.97 2.64+0.98 4.82+2.78 20.13+15.56

aCO,: ambient CO; concentration; eCO.: elevated CO, concentration.
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2.8 Figures

Fig. 2.1 Effects of CO2 concentrations, plant roots and AMF on shoot, root and total biomass
under two distinct N forms. aCO2+NH,": ambient CO. and NH,4" fertilization; eCO2+NH;":
elevated CO> and NH4" fertilization; aCO2+NOz3": ambient CO, and NOs™ fertilization;
eCO2+NOs: elevated CO2 and NOxs'fertilization. Values are means £ 1 SE (n=4). (a) Shoot
biomass (CO; effect: P<0.001; Mycorrhizae effect: P<0.001; CO, x Mycorrhizae effect:
P=0.07, N x Mycorrhizae effect: P<0.001; CO2 x N x Mycorrhizae effect: P<0.01). (b) Root
biomass: (CO; effect: P<0.01; Mycorrhizae effect: P<0.01; CO2 x N x Mycorrhizae effect:
P<0.05). (c) Total biomass: (CO: effect: P<0.001; Mycorrhizae effect: P<0.001; CO; x
Mycorrhizae effect: P=0.08, N x Mycorrhizae effect: P<0.01; CO2 x N x Mycorrhizae effect:

P<0.01).

Fig. 2.2 Effects of CO2 concentrations, plant roots and AMF on total soil extractable nitrate
and inorganic N under two distinct N forms. aCO2+NH.*: ambient CO2 and NH4*
fertilization; eCO2+NH4": elevated CO2 and NH4" fertilization; aCO2+NOs": ambient CO-
and NOs" fertilization; eCO2+NOs": elevated CO2 and NOs™ fertilization. Values are means +
1 SE (n=4). (a) Soil extractable nitrate (N effect: P<0.05; Mycorrhizae effect: P<0.001; CO>
x Mycorrhizae effect: P=0.07; N x Mycorrhizae effect: P<0.05). (b) Soil extractable
inorganic N: (N effect: P<0.01; Mycorrhizae effect: P<0.001; CO, x Mycorrhizae effect:

P<0.05; N x Mycorrhizae effect: P<0.01).

Fig. 2.3 Effects of CO concentrations, plant roots and AMF on CO- fluxes under two

distinct N forms after a water and fertilization pulse corresponding to 40 kg N ha* at 12
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week of plant growth. (a) aCO2+NH4*: ambient CO2 and NH4" fertilization; (b) eCO2+NH4":
elevated CO> and NH4" fertilization; (c) aCO2+NO3": ambient CO> and NOs™ fertilization; (d)
eCO2+NOs: elevated CO2 and NOs™ fertilization. Values are means + 1 SE (n=4) at any given

time point.

Fig. 2.4 Effects of CO2 concentrations, plant roots and AMF on N2O fluxes under two
distinct N forms after a water and fertilization pulse corresponding to 40 kg N ha* at 12"
week of plant growth. (a) aCO2+NH4*: ambient CO2 and NH4" fertilization; (b) eCO2+NH4":
elevated CO; and NH4" fertilization; (c) aCO2+NO3": ambient CO; and NOs™ fertilization; (d)
eCO2+NOs: elevated CO2 and NOs™ fertilization. Values are means + 1 SE (n=4) at any given

time point.

Fig. 2.5 Effects of CO, concentrations, plant roots and AMF on mean N2O and CO;
emissions under two distinct N forms after a water and fertilization pulse corresponding to 40
kg N ha'! at 12" week of plant growth. aCO,+NH.*: ambient CO2 and NH4* fertilization;
eCO2+NH4": elevated CO2 and NH4* fertilization; aCO2+NO3": ambient CO2 and NO3”
fertilization; eCO2+NOs: elevated CO2 and NOsfertilization. Values are means + 1 SE
(n=4). (a) Mean CO2 emission (CO; effect: P=0.090; N effect: P<0.001; Mycorrhizae effect:
P<0.001; N x Mycorrhizae effect: P<0.01). (b) Mean N2O emission (CO; effect: P=0.044; N
effect: P<0.001; Mycorrhizae effect: P<0.001; CO2 x N effect: P<0.036; N x Mycorrhizae

effect: P<0.001).

Fig. 2.6 Effects of CO. concentrations, plant roots and AMF on abundances and the ratio of

denitrification genes under two distinct N forms. aCO2+NH4*: ambient CO2 and NH4*
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fertilization; eCO2+NH4": elevated CO2 and NH4" fertilization; aCO2+NOs™: ambient CO-
and NOs" fertilization; eCO2+NOs™: elevated CO, and NOs" fertilization. Values are means +
1 SE (n=4). Only the main effect of mycorrhizae is significant (P<0.05). (a) gene copy
numbers of nirK (log-transformed) (N effect: P<0.05; Mycorrhizae effect: P<0.05; CO2 x N
effect: P<0.05; N x Mycorrhizae effect: P<0.05). (b) gene copy numbers of nirS (log-
transformed) (N x Mycorrhizae effect: P<0.05); (c) gene copy numbers of nosZ (log-
transformed) (No significant effect was observed); (d) ratio of (nirkK+nirS)/nosZ (log-

transformed) (N effect: P<0.05; CO, x N effect: P<0.05).
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Fig. 2.1 Effects of CO. concentrations, plant roots and AMF on shoot, root and total biomass under two distinct
N forms. aCO>+NH,4*: ambient CO, and NH,* fertilization; eCO,+NH.*: elevated CO, and NH4* fertilization;
aCO,+NO3: ambient CO, and NOs" fertilization; eCO2+NOs™: elevated CO, and NO3 fertilization. Values are
means = 1 SE (n=4). (a) Shoot biomass (CO; effect: P<0.001; Mycorrhizae effect: P<0.001; CO, x
Mycorrhizae effect: P=0.07, N x Mycorrhizae effect: P<0.001; CO2 x N x Mycorrhizae effect: P<0.01). (b)
Root biomass: (CO, effect: P<0.01; Mycorrhizae effect: P<0.01; CO, x N x Mycorrhizae effect: P<0.05). (c)
Total biomass: (CO; effect: P<0.001; Mycorrhizae effect: P<0.001; CO, x Mycorrhizae effect: P=0.08, N x

Mycorrhizae effect: P<0.01; CO, x N x Mycorrhizae effect: P<0.01).
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Fig. 2.2 Effects of CO; concentrations, plant roots and AMF on total soil extractable nitrate and inorganic N
under two distinct N forms. aCO2+NH.*: ambient CO, and NH.* fertilization; eCO,+NH4*: elevated CO- and
NH,* fertilization; aCO2+NOs": ambient CO, and NOs fertilization; eCO.+NO3: elevated CO; and NOs’
fertilization. Values are means + 1 SE (n=4). (a) Soil extractable nitrate (N effect: P<0.05; Mycorrhizae effect:
P<0.001; CO; x Mycorrhizae effect: P=0.07; N x Mycorrhizae effect: P<0.05). (b) Soil extractable inorganic N:
(N effect: P<0.01; Mycorrhizae effect: P<0.001; CO, x Mycorrhizae effect: P<0.05; N x Mycorrhizae effect:

P<0.01).
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Fig. 2.3 Effects of CO, concentrations, plant roots and AMF on CO; fluxes under two distinct N forms after a
water and fertilization pulse corresponding to 40 kg N ha at 12" week of plant growth. (a) aCO2+NH*:
ambient CO, and NH,* fertilization; (b) eCO>+NH4*: elevated CO; and NH,* fertilization; (c) aCO2+NO3™:
ambient CO, and NOj fertilization; (d) eCO.+NOs™: elevated CO, and NOg fertilization. Values are means + 1

SE (n=4) at any given time point.

79



3000

2500

2000

1500

1000

500

3000 |

2500

N,O flux (ug N m?h™)

2000

1500

1000

500

0

(a) aCO,+NH," —— CK (b) eCO,+NH,’ —— CK
I —o— AMF —o— AMF
—v— ROOT —v— ROOT
L PP PP --TF | T P9 e 00*
(c) aCO,*+NO; —— CK (d) eCO,+NO, —— CK
o— AMF —o— AMF
i —v— ROOT

0 36 72 108 144 180 216 252 288 3240 36 72 108 144 180 216 252 288 324

Hours after fertilization

Fig. 2.4 Effects of CO concentrations, plant roots and AMF on N2O fluxes under two distinct N forms after a

water and fertilization pulse corresponding to 40 kg N ha* at 121" week of plant growth. (a) aCO2+NH,*:

ambient CO, and NH4"* fertilization; (b) eCO2+NH.": elevated CO, and NH,4* fertilization; (c) aCO,+NOs':

ambient CO; and NOjs™ fertilization; (d) eCO,+NOs™: elevated CO, and NOj fertilization. Values are means + 1

SE (n=4) at any given time point.
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Fig. 2.5 Effects of CO concentrations, plant roots and AMF on mean N»O and CO, emissions under two
distinct N forms after a water and fertilization pulse corresponding to 40 kg N ha* at 121" week of plant growth.
aCO>+NH,4": ambient CO. and NH,4" fertilization; eCO2+NH,": elevated CO, and NH.* fertilization;
aCO>+NOs: ambient CO; and NOs fertilization; eCO2+NOs: elevated CO, and NOsfertilization. Values are
means + 1 SE (n=4). (a) Mean CO; emission (CO; effect: P=0.090; N effect: P<0.001; Mycorrhizae effect:
P<0.001; N x Mycorrhizae effect: P<0.01). (b) Mean N2O emission (CO; effect: P=0.044; N effect: P<0.001;

Mycorrhizae effect: P<0.001; CO, x N effect: P<0.036; N x Mycorrhizae effect: P<0.001).
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genes under two distinct N forms. aCO.+NH4*: ambient CO, and NH4* fertilization; eCO»+NH,*: elevated CO;

and NH4* fertilization; aCO,+NOs: ambient CO, and NOj™ fertilization; eCO,+NOs™: elevated CO, and NOs

fertilization. Values are means + 1 SE (n=4). Only the main effect of mycorrhizae is significant (P<0.05). (a)

gene copy numbers of nirK (log-transformed) (N effect: P<0.05; Mycorrhizae effect: P<0.05; CO, x N effect:

P<0.05; N x Mycorrhizae effect: P<0.05). (b) gene copy numbers of nirS (log-transformed) (N x Mycorrhizae

effect: P<0.05); (c) gene copy numbers of nosZ (log-transformed) (No significant effect was observed); (d) ratio

of (nirk+nirS)/nosZ (log-transformed) (N effect: P<0.05; CO, x N effect: P<0.05).
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2.9 Appendix

Appendix 2.1 Primers and qPCR conditions for the real-time PCR quantifications of

nirS, nirkK, and nosZ genes extracted from soils.

Appendix 2.2 P values of ANOVA for CO», N and mycorrhizae effects, and all interactions

over the experimental period.

Appendix 2.3 Effects of CO2 concentrations, plant roots and AMF on root colonization
under two distinct N forms. aCO2+NH,": ambient CO. and NH,4" fertilization; eCO2+NH,":
elevated CO> and NH4" fertilization; aCO2+NOz3": ambient CO, and NOs™ fertilization;
eCO2+NOs: elevated CO2 and NOzs'fertilization. Values are means + 1 SE (n=4). Only the

main effect of COz is significant (P<0.05).

Appendix 2.4 Effects of CO2 concentrations, plant roots and AMF on shoot biomass N and
C:N ratio under two distinct N forms. aCO2+NH4*: ambient CO2 and NH,4" fertilization;
eCO2+NH4": elevated CO2 and NH4* fertilization; aCO2+NO3": ambient CO2 and NO3”
fertilization; eCO2+NOs: elevated CO2 and NOs™ fertilization. Values are means + 1 SE
(n=4). (a) Shoot biomass N (CO; effect: P<0.05; N effect: P=0.08; Mycorrhizae effect:
P<0.001; N x Mycorrhizae effect: P=0.05; CO2 x N x Mycorrhizae effect: P<0.05). (b)
Shoot biomass C:N: (CO; effect: P<0.01; N effect: P<0.01; CO2 x Mycorrhizae effect:

P=0.06; N x Mycorrhizae effect: P=0.08).

Appendix 2.5 Effects of CO> concentrations, plant roots and AMF on total soil extractable

carbon (C) under two distinct N forms. aCO2+NH,4": ambient CO, and NH4" fertilization;
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eCO,+NH4": elevated CO, and NH4* fertilization; aCO»+NOs: ambient CO, and NOs3
fertilization; eCO2+NOj3™: elevated CO, and NOs" fertilization. VValues are means + 1 SE

(n=4). Only the main effect of mycorrhizae is significant (P<0.05).

Appendix 2.6 Effects of CO2 concentrations, plant roots and AMF on microbial biomass C,
N and C:N. aCO2+NH4": ambient CO2 and NH," fertilization; eCO2+NH4": elevated CO; and
NH4* fertilization; aCO2+NOs3": ambient CO2 and NOs™ fertilization; eCO2+NOs": elevated
CO2 and NOs™ fertilization. Values are means + 1 SE (n=4). (a) Microbial biomass C (N x
Mycorrhizae effect: P<0.05). (b) Microbial biomass N: (N effect: P<0.05; CO, x
Mycorrhizae effect: P<0.05; CO2 xN x Mycorrhizae effect: P<0.05). (c) Microbial biomass

C:N: (N effect: P<0.05).

Appendix 2.7 Effects of CO2 concentrations, plant roots and AMF on CO- fluxes under two
distinct N forms after a water and fertilization pulse corresponding to 40 kg N ha* at 8™
week of plant growth. (a) aCO2+NH4*: ambient CO2 and NH4" fertilization; (b) eCO2+NH4*:
elevated CO; and NH4" fertilization; (c) aCO2+NOs": ambient CO; and NOs™ fertilization; (d)
eCO2+NOs: elevated CO2 and NOs™-N fertilization. Values are means + 1 SE (n=4) at any

given time point.

Appendix 2.8 Effects of CO2 concentrations, plant roots and AMF on N2O fluxes under two
distinct N forms after a water and fertilization pulse corresponding to 40 kg N ha* at 8™
week of plant growth. (a) aCO2+NH4*: ambient CO2 and NH4" fertilization; (b) eCO2+NH4*:

elevated CO; and NH4* fertilization; (c) aCO2+NQOs3: ambient CO2 and NOs™ fertilization; (d)
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eCO2+NOs: elevated CO2 and NO3™-N fertilization. Values are means + 1 SE (n=4) at any

given time point.

85



Appendix 2.1 Primers and gPCR conditions for the real-time PCR quantifications of nirS, nirK, and nosZ

genes extracted from soils

Target
genes Primer Sequence gPCR conditions References
nirSCd3ar AACGYSAAGGARACSGG Six TD CL—98 °C for 10’5, 63 °C
for 30 s, and 72 °C for 30 s with AT Kandeler et
nirS dropped by 1 °C CL~1 to 58 °C; 40 al. 2006
nirSR3cd GASTTCGGRTGSGTCTTSAYGAA CL—98°Cfori0s, 58 °Cfor 30,
and 72°Cfor30s
nirk876 ATYGGCGGVAYGGCGA
. . Henry et al.,
nirk Same as nirS 2004
nirk1040 GCCTCGATCAGRTTRTGGTT
nosZ1F WCSYTGTTCMTCGAGCCAG Six TD CL—98 °C for 10’5, 67 °C
for 30 s, and 72 °C for 30 s with AT Henrv et al
nosZ dropped by 1 °C CL~1 to 62 °C; 40 2%)/06 N
nosZ1R ATGTCGATCARCTGVKCRTTYTC CL—98°Cforils, 62°Cifor30s,

and 72°C for30s

CL, TD, AT are short for cycles, touchdown, and annealing temperature, respectively

References:

Kandeler E, Deiglmayr K, Tscherko D, Bru D, Philippot L (2006) Abundance of narG, nirS, nirK, and nosZ

genes of denitrifying bacteria during primary successions of a glacier foreland. Applied and

Environmental Microbiology, 72, 5957-5962.

Henry S, Baudoin E, Lopez-Gutiérrez JC, Martin-Laurent F, Brauman A, Philippot L (2004) Quantification of

denitrifying bacteria in soils by nirK gene targeted real-time PCR. Journal of Microbiological

Methods, 59, 327-335.

Henry S, Bru D, Stres B, Hallet S, Philippot L (2006). Quantitative detection of the nosZ gene, encoding nitrous

oxide reductase, and comparison of the abundances of 16S rRNA, narG, nirK, and nosZ genes in soils.

Applied and Environmental Microbiology, 72, 5181-5189.
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Appendix 2.2 P values of ANOVA for CO», N and mycorrhizae effects, and all interactions over the

experimental period.

CO2 Mycorrhizae Mycorrhizae CO2xN

Variable CO2 N Mycorrhizae xN xCO2 xN xMycorrhizae
Mean CO2 0.090 <0.001 <0.001 0.570 0.336 0.006 0.612
Mean N20O 0.044 <0.001 <0.001 0.036 0.778 <0.001 0.804
SB <0.001 0.237 <0.001 0.880 0.071 <0.001 0.003
RB 0.002 0.801 0.003 0.517 0.430 0.105 0.019
TB <0.001 0.276 <0.001 0.599 0.077 0.001 0.002
Shoot C 0.325 0.056 0.023 0.382 0.002 0.181 0.068
Shoot N 0.012 0.077 <0.001 0.412 0.111 0.052 0.034
Shoot C/N <0.001 0.004 0.225 0.099 0.056 0.083 0.439
AMF infection 0.02 0.658 0.963 0.817 0.165 0.151 0.250
Etrx-N 0.878 0.005 <0.001 0.270 0.037 0.005 0.247
NOs-N 0.834 0.008 <0.001 0.299 0.035 0.025 0.233
Etrx-C 0.763 0.187 0.006 0.873 0.880 0.252 0.256
MBN 0.187 0.010 0.378 0.880 0.042 0.960 0.045
MBC 0.576 0.753 0.372 0.435 0.729 0.029 0.891
MBC/MBN 0.103 0.013 0.277 0.152 0.107 0.296 0.120
nirk 0.9932 0.071 0.024 0.059 0.544 0.783 0.874
nirS 0.948 0.130 0.354 0.273 0.602 0.010 0.401
nosZ 0.232 0.249 0.726 0.758 0.070 0.269 0.243
(K+S)/z 0.782 0.032 0.065 0.032 0.263 0.321 0.790

Significant effects (*** (P<0.01) and *(P<0.05)) are shown in bold and marginal effects (0.05<P<0.1) are

shown in italic text. SB, shoot biomass; RB, root biomass; Extr-C, soil extractable organic carbon; Extr-N, soil

extractable inorganic nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; (K+S)/Z,

(nirK+nirS)/nosZ.
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Appendix 2.3 Effects of CO. concentrations, plant roots and AMF on root colonization under two distinct N
forms. aCO»+NH,*: ambient CO, and NH* fertilization; eCO,+NH,*: elevated CO, and NH,4* fertilization;
aCO2+NOj3: ambient CO, and NOg™ fertilization; eCO2+NOj3™: elevated CO; and NOgsfertilization. Values are

means = 1 SE (n=4). Only the main effect of CO s significant (P<0.05).
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Appendix 2.4 Effects of CO2 concentrations, plant roots and AMF on shoot biomass N and C:N ratio under
two distinct N forms. aCO2+NH.,*: ambient CO. and NH,* fertilization; eCO2+NH,": elevated CO> and NH,*
fertilization; aCO>+NO3: ambient CO, and NOs' fertilization; eCO.+NO3": elevated CO, and NOs™ fertilization.
Values are means + 1 SE (n=4). (a) Shoot biomass N (CO; effect: P<0.05; N effect: P=0.08; Mycorrhizae
effect: P<0.001; N x Mycorrhizae effect: P=0.05; CO, x N x Mycorrhizae effect: P<0.05). (b) Shoot biomass
C:N: (CO; effect: P<0.01; N effect: P<0.01; CO2 x Mycorrhizae effect: P=0.06; N x Mycorrhizae effect:

P=0.08).
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Appendix 2.5 Effects of CO; concentrations, plant roots and AMF on total soil extractable carbon (C) under
two distinct N forms. aCO,+NH,4*: ambient CO, and NH,* fertilization; eCO2+NH,*: elevated CO, and NH4*
fertilization; aCO,+NO3": ambient CO, and NOjs fertilization; eCO,+NOj3™: elevated CO; and NOg fertilization.

Values are means = 1 SE (n=4). Only the main effect of mycorrhizae is significant (P<0.05).
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Appendix 2.6 Effects of CO, concentrations, plant roots and AMF on microbial biomass C, N and C:N.

aCO,+NH,*: ambient CO, and NH4* fertilization; eCO,+NH,*: elevated CO, and NH,4* fertilization;

aCO,+NOgs: ambient CO; and NOj™ fertilization; eCO,+NOs™: elevated CO, and NOj™ fertilization. Values are

means = 1 SE (n=4). (a) Microbial biomass C (N x Mycorrhizae effect: P<0.05). (b) Microbial biomass N: (N

effect: P<0.05; CO, x Mycorrhizae effect: P<0.05; CO, xN x Mycorrhizae effect: P<0.05). (c) Microbial

biomass C:N: (N effect: P<0.05).
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Appendix 2.7 Effects of CO, concentrations, plant roots and AMF on CO; fluxes under two distinct N forms

after a water and fertilization pulse corresponding to 40 kg N ha* at 8" week of plant growth. (a) aCO2+NH,*:

ambient CO, and NH4* fertilization; (b) eCO2+NH.": elevated CO, and NH,4* fertilization; (c) aCO,+NOs':

ambient CO, and NOj fertilization; (d) eCO2+NOs™: elevated CO, and NOs-N fertilization. Values are means +

1 SE (n=4) at any given time point.
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Appendix 2.8 Effects of CO, concentrations, plant roots and AMF on N0 fluxes under two distinct N forms

ambient CO, and NH4* fertilization; (b) eCO2+NH.": elevated CO, and NH,4* fertilization; (c) aCO,+NOs':

+.

after a water and fertilization pulse corresponding to 40 kg N ha™* at 8" week of plant growth. (a) aCO2+NH*:

ambient CO, and NOj fertilization; (d) eCO,+NOs™: elevated CO, and NOs-N fertilization. Values are means +

1 SE (n=4) at any given time point.
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Chapter 3

Climate warming and ozone differentially influence N2O fluxes in a soybean agro-

ecosystem
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3.1 Abstract

Nitrous oxide (N20) in the atmosphere is a major greenhouse gas and a depleter of
stratospheric ozone. N2O largely originates from two microbial transformation processes of
soil mineral N (i.e., nitrification and denitrification). Climate change factors such as
temperature increase and ozone affect N.O fluxes but the magnitude of these effects and the
underlying mechanisms remain unclear. We examined the impact of simulated warming
(control + 3.6 °C) and elevated ozone (control + 45 ppb) on soil N2O fluxes in a soybean
agro-ecosystem in Raleigh, NC. Results obtained showed that warming significantly
increased the rate and the sum of N>O emissions by 2 to 3 fold, while elevated Oz had no
significant effect. Warming also significantly enhanced soil labile carbon, and microbial
biomass carbon and nitrogen but elevated Os significantly reduced these parameters. In
addition, we quantified the abundances of key genes responsible for nitrification (amoA of
ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA), and
denitirication (nirS, nirK and nosZ). Warming marginally enhanced AOA abundance and
significantly increased the abundances of all three denitrification-related genes. In contrast,
elevated Osslightly reduced AOB abundance and significantly decreased both N2O
production genes (nirS, nirK) and N2O consumption gene (nosZ). The correlation analysis
showed strong positive correlations between N.O emissions and the abundances of
denitrifiers. Together, our findings suggest that warming may stimulate N2O mainly through
increasing denitrifiers, while elevated Oz may have little impact on N2O emissions because of

its contrasting effects on microbes that produce or consume N2O.
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3.2 Introduction

Nitrous oxide (N20) is a potent greenhouse gas with a global warming potential 300 times
greater than that of carbon dioxide (CO2) (Wuebbles, 2009; IPCC, 2013), and is the single
most important depleter of stratospheric ozone (Ravishankara et al., 2009). Globally,
agricultural soils are a major source of anthropogenic N2O emissions owing to N fertilizer and
manure applications, and represent nearly 70% of the annual N2O budget worldwide (Mosier,
1998; IPCC, 2013). N20O is mainly produced in soils via two microbial transformation
processes: nitrification (i.e., oxidation of NH4" into NOz") and denitrification (i.e., reduction of
NOs" to gaseous forms, N2O, NO and N2) (Firestone & Davidson, 1989; Wrage et al., 2001).
The emission of N2O is highly spatially and temporally variable because of the intricacy of
nitrification and denitrification processes and the complex regulation of their controlling

factors (Firestone & Davidson, 1989; Butterbach-Bahl et al., 2013).

Global climate change factors may impact nitrification and denitirification directly or
indirectly, thereby altering N2O production (Barnard & Leadley, 2005; Brown et al., 2012;
Bai et al., 2013; Butterbach-Bahl et al., 2013). Experimental results have shown that
warming can affect N2O emission fluxes very differently, with an increase, a decline or even
a neutral effect on NoO production under different conditions (Maag & Vinther, 1996;
Avrahami & Bohannan, 2009; Hu et al., 2010; Dijkstra et al., 2012). These inconsistent
results may stem from the fact that warming impacts multiple processes, some of which may
have contrasting effects on N2O production. Climate warming may affect N2O emissions

through impacting the growth and activities of NoO —producing microbes, availability of N
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sources, and soil moisture that critically mediates nitrification and denitrification processes
(Barnard & Leadley, 2005; Dijkstra et al., 2012). On one hand, climate warming may
stimulate nitrifiers and/or denitirifiers that produce N2O (Horz et al., 2004; Cantarel et al.,
2012). Also, warming may significantly enhance N mineralization and nitrification (Meillo et
al., 2002; Bai et al., 2013), increasing the N source for N.O emissions (Cantarel et al., 2011).
On the other hand, warming may reduce nitrifiers or denitrifiers through reducing N
substrates or altering soil moisture. Warming can enhance plant growth and N uptake,
thereby reducing soil NH4+ and/or NO3 (Zak et al., 1990; Dijkstra et al., 2012). Higher
temperature stimulates evapotranspiration and plant NOz™ uptake along with water, reducing
soil moisture and suppressing denitrificaiton (Zhang et al., 2005; Bijoor et al., 2008; Dijkstra
et al., 2013). In contrasting to the direct effect of warming on nitrifiers and denitrifiers,
elevated tropospheric ozone (eO3) affects microbial processes of nitrification and
denitrification mainly through its effect on plant growth and plant-mediated processes
(Decock et al., 2012), because O3 itself hardly penetrates into soil to directly affect soil
microbes (Andersen, 2003). Elevated Os often leads to a substantial decline in plant
aboveground biomass, subsequent carbon (C) allocation belowground and associated
substrate availability for soil microbes (Anderson, 2003; Fiscus et al., 2005; Feng et al.,
2008; Zak et al., 2011; Ainsworth et al., 2012). All these changes may alter functional
diversity, composition and structure of soil microbial community with the potential
influences on emissions of N.O (Cheng et al., 2011; Tang et al., 2013; He et al., 2014).
However, very few experiments have so far examined the effect of elevated Oz on N2O

emissions. Kanerva et al. (2007) reported that 3-yr exposure to elevated Oz reduced the N.O
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flux rate in a meadow ecosystem, and then attributed this decrease to reduced denitrification

resulting from lower soil labile C and microbial biomass N.

Recently, information on N2O emission and microbial activities subjected to
individual climate component has become increasingly available (Larsen et al., 2011;
Cantarel et al., 2012; Dijkstra et al., 2013). Yet, data on N>O emissions under multiple and
simultaneous environmental changes remain scarce. The scarcity of experimental data of
interactive effects of multiple climate change factors on nitrification, denitirfication, and
subsequent N2O emissions prohibits any generalization (Decock et al., 2012; Tang et al.,
2013). We initiated a long-term experimental warming and ozone experiment in a soybean
agro-ecosystem to understand how elevated temperature, ozone and their interactions affect
plant growth and soil C and N cycling. Taking advantage of this field study, we examined the
impact of warming and ozone on N2O fluxes, soil labile C and N pools, and the abundances

of nitrifiers and denitrifiers that are primarily responsible for N2O emissions.

3.3 Materials and Method:

Site description

We initiated a long-term experiment in June 2013 to investigate the response of a
soybean agroecosystem to elevated atmospheric Oz and temperature conditions using an air
exclusion system (AES, 3m x 10m). The experimental site is located at the Lake Wheeler
Experimental Station, 5 km south of North Carolina State University, Raleigh, North

Carolina, USA (35 43'N, 78 40'W; elevation 120 m). The soil is an Appling sandy loam
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(fine, kaolinitic, thermic Typic Kanhapludult), well drained with a pH of 6.2, and contained
12.5 g C and 0.94 g N kg soil when the experiment started. Before O3 and warming
treatments were initiated, the soil was repeatedly turned-over using a disc implement and

rotovator.

This experiment was a 2x2 factorial design with four treatments assigned into three
blocks. Four different treatments were: (a) charcoal-filtered air and ambient temperature
(CF); (b) charcoal-filtered air plus 3.6°C increase in temperature (+T); (c) charcoal-filtered
air plus ambient temperature and 1.4 times ambient ozone (+O3); (d) charcoal-filtered air +
warming +1.4 times ambient ozone (+T+Ogs). The purpose of filtration of ambient air with
activated charcoal was to reduce ambient O3 concentrations to levels considered
nonphytotoxic to soybeans. The seasonal daily average concentrations (12-h) of Oz and

degree of temperature over the experimental duration are shown in Table 3.1.

Soybean (cultivar Jake) was planted in the first week of June each year into AES plots.
O3 was generated from O by corona discharge (model TG-20, Ozone Solutions, Hull, 1A,
USA). The Os concentration in each plot was monitored at canopy height with a UV
photometric Oz analyzer (model 49C, Thermo Environmental Instruments Co., Franklin,
MA, USA). Air was warmed by electrical resistance heaters and solar water heaters. Each
warmed plot used four heater elements that operate 24 h a day and two water-to-air
exchangers. The water circulates through an array of black polyethylene pipes during the
daylight hours, which is heated by the sun. The water then passes through the heat

exchangers as forced air moves across the metal surfaces, increasing the air temperature by
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convection. The addition of warm, humidified air dispensed into the treatment plot to achieve
temperature increases. Air temperature and relative humidity were monitored using HOBO
sensors (model U23-001, HOBO Pro V2 Temp/RH Datalogger, Onset Computer
Corporation, Bourne, MA, USA). Soil temperature was measured with an Enviropro

dielectric soil probe (model EP100D, Apcos Pty Ltd, Adelaide, Australia).

During soybean growing seasons, plants were irrigated with drip lines to prevent water
stress. There were a total of three harvests of aboveground biomass in August, September
and October and two harvests of root biomass in August and September each year.
Aboveground biomass was harvested at soil surface. Three soil cores of 25 cm in diameter
were taken to a 20-cm depth in each plot to harvest three plant roots. Roots were washed with

tap water. Aboveground and root biomass were weighed after oven drying at 70 °C for 72 h.

N2O measuring

Each AES plot has 8 rows with a total width of 3 meters with two static gas chambers
randomly installed into all the plots. Gas samples were taken within 24-48 hours following
an irrigation event approximately every 10 days. The chambers (sampling volume is 6392
ml) were closed with a lid, and fitted with a rubber septum to allow gas sampling via syringe.
Gas samples (5 ml) were taken with 20 ml PE syringes (Beceton Dickinson Franklin Lakes,
NJ, USA) and immediately injected into N2-preflushed 12 mL vials at time 0 and 30 min
after the closure of lids. Air temperature and soil moisture were also recorded during each
sampling period. Gas samples were analyzed within 24 h on a gas chromatograph fitted with

an electron capture detector (ECD) and a flame ionization detector (FID) (Shimadzu GC —
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2014, Kyoto, Japan) with an autosampler (Shimadzu AOC-5000 Auto-Injector). The N2O

fluxes and cumulative N>O emissions were calculated using formulas described chapter 2.

Soil sampling

We used a 5-cm diameter soil corer to take six to seven soil cores to 15 cm depth after
each harvesting. Soil cores were separated into 0-7.5 cm and 7.5-15 cm depth fractions. All

soil samples were sealed in plastic bags, stored in a cooler and transported to the laboratory.

Soil samples were mixed thoroughly and sieved through a 2-mm mesh within 24 h of
the field sampling and we carefully removed all visible residues and plant roots. Subsamples
(~ 20 g) were then taken immediately and stored at -20 °C for DNA analysis and the
remainder soils were stored at 4 °C for other microbial and chemical analyses. A 10-g soil
subsample was oven-dried at 105 °C for 48 h and weight for the determination of the water

content.

Soil sample analysis

Soil microbial biomass C and N. Soil microbial biomass C (MBC) and biomass N
(MBN) were measured using the fumigation-extraction method (Vance et al., 1987). 20-g dry
weight soil samples were fumigated with ethanol-free chloroform for 48 h and then extracted
with 50 mL of 0.5 M K2SO4 by shaking for 30 min. Another 20-g sample of nonfumigated
soil were extracted with 50 mL of 0.5 M K2SQOj4 shaking for another 30 min. Soil extractable
organic C in both fumigated and non-fumigated extracts was determined using a TOC

analyzer (Shimadzu TOC-5050A, Shimadzu Co., Kyoto, Japan). Soluble inorganic N in the
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extracts of fumigated and non-fumigated soils was quantified on the Lachat flow injection
analyzer (Lachat Instruments, Milwaukee, W1, USA) after digestion with alkaline persulfate
(Cabrera & Beare, 1993). The differences in extractable organic C and inorganic N between
fumigated and non-fumigated soils were used to calculate MBC and MBN using a
conversion factor of 0.33 (kec) and 0.45 (ken), respectively (Vance et al., 1987; Tu et al.,

2006).

Soil extractable C and N. The concentration of organic C in non-fumigated soil extracts
was used to represent soil extractable C. The extractable inorganic N referred to the sum of

NH4* and NOs in non-fumigated soil extracts (Cheng et al., 2012).

Soil microbial respiration. An incubation-alkaline method was used to determine soil
heterotrophic respiration (Coleman et al., 1978). Briefly, 20-g dry soil samples were weighed
in a 200-mL beaker, adjusted to a moisture level of 60% water holding capacity and placed in
1-L Mason jars. Then, 5 mL of 0.25 M NaOH were added in a 50-mL beaker and suspended
in each jar. All jars were incubated at 25 °C in the dark for 2 weeks. Each week, respired CO>
was trapped in NaOH. After the first week incubation, NaOH solutions were replaced with
fresh solutions. The respired CO- from the soil was titrated with 0.125 M HCI to determine
the soil microbial respiration (SMR). SMR rate was expressed as mg CO2 kg soil d* by

averaging the data across twol-wk incubations (Cheng et al., 2011).

Net soil N mineralization. Potential N mineralization was determined following a 4-wk
incubation at 25 °C in the dark. After incubation, soil NH4* and NOs™ were extracted with 50

mL of 0.5 M K2SO4 by shaking for 30 min. Inorganic N concentrations were also measured
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on the Lachat flow injection analyzer. Net mineralized N (NMN) was then calculated by the
difference in extractable total inorganic N between un-incubated and incubated soil

subsamples.

Abundances of functional genes responsible for nitrification and denitrification in soil.
Fresh soil (0.50 g) was extracted for nucleic acid using FastDNA SPIN kit (MP Bio, Solon,
OH, USA) according to the manufacturer’s instructions. Soil DNA quality and size were
checked by electrophoresis on a 1% agarose gel. The copy numbers of AOA amoA, AOB
amoA, nirS, nirK and nosZ genes of each soil DNA sample were determined using
quantitative real-time polymerase chain reaction (PCR) (CFX96 Real-Time PCR Detection
System, Bio-Rad, Hercules, CA, USA) with the primers given in Appendix 3.1. The final
gPCR reaction volume was 20 ul, with a of 2 pl of template DNA, 14 pl 1x
SsoAdvancedTM SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), and 2 ul of each
primer. The standard curve for determining the gene copy number was developed with the
agarose gel-purified PCR products based upon the method of Chen et al. (2015b). All the

gPCR reactions followed the conditions shown in Appendix 3.1.

Statistical analysis

We examined results for the entire growing season in 2015 and used the linear mixed
model (Littell et al., 2006) to test the main effects of temperature, Oz and the interaction of
temperature and Oz, and whether these changed over time. We employed a set of covariance
structures including compound symmetric model (CS), the first-order autoregressive model

[AR (1)], and autoregressive with random effect to reduce autocorrelation. The P values for
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treatments and interaction terms were reported based on the covariance structure that
minimized Akaike information criterion (AIC) and Bayesian information criterion (BIC)
(Littell et al., 2006). Data for plant biomass, soil and microbial parameters and gene copy
numbers were subjected to the analysis of variance using the mixed model. All statistical
analyses were performed using the SAS 9.4 (SAS Institute, Inc., Cary, NC, USA). For all

tests, the significant differences were determined at the 95% probability level.

3.4 Results

Characteristics of climate change treatments

During the experiment period, the difference in mean daily temperature between control
and elevated temperature treatments (+T and +T+03) was 3.6 = 0.07 °C (Table 3.1, Appendix
3.3a). Mean daily (12-h) Oz differences between the control and elevated ozone treatments
(+Os and +T+03) was 45.6 + 1.0 ppb (Table 3.1, Appendix 3.3b). Meteorological variables
(i.e., air humidity, soil moisture and soil temperature) recorded on days of sampling gas
indicated higher soil temperature in the warming treatments (+T and +T+O3) compared with
the control (CF). No significant differences in air humidity and soil moisture were found for

the sampling dates during the experimental study (Table 3.1).

Plant biomass

Over the growing season, warming significantly reduced aboveground biomass by 11%
(P<0.05, Fig. 3.1a), while marginally increased root biomass by 11% (P=0.055, Fig. 3.1b).

However, elevated Os reduced both aboveground and belowground biomass by 7%
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(P=0.066, Fig. 3.1a) and 17% (P<0.05, Fig. 3.1b), respectively. There were also significant
effects of the warmingxQz interaction on both aboveground (P<0.05, Fig. 3.1a) and

belowground biomass (P<0.05, Fig. 3.1b).

Soil extractable organic C and N

Warming had no significant effect on soil extractable organic C at the surface soil layer
(0-7.5 cm), but significantly enhanced it at the subsoil layer (7.5-15 cm) (Appendix 3.2, 3.4).
Elevated Oz reduced soil extractable organic C (Appendix 3.2, 3.4). Compared to the
charcoal-filtered plots (CF, +T), soil extractable organic C under elevated O3 (+O3z, +T+03)
was 12% (P<0.05) and 10% (P=0.09) lower at the surface soil and subsoil soil layer,
respectively. No significant effect of the warming x Oz interaction on soil extractable C was

observed at both soil layers (Appendix 3.2, 3.4)

In general, warming tended to increase concentrations of total extractable inorganic N
(Appendix 3.2, 3.5). Soil extractable N in warming plots increased by, on average, 10%
(P>0.1) and 11% (P=0.08), respectively, at the surface soil and subsoil layer over the
growing season (Appendix 3.2, 3.5). However, neither the O3 treatment nor the warmingxOs

interaction were statistically significant (Appendix 3.2, 3.5).

Microbial biomass C and N

Warming enhanced MBC with an increase of 11% (P<0.05) and 16% (P=0.08) at the
surface soil and subsoil layer, respectively (Fig. 3.2a, 3.2b, Appendix 3.2). Similar to the

effect on MBC, warming tended to enhance MBN at both soil layers with an increase of 19%
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(P=0.1) and 29% (P=0.09), respectively (Fig. 3.2c, 2d, Appendix 3.2). However, elevated O3
significantly reduced both MBC and MBN at both soil layers (Fig. 3.2, Appendix 3.2). And
the interaction of warming x Oz was only statistically significant for the top soil layer on
MBC and no significant effect of the warming x Ogz interaction on MBN was observed (Fig.

3.2, Appendix 3.2)

Soil microbial respiration (SMR)

Over the experimental period, warming significantly increased SMR rates only in the
surface soil layer, leading to an average increase of 24% (Appendix 3.2, 3.6). However, this
increase resulted primary from warming-induced enhancement in the late growing season of
the experiment (Appendix 3.6a). While, elevated Os significantly reduced SMR rates in both
soil layers (Appendix 3.2, 3.6). Compared with charcoal-filtered air, SMR under elevated O3
was 18% (P<0.01) and 22% (P <0.05) lower at the surface soil and the subsoil layer,
respectively. And the interaction of warming x Oz was only statistically significant for the

top soil layer (Appendix 3.2, 3.6a).

Net soil N mineralization

No significant warming effect on net soil N mineralization at both surface soil and
subsoil layers was observed (Appendix 3.2, 3.7). However, a significant warmingxO3
interaction was observed at the surface soil layer (Appendix 3.2, 3.7). Compared with the CF

treatment, the warming treatment (+T) alone significantly increased net soil N mineralization
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rate on average by 20% (Appendix 3.7a). Additionally, elevated O3 significantly reduced net

soil N mineralization at the subsoil layer (Appendix 3.2, 3.7b).

N2O emissions

Over the course of the study, NO fluxes ranged from -0.47 to 5.74 mg N m d* across
the experimental treatments and showed significant variation (Fig. 3.3). Overall, warming
significantly increased N2O emission, while O3z has no significant effect (Fig. 3.3).
Cumulative N2O was 49.9, 126.0, 52.8 and 77.8 mg N m in the CF, +T, +O3 and +T+O3
treatments, respectively (Fig. 3.3). Compared with CF treatment, the warming treatment
significantly increased cumulative N2O, on average, by 2 to 3 folds (P<0.05, Fig. 3.3) and the
+T+03 treatment enhanced it by 56% (P<0.05, Fig. 3.3), while +Oz treatment had no impact

on cumulative N2O over the study period (P>0.05, Fig. 3.3).

Gene abundances of ammonia-oxidizing microbes

In general, warming tended to increase AOA abundance (Table 3.2, Appendix 3.8).
There were no significant effects of Oz and no interaction of warming x Oz on AOA
abundance (Table 3.2). However, elevated Os tended to reduce AOB abundance (Fig. S6,
Table 2). Neither the warming treatments nor the warming x Ogz interaction had significant

effects on AOB abundance (Table 3.2).

Abundances of functional genes that control denitrification
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Warming significantly increased the copy numbers of nirK and nirS, key genes
involved in denitrification and N2O production, while elevated Oz significantly reduced them
(Table 3.2, Appendix 3.9). Compared with CF treatment, the warming (+T) treatment alone
significantly increased nirK and nirS gene abundance, on average, by 82% and 38%,
respectively, while the elevated Oz treatment (+Os) significantly reduced them by 47% and
45%, respectively (Table 3.2, Appendix 3.9). However, there were no significant

interactions of warming x Oz on the two denitrification gene abundances (Table 3.2).

Similar to the effects on nirK and nirS, warming also significantly enhanced nosZ gene
abundance, while elevated Os significantly reduced it (Table 3.2, Appendix 3.9). The mean
copy numbers of nitrous oxide reducers (nosZ) was estimated at 5.81x107, 6.07x10,
2.56x107, 7.05x10" in the CF, +T, +Ozand +T+O3 treatments, respectively. Compared with
CF treatment, elevated O3z (+Oz) treatment alone significantly reduced the copy numbers of
nosZ gene (Table 3.2, Appendix 3.9). Neither elevated temperature (+T) nor the combination
of elevated temperature and ozone (+T+0O3) had any significant effect on nosZ (Table 3.2,

Appendix 3.9).

Relationships between field N2O fluxes, plant biomass, soil characteristics and N-

transforming gene abundances

As shown in Table 3.3, the copy numbers of nirK and nirS were significantly positively
related to the field N2O emission. Soil temperature, NOs concentration and microbial

biomass was also significantly positively correlated with N2O emission. Significant
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correlations were also observed between soil extractable organic C, microbial biomass and

the abundances of nirK and nirS.

3.5 Discussion

Soil N2O emissions are the dominant source to the atmosphere and are primarily
controlled by two microbial processes, nitrification and denitrification (Firestone &
Davidson, 1989; Butterbach-Bahl et al., 2013). Also, plants compete against nitrifiers and
denitrifiers for the N source, leading to complex plant-microbial interactive controls over
N20 emissions. Although global climate change factors such as warming, elevated CO; and
O3 can affect soil N2O emissions (van Groenigen et al., 2011; Decock et al., 2012; Ward et
al., 2013; Wu et al., 2017), the primary drivers and major pathways through which N.O

emissions are modulated are not fully understood.

Our results showed that warming increased N2O emissions and this stimulation was
positively correlated with microbial biomass C and N, suggesting that the increased N2O
emission was caused by warming-induced changes in soil microbial biomass and community
composition. It is generally accepted that warming enhanced plant biomass and productivity
and consequently increased C input through enhancing rhizodeposition or litter inputs,
increasing C availability to soil microbes (Rustad et al., 2001; Wu et al., 2011; Lu et al.,
2013). As soil microbes are commonly C-limited, an increase in below-ground carbon input
could increase soil microbial biomass and activities under future climate change conditions

(Huetal., 1999; Zak et al., 2000; Wu et al., 2011). Results obtained in this study showed
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warming enhanced soil microbial biomass C and N (Fig. 3.2), possibly due to increased root

exudates and secretions in the rhizosphere.

AOA and AOB regulate the rate-control step of nitrification that produce N2O under
aerobic conditions (Schreiber et al., 2012; Stieglmeier et al., 2014). AOB are traditionally
believed to be autotrophic and do not have the capacity or need for energy from organic
matter in soil (De Boer & Kowalchuk, 2001; Xia et al., 2011). However, there is increasing
evidence suggesting that AOA are mixotrophic and utilize both inorganic and organic C
(Hallam et al., 2009; Zhang et al., 2010). Therefore, increased plant root biomass under
warming (Fig. 3.1b) could stimulate the growth of AOA. Higher temperature could also
provide beneficial environment through directly stimulating AOA metabolic activity (Karhu
et al., 2014; Hu et al., 2016) and stimulate organic matter mineralization and enhance
nitrogen availability (Melillo et al., 2002; Bai et al., 2012; Frey et al., 2013), as evidenced by
20% increases of mineralization by warming (+T) at the surface soil layer in our experiment
(Appendix 3.7). More broadly, warming stimulation of N mineralization and nitrification
may elicit higher N2O emission through denitrification, particularly when temperature is in
the early and late growing season while plant N need is low. Our results showed that
warming increased AOA amoA abundance by 42% (P=0.076), but had no effect on the
abundance of AOB amoA (P=0.148), indicating that AOAs are more responsive to elevated

temperature than AOBs (Tourna et al., 2008; Hu et al., 2016).

Most denitrifiers are heterotrophs that rely on organic compounds for energy, warming

stimulation of plant growth may enhance denitrification when oxygen is limiting. Because
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denitrifiers are highly diverse, it is almost impossible to quantify the species composition at
this stage (Wallenstein et al., 2006). However, the function genes that encodes enzymes for
nitrite reductase (Nir) have been well established for studies of denitrifier diversity (Braker et
al., 1998; Wallenstein et al., 2006). Nitrite reductase (Nir) is the key enzyme in the
dissimilatory denitrification process (Braker et al., 1998). There are two structurally different
enzymes catalyzing nitrite reduction: the copper and cytochrome cds- nitrite reductase
encoded by two function gene nirK and nirS, respectively (Braker et al., 1998, 2001). Our
results showed that warming had a positive impact on the abundance of both nirK and nirS.
Some studies have shown that nirK-type denitrifiers were more sensitive to the alterations in
temperature (Szukics et al., 2010; Cantarel et al., 2012; Wertz et al., 2013). However, Cui et
al. (2016) conducted an incubation experiment using alkaline soils and reported that the
abundance of nirS-type denitrifiers, not nirK-type denitrifers increased significantly with
increasing temperature. This might be because of different response patterns of these two-
type denitrifiers to environmental factors due to the niche differentiation between them
(Jones & Hallin, 2010). In addition, we observed that the abundances of nosZ denitrifiers

increased significantly under warming (Table 2).

Moreover, N2O emissions through the growing seasons enhanced significantly under
warming in our study. Both nitrifiers and denitrifiers may be involved in soil N>O emissions
(Wertz et al., 2013). In our study, N2O emissions were correlated with soil microbial biomass
and NOz™ concentration but not with soil NH4", which suggests that denitrification was the

major source of N2O. The strong positive correlations between N2O emissions and the
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abundances of denitrifiers suggested the direct effect of stimulating soil denitrifier activity
enhanced N2O production under warming (Table 3). This aligns well with results from the
previous experiments in grassland ecosystems through promoting substrate availability under
climate warming (Cantarel et al., 2012; Keil et al., 2015). However, Liu et al. (2016) showed
that warming significantly reduced N>O fluxes across five years in agroecosystems due to
lower soil water content. Previous warming experiments reported that higher temperature
leads to higher evapotranspiration with rapid soil drying, which could reduce soil microbial
turnover (Allison & Treseder, 2008). Therefore, the denitrification process would be limited
in a dry environment (Dijkstra et al., 2012). In this study, we did not observe significant
difference on soil moisture during the experimental period among all the treatments (Table
3.1). Taken together, our results indicated that higher temperature increased the abundance of
denitirfiers, while had no significant effect on the abundance of nitrifiers, which could result
in a positive response of soil N2O emission to warming. Therefore, how N2O fluxes respond

to warming is complex and should be studied carefully under different conditions.

Elevated Oz often suppresses plant growth, productivity and yield (Andersen et al.,
2003, Fiscus et al., 2007; Ainsworth et al., 2012). In the current study, elevated Oz (+O3,
+T+03) significantly reduced belowground biomass by 17% (Fig. 3.1, P<0.05), while
marginally decreased aboveground biomass by 7% (Fig. 3.1, P=0.066) indicating that
soybean roots may be more seriously affected than shoots after long-term exposure to elevate

Os. This response is consistent with the shifts in carbon allocation away from belowground
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toward aboveground biomass that other O3 exposure studies have previously observed

(Cooley & Manning, 1987; Grantz et al., 2006; Tang et al., 2015)

It has been proposed that because Oz does not penetrate into the soil beyond a few
milimeters to affect soil microbial communities directly, the effects of Oz on the
belowground processes should be indirectly mediated by plant genotype or the diversity of
plant communities (Talhelm et al., 2009; Li et al., 2013; He et al., 2014). However, few
studies have been focused on the effect of elevated Oz on microbial community functions.
For example, no detectable effects of Oz on any soil microbial parameters were observed in a
no-till wheat-soybean rotation agro-ecosystem (Cheng et al., 2011), whereas the nitrifying
and denitrifying enzyme activities were significantly affect by Oz but the abundances of
some key functional genes (AOA amoA, AOB amoA, nirK and nirS) involved in N cycling
in a rice-wheat rotation system were not altered (Chen et al., 2015a). Recently, a few studies
indicated that elevated Oz altered the functional diversity of soil microbial communities
(Holmes et al., 2006; Chung et al., 2006; Li et al., 2013; He et al., 2014). Here we showed
that elevated Os significantly reduced MBC, MBN and soil microbial respiration rate (Fig.
3.2, Appendix 3.6). Accordingly, elevated Os marginally reduced AOB abundances
(P=0.069, Table 3.2) and significantly decreased the abundances of the key genes involved in
N20 production (nirK and nirS, P<0.05, Table 3.2) and consumption (nosZ, P<0.05, Table

3.2).

Interestingly, no effects of elevated Oz on N2O emissions were observed in our study.

This is consistent with results from previous experiments in a soybean agro-ecosystem
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(Decock & Six, 2012; Decock et al., 2012), which provided mechanistic evidence that
elevated O3 had no effect on soil moisture, NH4" and NOs" concentration and C availability.
Nevertheless, Kanerva et al. (2007) first reported that elevated Oz reduced N2O emissions,
which was attributed to reduced carbon input after three 3-year exposure to eOs. In contrast,
the effect of elevated Oz on N2O was still lacking in our field experiment, despite observed
decreases in root biomass, soil microbial biomass C and N, and the abundances of nitrifiers
and denitrifiers. The unresponsiveness of N2O emissions in our study might be caused by

counteracting effects on the production and consumption gene that control N2O emissions.

Our results showed that the combination of warming and ozone reduced plant biomass
compared with charcoal filtered (CF) treatment (Fig. 3.1), suggesting that warming and O3
can interact to negatively affect plant growth. While, elevated O3 tended to decrease soil
extractable C and N, and microbial parameters under warming over the course of experiment.
This indicated that added O3 prevented a portion of warming-induced stimulation in these
parameters (Fig. 3.2, Appendix 3.4, 3.5, 3.6, 3.7). In addition, we found warming promoted
abundance of some eOs-suppressed genes to ambient, or even to warming-induced levels. For
example, the abundances of AOB amoA, nirK and nirS gene exhibited charcoal filtered (CF)
control treatment levels under +T+03. And the abundance of nosZ were returned to warming
level under +T+Oz3 treatment. Moreover, elevated Oz tended to reduce N2O emission under
warming (Fig. 3.3). This indicated that added O3 reduced a portion of the warming-induced
stimulation in N2O production. Our results suggest that the interactive effects by warming

and Oz are much more complex and highly uncertain.
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To the best of our knowledge, this work is the only one study that reported effects of
eOz and warming +eOs on nitrification, denitrification and N2O emissions. Therefore, more
experiments are needed to predict and interpret responses of N.O emissions to elevated Oz in

different ecosystems and under a broader range of climate change conditions.
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3.7 Tables

Table 3.1 Daily mean air temperature, ozone concentration (12-h), air humidity, soil moisture and temperature

during the study period for experimental climate treatments. Means and standard errors are presented (n=3).

Climate treatments Mixed Anova
Warming

CF +T +03 +T+03 Warming O3 xO3
Air temperature (°C)

24.310.0 28.1+0.1 24.440.0 27.740.1 <0.001 0.017 0.016
Os (ppb)

16.1+0.3 15.5+0.4 62.3+0.7 60.5+2.3 0.266 <0.001 0.590
Air humidity (%)

78.9+0.2 68.6+0.2 79.310.2 70.040.2 <0.001 0.001 0.018
Soil moisture (V%)

22.6+1.3 195+1.0 21.2+0.6 203+13 0.117 0.795 0.332
Soil temperature (°C)

22.5+0.0 24.5+0.1 22.4+0.0 24.240.1 <0.001 0.795 0.331

CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+0O3, warming+0s. Significant P values

(P<0.05) are shown in bold, ANOVA mixed model.
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Table 3.2 Effects of elevated air temperature and Oz on the AOA, AOB, nirK, nirS, and nosZ gene abundances

(means and standard errors are presented; n=3) in the 0-7.5 cm soil layer. Results from linear mixed ANOVA

testing the effects of climate change treatments and their interaction are presented.

Climate treatments Mixed Anova
Warmingx

CF +T +03 +T+03 Warming O3 O3
(a) Mean copy numbers of ammonia-oxidizing archaea (AOA) (1078 copy per g of dry
soil)

1.06 £0.19 1.38 +£0.19 0.71+£0.07 1.14+0.25 0.076 0.116 0.688
(b) Mean copy numbers of ammonia-oxidizing bacteria (AOB) (10*7 copy per g of dry
soil)

0.81+0.16 1.29+0.14 0.47 £0.09 0.83+0.41 0.148 0.069 0.863
(c) Mean copy numbers of nirK (1077 copy per g of dry soil)

7.83+0.83 14.26+ 3.08 4.18+0.25 8.22+ 1.66 0.002 0.003 0.775
(d) Mean copy numbers of nirS (1077 copy per g of dry soil)

10.01 £ 0.89 13.82+1.76 5.47+0.18 9.89+ 1.48 0.002 0.002  0.195
(e) Mean copy numbers of nosZ (1077 copy per g of dry soil)

5.81+1.49 6.07+ 0.96 2.56+0.23 7.05+ 1.42 0.007 0.049 0.013

CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+0Os3, warming+0s. Significant P values

(P<0.05) are shown in bold and marginal P values (0.1>P>0.05) are in italic.
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Table 3.3 Correlation coefficients (Pearson) between field N,O fluxes, plant biomass, soil characteristics and

gene abundances pooled across experimental treatments and dates.

N,O AGB BGB ST SM NH;* NOg MBN  Extr-C  MBC NMN AOA AOB nirk nirS nosZ
N,O -.415 494 .848**  -323 271 .608* .698* 463 .646* .687* .551 .495 .656* .569* .545
AGB 102 -.450 .396 .079 -478 .040 -.001 -.049 .035 -117 -.106 -.241 -.191 -.538
BGB 436 -.0851 .062 181 .691*  751**  778**  .667* .398 .622*  .651* .564 .226
ST -.518 163 .293 524 .309 426 444 .558 409 .683* .669* 573*
SM -113 161 -.342 -.123 -.289 -.163 -.364 -.186 -.347 -.388 -.365
NH/* .008 .203 .386 110 177 490 .209 .263 .103 .089
NO; .159 .082 .359 AT71 -.012 132 113 -.094 .045
MBN 783**  899**  716**  .738*  .608* .778* .785* 531
Extr-C .708**  586* .646* 453 .700* .666* 407
MBC .684* .568*  .745*  756* .648* 448
NMN .316 .282 .342 .305 .039
AOA .683*  .853**  874**  791**
AOB 783** .649* .653*
nirk 934**  799**
nirS .830**
nosZ

Significant effects (*** (P<0.01) and *(P<0.05)) are shown in bold and marginal effects (0.05<P<0.1) are

shown in italic text. AGB, aboveground biomass; BGB, belowground biomass; ST, soil temperature; SM, soil

moisture; Extr-C, soil extractable organic carbon; MBC, microbial biomass carbon; MBN, microbial biomass

nitrogen; NMN, net mineralizable nitrogen.
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3.8 Figures

Fig. 3.1 Effects of warming and ozone on plant biomass during the experimental period. CF,
charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+0Os3, warming+Os.Error
bars represent SE of the means among replicate treatment plots (n=3). (a) Aboveground
biomass (Repeated measures mixed model; warming effect: P<0.01; O3 effect: P=0.066;
WarmingxOQs effect: P<0.05; time effect: P<0.001). (b) Belowground biomass (Repeated
measures mixed model; warming effect: P=0.055; Oz effect: P<0.01; WarmingxO3 effect:

P<0.05; time effect: P<0.001).

Fig. 3.2 Effects of warming and ozone on microbial biomass C and N during the
experimental period. CF, charcoal-filtered ambient air. +T, warming. +Og, elevated Os.
+T+0s3, warming+Oz. Error bars represent SE of the means among replicate treatment plots
(n=3). Microbial biomass C: (a) 0-7.5 cm soil layer (Repeated measures mixed model,;
warming effect: P<0.05; Oz effect: P<0.01; WarmingxOs effect: P<0.05; time effect: P>0.1)
and (b) 7.5-15 cm soil layer (Repeated measures mixed model; warming effect: P=0.090; O3
effect: P<0.001; WarmingxOs effect: P>0.1; time effect: P<0.05). Microbial biomass N: (c)
0-7.5 cm soil layer (Repeated measures mixed model; warming effect: P<0.05; Os effect:
P<0.05; WarmingxQ3 effect: P>0.1; time effect P<0.001) and (b) 7.5-15 cm soil layer
(Repeated measures mixed model; warming effect: P=0.090; O3 effect: P<0.05;

WarmingxQz effect: P>0.1; time effect: P<0.05).

Fig. 3.3 Effects of warming and ozone on N2O emission during the experimental period. CF,

charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+03, warming+Os. Panels
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inside the figure were cumulative N2O under different treatments. Error bars represent SE of
the means among replicate treatment plots (n=3). Different letters mean significant

differences at P = 0.05 level under different treatments.
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Fig. 3.1 Effects of warming and ozone on plant biomass during the experimental period. CF, charcoal-filtered
ambient air. +T, warming. +Os, elevated Os. +T+0Os, warming+Os.Error bars represent SE of the means among
replicate treatment plots (n=3). (a) Aboveground biomass (Repeated measures mixed model; warming effect:
P<0.01; O3 effect: P=0.066; WarmingxOs effect: P<0.05; time effect: P<0.001). (b) Belowground biomass
(Repeated measures mixed model; warming effect: P=0.055; O3 effect: P<0.01; WarmingxOs effect: P<0.05;

time effect: P<0.001).
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Fig. 3.2 Effects of warming and ozone on microbial biomass C and N during the experimental period. CF,

charcoal-filtered ambient air. +T, warming. +Og, elevated Os. +T+0Os3, warming+Ogz. Error bars represent SE of

the means among replicate treatment plots (n=3). Microbial biomass C: (a) 0-7.5 cm soil layer (Repeated

measures mixed model; warming effect: P<0.05; O3 effect: P<0.01; WarmingxQOj3 effect: P<0.05; time effect:

P>0.1) and (b) 7.5-15 cm soil layer (Repeated measures mixed model; warming effect: P=0.090; O3 effect:

P<0.001; WarmingxOs; effect: P>0.1; time effect: P<0.05). Microbial biomass N: (c) 0-7.5 cm soil layer

(Repeated measures mixed model; warming effect: P<0.05; Os effect: P<0.05; WarmingxOs effect: P>0.1; time

effect P<0.001) and (b) 7.5-15 cm soil layer (Repeated measures mixed model; warming effect: P=0.090; O3

effect: P<0.05; WarmingxOs; effect: P>0.1; time effect: P<0.05).
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Fig. 3.3 Effects of warming and ozone on N.O emission during the experimental period. CF, charcoal-filtered
ambient air. +T, warming. +Os, elevated Os. +T+O3, warming+0Os. Panels inside the figure were cumulative
N2O under different treatments. Error bars represent SE of the means among replicate treatment plots (n=3).

Different letters mean significant differences at P= 0.05 level under different treatments.
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3.9 Appendices

Appendix 3.1 Primers and gPCR conditions for the real-time PCR quantifications of AOA

amoA, AOB amoA, nirS, nirK, and nosZ genes extracted from soils.

Appendix 3.2 P values of analyses of repeated measures linear mixed models of warming,

O3 and time effects, and all interactions over the experimental period.

Appendix 3.3 Daily air temperature (a) and 12-h mean ozone concentration (b) during the
study period. The control (CF) is given by gray line, whereas the warming and ozone

treatment is presented by black line (+T, full line; +Os, dashed line; +T+0Os3, dotted line).

Appendix 3.4 Effects of warming and ozone on soil extractable organic C. CF, charcoal-
filtered ambient air. +T, warming. +Os, elevated Os. +T+0O3, warming+QOz. Error bars
represent SE of the means among replicate treatment plots (n=3). (a) 0-7.5 cm soil layer
(Repeated measures mixed model; warming effect: P>0.1; Oz effect: P<0.05; WarmingxOs
effect: P>0.1; time effect: P<0.05). (b) 7.5-15 cm soil layer (Repeated measures mixed
model; warming effect: P<0.05; O3 effect: P=0.087; WarmingxOs effect: P>0.1; time effect:

P<0.05).

Appendix 3.5 Effects of warming and ozone on soil extractable inorganic N. CF, charcoal-
filtered ambient air. +T, warming. +Os, elevated Os. +T+0O3, warming+QOz. Error bars
represent SE of the means among replicate treatment plots (n=3). (a) 0-7.5 cm soil layer
(Repeated measures mixed model; warming effect: P>0.1; Oz effect: P>0.1; WarmingxO3

effect: P>0.1; time effect P>0.1). (b) 7.5-15 cm soil layer (Repeated measures mixed model;
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warming effect: P=0.081; Os effect: P>0.1; WarmingxOs effect: P>0.1; time effect:

P<0.001).

Appendix 3.6 Effects of warming and ozone on soil microbial respiration (SMR). CF,
charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+0s3, warming+0Oas. Error
bars represent SE of the means among replicate treatment plots (n=3). (a) 0-7.5 cm soil layer
(Repeated measures mixed model; warming effect: P<0.01; Os effect: P<0.01; WarmingxO3
effect: P<0.01; time effect: P>0.1). (b) 7.5-15 cm soil layer (Repeated measures mixed
model; warming effect: P>0.1; Oz effect: P<0.05; WarmingxOs effect: P>0.1; time effect:

P>0.1).

Appendix 3.7 Effects of warming and ozone on net soil N mineralization. CF, charcoal-
filtered ambient air. +T, warming. +Os, elevated Os. +T+O3, warming+QOz. Error bars
represent SE of the means among replicate treatment plots (n=3). (a) 0-7.5 cm soil layer
(Repeated measures mixed model; warming effect: P>0.1; Oz effect: P>0.1; WarmingxOs
effect: P<0.05; time effect: P>0.1). (b) 7.5-15 cm soil layer (Repeated measures mixed
model; warming effect: P>0.1; Oz effect: P<0.05; WarmingxOs effect: P>0.1; time effect:

P=0.098).

Appendix 3.8 Effects of warming and ozone on the (a) AOA and (b) AOB amoA gene copy
numbers during the experimental period. CF, charcoal-filtered ambient air. +T, warming.
+03, elevated Os. +T+03, warming+Os. Error bars represent SE of the means among
replicate treatment plots (n=3). Different letters mean significant differences at P = 0.05 level

under different treatments.

133



Appendix 3.9 Effects of warming and ozone on the (a) nirK, (b) nirS and (c) nosZ gene copy
numbers during the experimental period. CF, charcoal-filtered ambient air. +T, warming.
+03, elevated Oz. +T+O3, warming+Os. Error bars represent SE of the means among
replicate treatment plots (n=3). Different letters mean significant differences at P = 0.05 level

under different treatments.
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Appendix 3.1 Primers and gPCR conditions for the real-time PCR quantifications of AOA amoA, AOB amoA,

nirS, nirk, and nosZ genes extracted from soils.

Target genes Primer Sequence gPCR conditions References
CrenamoA23f ATGGTCTGGCTWAGACG 40 CL: 98 °C for 10 s, 60 °C for 30 s, &
AOA amoA ' ' Tourna et al.,
72°Cfor30s 2008
CrenamoA616r GCCATCCATCTGTATGTCCA
amoA-1F GGGGTTTCTACTGGTGGT . .
AOB amoA 40 CL: 98 °C for 105,56 °C for 30 s, & Rotthauwe et al.,
72°Cfor30s 1997
amoA-2R CCCCTCKGSAAAGCCTTCTTC
nirSCd3aF AACGYSAAGGARACSGG Six TD CL—98 °C for 10’5, 63 °C for
30, and 72 °C for 30 s with AT dropped Kandeler et al.,
. by 1 °C CL-1to 58 °C; 40 CL—98 °C for 2006
nirSR3cd GASTTCGGRTGSGTCTTSAYGAA 10's, 58 °C for 30's, and 72 °C for 30 s
nirk876 ATYGGCGGVAYGGCGA
. . Henry et al.,
nirk Same as nirS 2004
nirk1040 GCCTCGATCAGRTTRTGGTT
norZ1F WCSYTGTTCMTCGAGCCAG Six TD CL—98 °C for 10 s, 67 °C for
nosz 30, and 72 °C for 30 s with AT dropped Henry et al.,
by 1 °C CL-1t0 62 °C; 40 CL—98 °C for 2006
norZ1R ATGTCGATCARCTGVKCRTTYTC 10's, 62 °C for 30's, and 72 °C for 30 s

CL, TD, AT are short for cycles, touchdown, and annealing temperature, respectively

References:

Henry S, Baudoin E, Lépez-Gutiérrez JC, Martin-Laurent F, Brauman A, Philippot L (2004) Quantification of
denitrifying bacteria in soils by nirK gene targeted real-time PCR. Journal of Microbiological
Methods, 59, 327-335.

Henry S, Bru D, Stres B, Hallet S, Philippot L (2006). Quantitative detection of the nosZ gene, encoding nitrous
oxide reductase, and comparison of the abundances of 16S rRNA, narG, nirK, and nosZ genes in soils.
Applied and Environmental Microbiology, 72, 5181-5189.

Kandeler E, Deiglmayr K, Tscherko D, Bru D, Philippot L (2006) Abundance of narG, nirS, nirK, and nosZ
genes of denitrifying bacteria during primary successions of a glacier foreland. Applied and
Environmental Microbiology, 72, 5957-5962.

Rotthauwe JH, Witzel KP, Liesack W (1997) The ammonia monooxygenase structural gene amoA as a
functional marker: molecular fine-scale analysis of natural ammonia-oxidizing populations. Applied
and Environmental Microbiology, 63, 4704-4712.

Tourna M, Freitag TE, Nicol GW, Prosser JI (2008) Growth, activity and temperature responses of ammonia
oxidising archaea and bacteria in soil microcosms. Environmental Microbiology, 10, 1357-1364.
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Appendix 3.2 P values of analyses of repeated measures linear mixed models of warming, O3 and time effects,

and all interactions over the experimental period.

Warming Timex Time Timex
Variable Depth (cm)  Warming Os Time %03 Warming %03 WarmingxOs
Extr-C 0-7.5 0.442 0.033 0.048 0.32 0.176 0.981 0.624
7.5-15 0.033 0.087 0.021 0.712 0.914 0.06 0.732
Extr-N 0-7.5 0.374 0.327 0.592 0.348 0.829 0.579 0.52
7.5-15 0.081 0.185 <0.001 0.912 0.107 0.27 0.304
MBC 0-7.5 0.033 0.003 0.328 0.020 0.141 0.093 0.597
7.5-15 0.090 <0.001 0.010 0.128 0.721 0.486 0.148
MBN 0-7.5 0.098 0.048 <0.001 0.206 0.181 0.041 0.761
7.5-15 0.09 0.049 0.013 0.776 0.677 0.75 0.551
SMR 0-7.5 0.002 0.003 0.46 0.003 0.51 0.601 0.521
7.5-15 0.330 0.030 0.957 0.175 0.637 0.277 0.999
NMN 0-7.5 0.198 0.750 0.104 0.046 0.094 0.130 0.830
7.5-15 0.748 0.024 0.097 0.293 0.283 0.942 0.879

Significant effects (P<0.05) are shown bold and marginal effect are shown in italic text. Extr-C, soil extractable

organic carbon; Extr-N, soil extractable inorganic nitrogen; MBC, microbial biomass carbon; MBN, microbial

biomass nitrogen; SMR, soil microbial respiration; NMN, net mineralizable nitrogen.
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Appendix 3.3 Daily air temperature (a) and 12-h mean ozone concentration (b) during the study period. The
control (CF) is given by gray line, whereas the warming and ozone treatment is presented by black line (+T,

full line; +Os3, dashed line; +T+0Os3, dotted line).
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Appendix 3.4 Effects of warming and ozone on soil extractable organic C. CF, charcoal-filtered ambient air.
+T, warming. +Os, elevated Os. +T+O3, warming+Os. Error bars represent SE of the means among replicate
treatment plots (n=3). (a) 0-7.5 cm soil layer (Repeated measures mixed model; warming effect: P>0.1; O3
effect: P<0.05; WarmingxOs effect: P>0.1; time effect: P<0.05). (b) 7.5-15 cm soil layer (Repeated measures

mixed model; warming effect: P<0.05; O3 effect: P=0.087; WarmingxOs effect: P>0.1; time effect: P<0.05).
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Appendix 3.5 Effects of warming and ozone on soil extractable inorganic N. CF, charcoal-filtered ambient air.
+T, warming. +Os, elevated Os. +T+O3, warming+Os. Error bars represent SE of the means among replicate
treatment plots (n=3). (a) 0-7.5 cm soil layer (Repeated measures mixed model; warming effect: P>0.1; O3
effect: P>0.1; WarmingxOs effect: P>0.1; time effect P>0.1). (b) 7.5-15 cm soil layer (Repeated measures

mixed model; warming effect: P=0.081; O3 effect: P>0.1; WarmingxQOj3 effect: P>0.1; time effect: P<0.001).
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Appendix 3.6 Effects of warming and ozone on soil microbial respiration (SMR). CF, charcoal-filtered ambient
air. +T, warming. +Os, elevated O3. +T+0s3, warming+0Os. Error bars represent SE of the means among
replicate treatment plots (n=3). (a) 0-7.5 cm soil layer (Repeated measures mixed model; warming effect:
P<0.01; O3 effect: P<0.01; WarmingxO3 effect: P<0.01; time effect: P>0.1). (b) 7.5-15 cm soil layer (Repeated
measures mixed model; warming effect: P>0.1; Os effect: P<0.05; WarmingxOs effect: P>0.1; time effect:

P>0.1).
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Appendix 3.7 Effects of warming and ozone on net soil N mineralization. CF, charcoal-filtered ambient air.
+T, warming. +Qg, elevated Os. +T+Q03, warming+QOs. Error bars represent SE of the means among replicate
treatment plots (n=3). (a) 0-7.5 cm soil layer (Repeated measures mixed model; warming effect: P>0.1; O3

effect: P>0.1; WarmingxQg effect: P<0.05; time effect: P>0.1). (b) 7.5-15 cm soil layer (Repeated measures

mixed model; warming effect: P>0.1; Os effect: P<0.05; WarmingxQOs; effect: P>0.1; time effect: P=0.098).
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Appendix 3.8 Effects of warming and ozone on the (a) AOA and (b) AOB amoA gene copy numbers during the
experimental period. CF, charcoal-filtered ambient air. +T, warming. +Og, elevated Os. +T+Os, warming+Os.
Error bars represent SE of the means among replicate treatment plots (n=3). Different letters mean significant

differences at P = 0.05 level under different treatments.

142



94t (a)

o

9.2t 1

ab
9.0 +

8.8 1

8.4

log (nirK)
(copy numbers g'1 soil)
(¢]

8.2+

8.0
9.4 1 (b)

9.2 | a

9.0t L L

8.8t ¢

8.6
8.4+

log (nirS)
(copy numbers g'l soil)

8.2+

8.0
9.4 ©)
9.2 ¢
9.0 ab ab a
88 T T
8.6 +

8.4 =

log (nosZz)
(copy numbers g'1 soil)

82 r

8.0

CF +T +03 +T+03

Appendix 3.9 Effects of warming and ozone on the (2) nirK, (b) nirS and (c) nosZ gene copy numbers during
the experimental period. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+0Os,
warming+0Os. Error bars represent SE of the means among replicate treatment plots (n=3). Different letters

mean significant differences at P = 0.05 level under different treatments.

143



Chapter 4

Mycorrhizal and root mediation of organic carbon decomposition under simulated

climate warming and elevated O3
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4.1 Abstract:

Both climate warming and elevated O3 (eOz) can significantly affect plant growth and
potentially alter ecosystem processes. However, little is known about the impact of
concurrent warming and eOs on plant-microbial interactions and rhizosphere processes. Here
we show that simulated warming (control + 3 °C) and eO3z (control + 45 ppb) reduce soybean
root biomass, root diameter and root colonization by arbuscular mycorrhizal fungi (AMF).
However, these treatments increase root length and root fragility, and stimulate residue
decomposition in the rhizosphere. Also, warming and eOs significantly alter the composition
of AMF community by reducing the abundance of genus Glomus, but increasing genus
Paraglomus. Together, our results indicate that concurrent warming and eO3z reduce plant
photosynthate allocation belowground, while stimulating soil organic carbon turnover. These
findings suggest that warming and elevated Os can elicit a tradeoff between roos and AMF
and alter the quantity and quality of C belowground allocation, stimulating soil organic C

turnover and release.
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Keywords: elevated temperature, elevated ozone (eOz), Arbuscular mycorrhizas, microbial
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4.2 Introduction

Greenhouse gases such as carbon dioxide (COz), ozone (Oz) and nitrous oxide (N20) in
the atmosphere have been increasing because of human activities, potentially modifying plant
growth and terrestrial ecosystem processes. Global surface temperature has experienced an
increase by 0.74 °C from the preindustrial level and, is predicted to continue to increase
between 1.8 and 3.6 °C by the year 2100 (IPCC, 2007). Simultaneously with climate
warming, the tropospheric ozone concentrations have more than doubled since the Industrial
Revolution (IPCC, 2007; Monks et al., 2015). These climate changes are expected to affect
the terrestrial carbon (C) cycle. High temperature might initially accelerate rates of
heterotrophic microbial activity and therefore enhance CO emissions into the atmosphere
(Davidson & Janssens, 2006, Bardgett et al., 2008, Karhu et al., 2014). This could lead to
soil C losses and an overall positive feedback to global warming (Romero-Olivares et al.,
2017). eOs has been reported to reduce plant growth, subsequent decreased C allocation
belowground (Andersen, 2003; Ainsworth et al., 2012) and increase recalcitrant compounds
in leaf litter (Loya et al., 2003; Booker et al., 2005; Meehan et al., 2010). These changes
would slow soil microbial decomposition processes, reducing C losses from soil (Parsons et

al., 2008; Berg & McClaugherty, 2014).

Arbuscular mycorrhizal fungi (AMF) form symbiotic associations with roots of over
80% land plant species and acquire their carbon solely from their host plant (Smith & Read,
2010; Cheng et al., 2012). In return, AM fungi enhance plant nutrient uptake (Rillig &

Mummey, 2006) and stress resistance and tolerance (Smith & Read, 2010). Warming and
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eOz3 can affect plant photosynthesis and further photosynthate allocation belowground to
rhizosphere microbes, symbiotic microbes in particular, mycorrhizal fungi (Andersen, 2003;
Hawkes et al., 2008). Plant roots and AMF may have contrasting effects on C cycling and
decomposition. On one hand, plant root exudates are known to stimulate microbial activity,
therefore C decomposition. On the other hand, AMF might expand soil C pools through
slowly depositing cycling compounds such as chitin and glomalin (Rillig et al., 2001;
Gleixner et al., 2002), thus potentially increasing soil C sequestration. So far, however, few
studies have guantitatively assessed the role of plant roots and mycorrhizal fungi, especially

AM fungi, in soil organic C decomposition.

Warming and eOs will likely be concurrent under future climate change scenarios and it
is virtually unknown whether their combination will enhance or alleviate the acuteness of
individual effect on plant roots and AMF, therefore soil C decomposition. Taking advantage
of an existing 3-yr field manipulation experiment, we investigated the effects of warming,
€Oz and their combination on soybean roots and their associated AMF. In particular, we
quantified the AMF composition and community diversity using next generation sequencing.
We predicted that AMF and plant roots would stimulate soil organic C decomposition and
resulting changes in AM fungal community composition and root morphology may be the

driving force of this change.

4.3 Materials and Methods

The study site and experimental manipulations
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We initiated a long-term field experiment to investigate the response of soybean
agroecosystem to elevated temperature and Oz using an air exclusion system (AES). The
experimental site is located at the Lake Wheeler Experimental Station, 5 km south of North
Carolina State University, Raleigh, North Carolina, USA (35°43'N, 78°40'W;, clevation
120m). The soil is an Appling sandy loam (fine, kaolinitic, thermic Typic Kanhapludult),
well drained with a pH of 6.2, and contained 10.0 g C and 0.9 g N kg* soil. Before O3 and
warming treatments were initiated, the soil was repeatedly turned-over using a disc

implement and rotovator.

This experiment was a 2x2 factorial design with four treatments assigned into three
blocks. Four different treatments were: (a) charcoal-filtered air and ambient temperature
(CF); (b) charcoal-filtered air plus 2.6°C increase in temperature (+T); (c) charcoal-filtered
air plus ambient temperature and1.4 times ambient ozone (+O3); (d) charcoal-filtered air +
warming +1.4 times ambient ozone (+T+0gs). The purpose of filtration of ambient air with
activated charcoal was to reduce ambient O3 concentrations to levels considered
nonphytotoxic to soybean plant. The seasonal daily average concentrations (12-h) of Oz and

degree of temperature over the experimental duration are shown in Table 4.1.

Soybean (cultivar Jake) was planted into AES plots (3m x 10m) in June, 2016. O3 was
generated by corona discharge in dry O (model TG-20, Ozone Solutions, Hull, 1A, USA).
The O3z concentration in each plot was monitored at canopy height with a UV photometric O3
analyzer (model 49C, Thermo Environmental Instruments Co., Franklin, MA, USA). Air was

warmed by electrical resistance heaters and solar water heaters. Each warmed plot used four
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heater elements that operate 24 hours a day and two water-to-air exchangers. The water
circulates through an array of black polyethylene pipes during the daylight hours, which is
heated by the sun. The water then passes through the heat exchangers as forced air moves
across the metal surfaces, increasing the air temperature by convection. The addition of
warm, humidified air dispensed into the treatment plot to achieve temperature increases up to
+ 3 °C. Air temperature and relative humility were monitored using HOBO sensors (model
U23-001, HOBO Pro V2 Temp/RH Datalogger, Onset Computer Corporation, Bourne, MA,
USA). Soil temperature was measured with an Enviropro dielectric soil probe (model

EP100D, Apcos Pty Ltd, Adelaide, Australia).

A non-hyphae (pore size: 0.45 um), hyphae (pore size: 20 um) and root (pore size: 1.8
mm) ingrowth core were installed into the plots to assess the influence of fungal hyphae and
root on organic C decomposition, respectively. The ingrowth cores were constructed of PVC
cylinders (10 cm tall x 4 cm i.d.) sealed at one end with a plastic cover. Two windows were
cut into each cylinder with 50% of the surface area, and covered with the three-size nylon
mesh. Each filled with a mixture of 1.8 g of dual *>N/*C labeled dried and chopped (ca. 1 cm
length) residues of switchgrass [6.7 mg N (0.28 mg **N), 804 mg C (8.8 mg **C)] and 180.0
g of soil [169 mg N (0.64 mg **N), 2250 mg C (24.3 mg *3C)], and mixed thoroughly. After
three years from the start of the long-term warming and ozone experiment (June 28, 2016),
we randomly buried one non-hyphae-, hyphae-, and root- ingrowth core into each treatment

plot within two rows of soybean plants.

Plant sampling, soil sampling and chemical, microbial analyses
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Soybeans of approximately the same age were sampled from 12 plots in September
2016 (13-wk after planting). Above ground biomass was collected by cutting at the soil
surface from each plot. Three plant roots were sampled from each plot and were washed to
remove all surface soil. One-g subsample of the total roots from each root system (cut to 1
cm length) was collected and stored in FAA (formaldehyde alcohol acetic acid,
10%:50%:5% + 35% water) solution for further root morphology analysis. The shoots and

remaining roots were separately oven-dried and weighed.

At the end of experiment (Oct 27, 2016), all the ingrowth cores were collected
immediately. Ten (10.0) grams of soil-residue mixture samples were taken from each core,
oven-dried at 65 °C and ground into fine powder. Total C and *3C was measured using a PDZ
Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK) at University of California, Davis (Cheng et al.,

2012). Isotope ratios (8) of C were expressed relative to Pee Dee Belemnite (PDB) standard

by

13 _ Rsample
8Y3C (%) =(Sgrit — 1) x1,000 (1)

where R is the molar isotope ratio of *C/*2C. Sample *3C contents were calculated from
isotope ratios and total C content. The mycorrhizally-, and root-enhanced total C losses
(MCL and RCL, mg C kg™ d!) during 16-week growing period were calculated based on the

method by Cheng et al. (2012) using the following equation:
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MCL (RCL) (mg C kg d*) = (net C losses in mycorrhizal (root) samples — net C losses in

non-mycorrhizal samples)/ incubation days (2

At the same time, soil samples were collected from each field plot and stored at 4 °C for
chemical and microbial analyses. MBC and MBN were determined using a fumigation-
extraction method (Vance et al., 1987). Briefly, twenty grams (20 g) dry weight soil samples
were fumigated with ethanol-free chloroform for 48 h and another 20-g soil samples were not
fumigated as a control (i.e., the non-fumigated control). Both fumigated and non-fumigated
soils were then extracted with 50 mL of 0.5 M K2SO4 by shaking for 30 min. MBN was
determined following alkaline persulfate oxidation of the fumigated and non-fumigated
K2SOj4 extracts (Cabrera & Beare 1993). Soil extractable organic C in both fumigated and
non-fumigated extracts was determined using a TOC analyzer (Shimadzu TOC-5050A,
Shimadzu Co., Kyoto, Japan). The concentrations of NH4"-N and NOs™-N in the extracts
were determined on a Lachat flow injection analyzer (Lachat Instruments, Milwaukee, WI,
USA). The differences in extractable organic C and inorganic N between fumigated and non-
fumigated soils were used to calculate MBC and MBN using a conversion factor of 0.33
(KEC) and 0.45 (KEN), respectively (Vance et al., 1987; Tu et al., 2006). Soil extractable

organic C and NH4*-N and NOs™-N was determined using the non-fumigated soil extracts.

Root diameters and length analysis

The one-g subsample of roots was scanned in a tray with 200 mL Reverse Osmosis
water and spread out for uniformity. Roots were scanned in positive transparency mode and

16-bit grey scale at approx. 58 p mm (1400 dpi). WinRhizo (WR) was used to determine
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root diameter class length from the scanned and digital images on a DellXPS710 (Zobel et
al., 2007; Zobel, 2013). Diameter class size was set to the pixel size of the scanned image (58
p mm* resolution = 0.017 mm pY). In total, we have 100 diameter classes. We used a normal

Gaussian model
_ _m\2
y=a+bEXP[= ()] (3)
to model the very fine roots from the WR data (Zobel, 2013).

Mycorrhizal colonization

To calculate mycorrhizal colonization, dry root samples (cut into about 1 cm in length)
were cleared in 10% KOH solution overnight at room temperature, acidified in 1% (v/v) HCI
for 2 hours, and then stained with acidic glycerol-trypan blue solution (Giovannetti and
Mosse, 1980). The stained roots were then spread on a Petri dish with gridlines and examined
for infection using a dissecting microscope at x40 magnification. Results obtained were
expressed as percentage root length colonized (PRLC) and total root length colonized

(TRLC) by AMF (Tu et al., 2006).
Root DNA extraction, PCR and Illumine Sequencing

Air-dried subsamples of roots were ground in a Tecator Cyclotec mill fitted with a 1-
mm screen (FOSS, Eden Prairie, MN, USA). Total community DNA was extracted from a
0.05 g (dry) subsample of fine roots with a PowerPlant DNA Isolation Kit (MoBio

Laboratories Inc., Carlsbad, CA, USA) following the manufacturer’s instructions.
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The primer set AMV4.5NF (5"-AAGCTCGTAGTTGAATTTCG-3")/AMDGR (5
CCCAACTATCCCTATTAATCAT-3") was used to amplify the 18S rRNA gene (Lumini et
al., 2010) on the lllumina Miseq platform (Shanghai Personal Biotechnology Co., Ltd). Each
forward primer included a 7-bp barcode unique to each sample. PCR reactions were
performed in 25-uL reaction mixtures containing: 5 x reaction buffer 5uL, 5 x
GC buffer S5uL, dNTP (2.5mM) 2uL, forward-primer (10uM) 1uL, reverse-primer (10uM)
1uL, DNA template 2ul, ddH20 8.75uL, Q5 DNA Polymerase 0.25uL. Thirty cycles were
performed at 98 °C for 2 min, denaturation at 98 °C for 15 s, primer annealing at 55 °C for
30 s and extension at 72 °C for 30 s with a final extension at 72 °C for 7 min. Triplicate
reaction mixtures per sample were pooled together and purified using an agarose gel DNA
purification kit (AP-GX-250G; Axygen, Union City, CA, USA) and quantified with a
NanoDrop ND-1000 (Thermo Scientific, USA). The PCR products were normalized to
equimolar amounts, and then the DNA samples were sequencing with the lllumina MiSeq

System platform following the manufacturer’s protocols.

Bioinformatical analyses

Raw high-throughput sequencing data were processed by using the Quantitative Insights
Into Microbial Ecology (QIIME) toolkit (Caporaso et al., 2010). We excluded sequences
below the quality score of 25 and fewer than 200 bp in length or sequences with ambiguous
nucleotides. Potential chimeras were detected using UCHIME (Edgar et al., 2011).
Potentially similar sequences were clustered into operational taxonomic units (OTUS) using

the seed-based UCLUST algorithm at a 97% identity threshold (Edgar, 2010). The most
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abundant sequence from each OTU was selected as the representative sequence. The
representative sequences were checked against the MaarjAM AMF database (Opik et al.,

2010; http://maarjam.botany.ut.ee/).

Statistical analysis

Two-way analysis of variance (ANOVA) was used to examine the effects of warming
and ozone effect on plant biomass, total root length, soil chemical and microbial parameters
and AMF colonization of roots. Treatment was used as a fixed effect and block as a random
effect. Data were log transformed as necessary to meet normality assumptions. These
analyses were conducted in R v.3.1.2 (R Development Core Team, 2014). To compare AM
fungal community diversity among the treatments, the reciprocal Simpson’s index and
Margalef’s index were calculated using R package vegan (Oksanen et al., 2014). Significant

differences between treatments were compared using Tukey’s HSD test at P < 0.05.

To fit the very fine root data pattern from the root diameter class length distribution,
Matlab R2017a (MathWorks Inc, Natick, MA) was used to do the non-linear fit to an

appropriate Gaussian model using the Levenberg-Marquardt algorithm.

The structure of AMF communities was compared using the proportion of different VT
reads as a proxy for the relative abundance of AMF taxa per sample (Opik et al., 2009). In
order to visualize differences in AM fungal communities across experimental treatments, we
used non-metric multidimensional scaling (NMDS) ordination with the “vegan” package in R

with 1000 uteratuibs. Bray-Curtis similarity matrices were created using the relative
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abundance of AMF taxa (Anderson, 2001; Oksanen et al., 2010). To test for the effects of the
experimental treatments on AM fungal composition, we performed two-way permutational
multivariate analyses of variance (PERMANOVA) using the default settings, including

climate change treatments as the fixed effect and block as the random effect.

4.4 Results:

Plant biomass and root morphological changes

No significant warming effect was detected on root biomass of plants (Fig. 4.1).
However, ozone alone reduced root biomass by 23% and the combination of warming and
ozone reduced root biomass by 43% (Fig. 4.1). There was no significant effect on plant

aboveground biomass across our experimental treatments (Table 4.2).

Either warming or eOz significantly increased total root length (Fig. 3.2). The
combination of warming and eOs also increased total root length (Fig 3.2). The scanned
images with WinRhizo were used for the assessment of root diameters and length. As
indicated by Zobel et al. (2007), the shape of the diameter class length distribution (DCLD)
curve from a whole root system is very similar to a non-linear Gaussian model (Appendix
4.2). Fitted parameters were shown in (Appendix 4.1). Modeled curves across the treatments
illustrated that root length increased significantly at the diameter of 0.218 mm (Appendix
4.2). NMDS ordination and PERMANOVA revealed a significant effect of climate change

treatments on plant root diameter class length distribution (Pseudo-F=3.1, P=0.02). There
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was a clear separation in root morphology between control and warming, eOs or the

combination of warming and eOgz treatment (Appendix 4.6).

Arbuscular mycorrhizal fungi: root colonization, and community composition and diversity

Either warming or eOz significantly reduced the proportion of root length colonized by
AMF (Fig. 4.3). The combination of warming and eO3 also significantly reduced AMF

colonization in roots (Fig. 4.3).

A total of 879183 reads (averaged length 250 bp excluding primers) were obtained,
693147 sequences were kept for subsequent analysis after quality check and chimera
detection. From those sequences, 693130 (78.84% of reads) matched Glomeromycota SSU
rRNA gene sequences from the MaarjAM database (similarity 97%) corresponding to 167
VT. Eleven AM fungal genera were presented in the sequencing data (Acaulospora,
Ambispora, Archaeospora, Claroideoglomeraceae, Diversispora, Geosiphon, Gigaspora,
Glomus, Paraglomus, Scutellospora, Septoglomus) (Appendix 4.5). Compared with control,
elevated temperature and Oz significantly reduced the relative abundance of genus Glomus,
while significantly increased the relative abundance of genus Paraglomus (Fig. 4.4). The
same results occurred when elevated temperature and Oz was combined. While, ambient O3

had no significant effect.

NMDS ordination and PERMANOVA revealed a significant effect of climate change
treatments on the taxonomic composition of AMF communities (Pseudo-F=2.0, P=0.027).

There was a clear separation in the AMF communities between control and warming or the
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combination of warming and ozone treatment (Appendix 4.6). Root biomass, root length,
root surface area and NO3™ were significantly correlated with the ordination obtained, thus,

being the most important soil properties affecting AMF communities (Appendix 4.2, 4.6)

Arbuscular mycorrhizal fungal richness and evenness

Warming and eO3 has so significant effect on AM fungal community evenness

(Simpson’s diversity of index) and richness (Margalef’s index) (Appendix 4.4).

Soil chemistry

The mycorrhizally- and root enhanced losses of the total C (calculated using the total C
losses from mycorrhizal samples minus those from non-mycorrhizal samples) were higher
under either warming or eOs treatment (Fig. 4.5). A stable isotope mixing model was used to
estimate the proportion of residue-derived C in the loss of total soil C from hyphae and root
ingrowth bags. Results showed that either warming or eO3 caused a marked increase in the

loss of residue-derived C due to the mycorrhizal and root effect (Fig. 4.6).

Compared with charcoal-filtered air control, warming significantly reduced soil NOs™-N.
Warming and eOs together also significantly reduced soil NOs™-N (Table. 4.2, Appendix 4.7).
However, eO3 had no effect on soil NOs™-N. The soils under eOs and the combination of
warming and eOs manipulations had significantly lower soil labile carbon (Table. 4.2,

Appendix 4.8). However, warming had no effect on soil labile carbon.
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4.5 Discussion:

Results from our experiment showed that either AMF or plant roots can stimulate soil
organic C decomposition under warming and eOs in field setting (Fig. 4.5, 4.6). eOz and
warming significantly reduced the relative abundance of Glomus and increased the relative
abundance of Paraglomus based on lllumina MiSeq sequencing (Fig. 4.4). Also, eOzand
warming significantly reduced AM fungal root colonization (Fig. 4.3). In contrast, we
observed that root length increased significantly and root tended to be thinner under warming
and eOs treatments (Fig. 4.2). Our findings suggest that plants may reduce investment in AM
fungal associations through growing fast with longer and thinner roots under future warming
and eOs scenarios, thereby altering AM fungal communities. These concurrent changes may

further alter soil C dynamics.

As Osis difficult to peFnetrate into the soil directly affecting AMF, it can indirectly
impact AMF by affecting plant growth, such as changed root morphology, belowground
carbon allocation and root exudation (Anderson et al., 2003). In this study, eOs reduced AM
fungal colonization of roots (Fig. 4.3) and decreased root biomass (Fig. 4.1). This finding
agrees with a sizeable body evidence which shows that eO3z may reduce AMF fungal
colonization of plant roots and decrease root biomass due to reduced carbon allocation
belowground (McCool & Menge, 1984; Anderson, 2003; Wang et al., 2017). Although most
studies suggested that ozone reduces below-ground plant growth and root length through
suppressing plant growth (Kumari et al., 2013; He et al., 2014), we observed that eOs

increased root length by 25% compared with the charcoal-filtered control. Our results
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suggest that plants may reduce investment in AM fungal associations through growing fast
with longer and thinner roots under eOs to explore a large soil volume for water and nutrients
uptake. This experiment presents the first-ever result that eOz can alter in planta AM fungal
community composition in the field. Using lllumina MiSeq, we consistently observed that
there was a significant reduction in the relative abundance of Glomus and a significant
increase in Paraglomus under eOs3 (36% and 55%) compared with charcoal-filtered air
control (69% and 25%) after a 3-year exposure. This is consistent with other studies. For
example, the colonization of Glomus aggregatum was found to be reduced by an increase of
ozone concentration to 80 ppb (Wang et al., 2015), and Yoshida et al. (2001) also found that
eOz significantly reduced the abundance of Glomus intraradices and this effect depended on
the genotype of the plants examined. While, Cotton et al. (2015) first conducted a FACE
experiment to investigate whether ozone affected AM fungal communities and no effects of
€Oz on AM fungal community composition, richness and evenness were observed. The plants
they sampled were young (around 8 weeks) and their exposure to eOz was limited to affect
AM fungi. Their results are in consistent with other studies. For example, the relative
abundance of Glomus fasciculatum were not affected by ozone after 6 wk, but significantly
reduced after 9 - wk growth (McCool & Menge 1984). In this study, we sampled soybeans
after about 13 - wk growth and the AM fungal communities of older plants are more likely to

be altered by ozone.

Understanding the mechanisms by which these alterations occur will be critical for

predicting how future global change will affect mycorrhizas and, consequently, ecosystem
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functions. Different fungi have distinct life history strategies that are likely to produce
different responses to carbon availability under eO3 and charcoal filtered air. Cultural
Glomus species are thought to be r-strategists, growing and providing phosphorus to their
host plants quickly (Boddington & Dodd, 1999; Sykorova et al., 2007). It is therefore that the
members of Glomus are less capable of using the carbon under eO3 to provide plants with
less nutrients, consequently obtaining less carbon and reducing their relative abundance. This
is consistent with what we observed that eOs significantly reduced soil labile carbon and
marginally decreased root biomass (Table 4.2). The combination of eO3 and temperature also
significantly reduced root biomass of soybeans compared with the charcoal-filtered control
(Table 4.2). Drigo et al. (2010) showed that under eCO3, the Glomeraceae obtained the most
recently fixed photosynthate using a stable isotope probing (SIP) study. These results
strongly suggest that changes in the carbon alteration to roots caused the AM fungal
community changes detected in this study. Furthermore, our NMDS result showed that AM
fungal communities are structured by root morphological traits of the plants (Appendix 4.6).
It has been proposed that root traits can impact soil C and nutrient cycling indirectly through
influencing the composition of the soil microbial community (Bardgett et al., 2014). AM
fungi, especially Glomus can produce a glycoprotein (glomalin) increasing soil C storage and
stability (Miller & Jastrow, 1990; Rillig et al., 2001). Thus, the reduced colonization of AMF
and decreased abundance of Glomus can alleviate soil C protection under future eOs. Thus,
the alterations in AM community composition via the change in root morphology may
accelerate soil organic C decomposition and have significant impacts on ecosystem

biogeochemical processes under future Oz scenarios.
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Warming may have altered in planta AM fungal community composition by directly
affecting hyphal growth or indirectly affecting plant photosynthesis, root morphology (Bjork
et al., 2007; Yin et al., 2012) and nitrogen-availability, subsequent leading to changes in
plant allocation to AM fungi (Heinemeyer & Fitter, 2004; Rillig et al., 2003; Sheldrake et al.,
2017). Dominance of the genus Glomus (70%) in AM fungal communities from our
charcoal-filtered control plot was in agreement with previous studies for agricultural
ecosystems (Helgason et al., 1998; Daniell et al., 2001). Warming consistently reduced the
relative abundance of Glomus (29%) and increased the relative abundance of Paraglomus
(66%). In a multispecies of AM fungal community, individual species can respond
differently to temperature, with some more successful than others under coder or warmer
condition (Hawkes et al., 2008). The below-ground biomass was not altered and mycorrhizal
colonization was significantly reduced in this study (Fig. 4.1, 4.3), indicating that elevated
temperature can directly affect AMF thereby altering AM fungal community composition.
Our results suggest the genus Paraglomus will dominate this soybean agro-ecosystem under

future warming scenarios.

We also observed that plant roots became longer and tended to grow thinner under
warming. Given that the SRL (specific root length) reflects the potential for plants to exploit
the soil (Bjork et al., 2007), this result indicates that plants can enhance their potential for
nutrient and water uptake under warming condition. Consistent with our result, Pregitzer et
al. (2000) reviewed that root length of tree fine roots is positively related to soil temperature.

In addition, we showed that warming significantly reduced the amount and availability of soil
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NOs™ (Table 4.1), suggesting that N-availability to plants had decreased. Nitrogen
concentrations of AM fungal hyphae are much higher than those of plant tissues (Hodge &
Fitter, 2010) indicating that low N availability may be more likely to suppress fungal growth
than plant growth. This is consistent with our results that root colonization was significantly
lower under warming, however root biomass was reduced with no significant effect (Fig. 4.1,
4.3). Considering that different AM fungi are known to vary in their growth strategy and vary
in the translocation of N to plant partners, reduced N availability under warming may have
selected for low-N AM fungal specialists (Veresoglou et al., 2012; Sheldrake et al., 2017).
Alternatively, warming may increase AM fungal competition for a limited resource, therefore

altering AM fungal communities.

The effect of elevated temperature on AM fungal composition has been examined in
several field studies of different ecosystems, however, most of them reported no significant
effects of elevated temperature on AM fungal community composition. For example, in
grassland ecosystems (Heinemeyer et al., 2004; Kim et al., 2015) and an alpine meadow
ecosystem in China (Yang et al., 2013), elevated temperature has no significant effect on the
composition of the AMF community. This could be because the analysis method used in
these studies were not sufficiently sensitive to detect the changes and other environmental
conditions might also have played a crucial role in determining the warming effect. Higher
resolution community characterization, for example using next-generation sequencing, as
employed in Dumbrell et al. (2011), Opik et al. (2010) and Williams et al. (2017), would

help solve this issue. Dumbrell et al. (2011) showed different AM fungal composition
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between winter and summer and attributed this difference to both increased resource supply
and high soil temperature. However, they also suggested that a major caveat remains to be
that temperature might not be the only factor causing these seasonal changes in AM fungal
communities and other variables, such as soil moisture, will co-vary with it. In our study,
warming had no significant effect on soil moisture. Thus, the composition of AMF
communities will be affected by the combination of biotic (plant root morphology) and
abiotic characteristics (soil N availability). Yang et al. (2017) first reported that warming
significantly altered AM fungal community composition using a greenhouse experiment, and
therefore involved extremely artificial edaphic conditions and spatial constraints on root and
fungal growth, and did not investigate the long-term effects of warming treatments. By using
an AES experiment, we studied more realistic simulations of conditions which plants and

AM fungi will experience in the future.

Our results showed that climate warming and eO3 altered plant root growth by
enhancing root length, while reducing AMF colonization of roots. These results suggest that
climate warming and eOs may elicit a tradeoff between roots and AMF. Also, climate
warming and eOs significantly affected the AMF community composition in host roots by
favoring the genus Glomus over Paraglomus. Moreover, alterations in root morphology and
AMF communities under climate warming and eOs facilitated residue decomposition, likely
through increasing labile C inputs and reducing AMF protection of residues from microbial

attacks. Together, these findings illustrate that combination of climate warming and eOsz can
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induce a cascade of events that alter roots and AMF communities, thereby stimulating root

turnover and organic C decomposition.
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4.7 Tables

Table 4.1 The seasonal daily average (12h) O3 concentration and temperature at canopy height during the

experiment period. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+O3, warming+Osa.

Error bars represent SE of the means among replicate treatment plots (n=3).

Temperature Ozone

(°C) (PRDb)
CF 24.9+0.00 18.1+0.28
+T 27.4+0.11 20.8+0.11
+03 24.9+0.03 66.4+0.81
+T+0; 27.7£0.30 65.2+0.05
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Table 4.2 Comparison of plot air temperature, 0zone concentration, plant biomass and other soil properties

among treatments. CF, charcoal-filtered ambient air. +T, warming. +Og, elevated Os. +T+03, warming+QOs.

Error bars represent SE of the means among replicate treatment plots (n=3). Different letters mean significant

differences at P = 0.05 level under different treatments.

Shoot biomass Root biomass NHs*-N NOsz-N DOC MBC MBN Soil moisture
(@m) (@m) (mg kg*) (mg kg*) (mg kg-) (mg kg-1) (mg kg-1) (V)
CF 1190.7+40.5a 72.0£11.2a 0.57£0.03ab  5.92+0.80a  40.5+2.5a 255.0+18.3a 44.0+2.12a  24.7+0.6a
+T 1146.7+52.5a 63.4+3.4a 0.53+0.10ab  3.68+0.64b  41.3+3.4a 330.6+17.0b 51.1+3.5ab 23.9+0.4a
+03 1205.7+84.1a 55.3+10.8ab 0.44+0.02b 5.20+0.45a  25.5%1.5b 233.3+1l1.1a 40.6+1.6a 23.4+0.5a
+T+03 1178.9+40.7a 40.5+8.1b 0.54+0.01ab  3.95+0.55b  26.8+1.1b 258.4+15.3a 42.7+3.6a 23.740.2a
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4.8 Figures

Fig. 4.1 Total root biomass of soybeans among the four experimental treatments. CF,
charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+03, warming+Oz. Error
bars represent SE of the means among replicate treatment plots (n=3). Different letters mean

significant differences at P = 0.05 level under different treatments.

Fig. 4.2 Total root length among the four experimental treatments. CF, charcoal-filtered
ambient air. +T, warming. +Os, elevated Os. +T+Os3, warming+Os. Error bars represent SE
of the means among replicate treatment plots (n=3). Different letters mean significant

differences at P = 0.05 level under different treatments.

Fig. 4.3 Root colonization of arbuscular mycorrhizal fungi in soybean roots among the four
experimental treatments. CF, charcoal-filtered ambient air. +T, warming. +QOs, elevated Os.
+T+0s3, warming+Oz. Error bars represent SE of the means among replicate treatment plots
(n=3). Different letters mean significant differences at P = 0.05 level under different

treatments.

Fig. 4.4 Relative abundance of Glomus and Paraglomus in soybean roots among the four
atmospheric treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Os.
+T+0s3, warming+Oz. Error bars represent SE of the means among replicate treatment plots
(n=3). Different letters mean significant differences at P = 0.05 level under different

treatments.
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Fig. 4.5 Mycorrhizally- and root enhanced total C losses from ingrowth cores among the four
atmospheric treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Os.
+T+0s3, warming+Oz. Error bars represent SE of the means among replicate treatment plots
(n=3). Different letters mean significant differences at P = 0.05 level under different

treatments.

Fig. 4.6 Mycorrhizally- and root enhanced residue C losses from ingrowth cores among the
four atmospheric treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated
Os. +T+03, warming+Os. Error bars represent SE of the means among replicate treatment
plots (n=3). Different letters mean significant differences at P = 0.05 level under different

treatments.

174



100

a
—~ 80 - T
AN
'E ab
(@) T
~ 60 - T
@ b
5 I
‘S 40 -
5
o
4
20 -
0 : : :

CF +T +O3 +T+03

Fig. 4.1 Root biomass of soybeans among the four experimental treatments. CF, charcoal-filtered ambient air.
+T, warming. +Os, elevated Os. +T+O3, warming+Os. Error bars represent SE of the means among replicate

treatment plots (n=3). Different letters mean significant differences at P = 0.05 level under different treatments.
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Fig. 4.2 Total root length among the four experimental treatments. CF, charcoal-filtered ambient air. +T,
warming. +Os, elevated Os. +T+Os, warming+0Os. Error bars represent SE of the means among replicate

treatment plots (n=3). Different letters mean significant differences at P = 0.05 level under different treatments.
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Fig. 4.3 Root colonization by arbuscular mycorrhizal fungi in soybean roots among the four experimental
treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated O3. +T+0Os3, warming+0Os. Error bars
represent SE of the means among replicate treatment plots (n=3). Different letters mean significant differences

at P = 0.05 level under different treatments.
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Fig. 4.4 Relative abundance of Glomus and Paraglomus in soybean roots among the four atmospheric
treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated O3. +T+0Os3, warming+Os. Error bars
represent SE of the means among replicate treatment plots (n=3). Different letters mean significant differences

at P = 0.05 level under different treatments.
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Fig. 4.5 Mycorrhizally- and root enhanced total C losses from ingrowth cores among the four atmospheric
treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated O3. +T+0Os3, warming+0Os. Error bars
represent SE of the means among replicate treatment plots (n=3). Different letters mean significant differences

at P = 0.05 level under different treatments.

179

C(mgC kg'1 Day '1)



. 15
'BF"% a
(%] T
g
S o 101
- X
30 :
c D ab
EE s5; T b b
GO I :
P : |
S22
=g c
€% !
o >
S2 5 1
> @ c

CF +T +03 +T+03 CF +T +03 +T+03

14

12

10

Root enhanced losses of residue-

Fig. 4.6 Mycorrhizally- and root enhanced residue C losses from ingrowth cores among the four atmospheric

treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated O3. +T+0Os3, warming+0Os. Error bars

represent SE of the means among replicate treatment plots (n=3). Different letters mean significant differences

at P = 0.05 level under different treatments.
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4.9 Appendices

Appendix 4.1 A presentation of the parameters from the Gaussian models of the Diameter Class Length

Distribution of the images presented in Fig. 4.3 among different climate change treatments.

Treatments a b c d r?
CF 0.776 29.28 0.2227 -0.1124 0.9233
+T 1.088 38.43 0.2186 -0.11 0.9239
+03 0.9202 37.36 0.2221 -0.1122 0.9335
+T+03 1.129 36.99 0.2178 0.1023 0.9224
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Appendix 4.2 Correlation coefficients and significance value for AMF colonization, plant biomass, root

morphological parameters, and soil chemical properties and NMDS axes

NMDS1 NMDS2 r? P

Colonization 0.418 -0.908 0.176 0.500
Shoot biomass 0.196 -0.981 0.013 0.948
Root biomass 0.657 0.754 0.500 0.046*
Root length -0.978 0.207 0.629 0.027*
Root surface area -0.982 0.190 0.534 0.042*
Root volume -0.986 0.151 0.349 0.143
DOC 0.324 0.946 0.435 0.058
NH4* -0.698 0.716 0.007 0.964
NOs 0.877 -0.480 0.533 0.031*

Soil moisture 0.725 -0.693 0.274 0.241

The variables with the highest values are in bold; *, P<0.05.
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Appendix 4.2 Histograms of the origin data of root diameter length class distribution (a) and
data generated by the non-linear model (b) among the four atmospheric treatments. CF,

charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+03, warming+0Oa.

Appendix 4.3 Nonmetric multidimensional scaling (NMDS) ordination plot showing
changes in soybean diameter range composition. CF, charcoal-filtered ambient air. +T,

warming. +Og, elevated O3z. +T+03, warming+QOs.

Appendix 4.4 Arbuscular mycorrhizal fungal diversity (reciprocal Simpson’s index) and
richness (Margalef’s index) of communities among the five atmospheric treatments. CF,
charcoal-filtered ambient air. +T, warming. +Os, elevated Os. +T+0s3, warming+Oz. Error
bars represent SE of the means among replicate treatment plots (n=3). Different letters mean

significant differences at P = 0.05 level under different treatments.

Appendix 4.5 Mean relative abundance of arbuscular mycorrhizal (AM) fungal genera in
soybean root samples among the four atmospheric treatments. CF, charcoal-filtered ambient

air. +T, warming. +Os, elevated Oz. +T+Os, warming+Os.

Appendix 4.6 Nonmetric multidimensional scaling (NMDS) ordination plot showing
changes in arbuscular mycorrhizal (AM) fungal community composition at species level.
Different variables with significant correlation with ordination are shown. CF, charcoal-
filtered ambient air. +T, warming. +Os, elevated Oz. +T+Os, warming+0Os. Error bars

represent SE of the means among replicate treatment plots (n=3).
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Appendix 4.7 Soil extractable NH4*, NO3 at the end of experiment among the four
experimental treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Oa.
+T+0s3, warming+Oz. Error bars represent SE of the means among replicate treatment plots
(n=3). Different letters mean significant differences at P = 0.05 level under different

treatments.

Appendix 4.8 Soil extractable organic carbon at the end of experiment among the four
experimental treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Os.
+T+0s3, warming+Oz. Error bars represent SE of the means among replicate treatment plots
(n=3). Different letters mean significant differences at P = 0.05 level under different

treatments.
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Appendix 4.2 Histograms of the origin data of root diameter length class distribution (a) and data generated by
the non-linear model (b) among the four atmospheric treatments. CF, charcoal-filtered ambient air. +T,

warming. +Os, elevated Osz. +T+O3, warming+0Os.
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Appendix 4.3 Nonmetric multidimensional scaling (NMDS) ordination plot showing changes in soybean
diameter range composition. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Osz. +T+0Os,

warming+03
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Appendix 4.4 Arbuscular mycorrhizal fungal diversity (reciprocal Simpson’s index) and richness (Margalef’s
index) of communities among the five atmospheric treatments. CF, charcoal-filtered ambient air. +T, warming.
+Q0g, elevated Os. +T+03, warming+Os. Error bars represent SE of the means among replicate treatment plots

(n=3). Different letters mean significant differences at P = 0.05 level under different treatments
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Appendix 4.5 Mean relative abundance of arbuscular mycorrhizal (AM) fungal genera in soybean root samples
among the four atmospheric treatments. CF, charcoal-filtered ambient air. +T, warming. +Os, elevated Os.

+T+03, warming+0Os.
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Appendix 4.6 Nonmetric multidimensional scaling (NMDS) ordination plot showing changes in arbuscular
mycorrhizal (AM) fungal community composition at species level (stress = 0.09). Different variables with

significant correlation with the ordination are shown. CF, charcoal-filtered ambient air. +T, warming. +Os,

elevated Os. +T+03, warming+Os. Error bars represent SE of the means among replicate treatment plots (n=3).
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Appendix 4.7 Soil extractable NH4*, NO; at the end of experiment among the four experimental treatments.
CF, charcoal-filtered ambient air. +T, warming. +Os, elevated O3. +T+0Os3, warming+Os. Error bars represent
SE of the means among replicate treatment plots (n=3). Different letters mean significant differences at P = 0.05

level under different treatments.
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Appendix 4.8 Soil extractable organic carbon at the end of experiment among the four experimental treatments.
CF, charcoal-filtered ambient air. +T, warming. +Os, elevated O3. +T+0Os3, warming+Os. Error bars represent
SE of the means among replicate treatment plots (n=3). Different letters mean significant differences at P = 0.05

level under different treatments.
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