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ARTICLE INFO ABSTRACT

Handling Editor: Naoise Nunan Soil inorganic nitrogen (N) deficiency limits forest productivity in subalpine regions. The traditional view holds
that subalpine coniferous forests are characterized by lower soil inorganic N availability, and such differences are
greatly affected by the diversity and abundance of ammonia-oxidizing bacteria. It is known that interfacial in-
teractions between bacteria and solid particles in agricultural and aquatic ecosystems can alter bacterial meta-
bolic activity and biogeochemical processes. However, whether bacteria-soil interfacial interactions induce
different ammonia oxidation processes in distinct soil particles remain unknown. Herein, we collected soil
particles of different sizes from two contrasting forest sites (a spruce-dominated natural forest and spruce
plantation) and examined the effect of soil-Nitrosomonas europaea (a model ammonia-oxidizing bacteria) inter-
facial interactions on the oxidation of ammonium (NH#-N) using batch adsorption and semipermeable mem-
brane experiments. The metabolic activity of bacteria was also examined using an isothermal microcalorimetric
method. Upon adsorption on soil particles, the ammonia oxidation rate and bacterial metabolism activity were
slower than those of free bacteria. The inhibition effect ceased when the bacteria were physically isolated from
the soil particles by a membrane, indicating the importance of interfacial interactions in the ammonia oxidation
process. Additionally, clay particles were more effective than silts and sands in binding cells and greatly reduced
the ammonia oxidation reaction. Across the two forests, natural forest soils exhibited a higher bacterial
adsorption capacity but lower bacterial metabolic activity, resulting in a fewer loss of NHj-N. Our results sug-
gested that stronger bacteria-soil interfacial interactions (especially for clay fractions) were responsible for
maintaining high soil inorganic N availability in forests, highlighting the need to incorporate interfacial in-
teractions into biogeochemical models of N cycling in forest ecosystems.
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1. Introduction

Microorganisms can be transported with flowing liquid or retained
by solid surfaces (Ahmed and Holmstrom, 2015; He et al., 2021). Sub-
stantial research efforts have revealed the massive potential of microbe-
solid surface interfacial interactions for regulating a broader range of
biogeochemical processes (Pronk et al., 2016; Zhu et al., 2022). Re-
actions occurring at interfaces are involved in microbial community
variation, cell metabolic function, nutrient cycling, fate of polluting

elements, and organic matter transformation dynamics (Putnis and
Ruiz-Agudo, 2013; Putnis, 2014; Pronk et al., 2016; Wang and Putnis,
2020; Kleber et al., 2021). The magnitudes of interfacial interactions
largely depend on solid types (e.g., metal oxide, silicates, clay mineral,
and soil particle), particle size distribution, surface physico-chemical
properties (e.g., specific surface area, pore size, pore volume, surface
functional groups, zeta potential and hydrophobicity) and solution
composition (e.g., pH, ion type and ionic strength) (Gupta and Sen,
2017; Kleber et al., 2021). Mechanisms of interfacial interactions can be
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explained by electrostatic adsorption, surface complexation, ion ex-
change, and precipitation (Putnis and Ruiz-Agudo, 2013; Nell and Fein,
2017; Chen et al., 2019; Zhu et al., 2022). To date, few studies have
revealed the interfacial mechanisms governing nutrient transformation
in soil particles from different ecosystems. Explicit investigations on
how soil particle fractions with varied surface properties trigger inter-
facial interactions are essential to understand microbe-mediated
nutrient cycling in terrestrial ecosystems.

Researchers have attempted to decipher interfacial interaction from
both experimental and modeling perspectives to evaluate its potential
impacts on environmental and human health. Historically, previous
studies mainly focused on the interfacial interactions between solids and
bacteria, especially for manure-borne zoonotic pathogens (i.e., Escher-
ichia coli 0157:H7) (Cai et al., 2018), pesticide degrading bacteria (i.e.,
Pseudomonas spp) (Biswas et al., 2015), metal-reducing bacteria (i.e.,
Shewanella oneidensis) (Mohamed et al., 2020), and plant growth-
promoting bacteria (i.e., Raoultella planticola) (Li et al., 2021). Bacte-
ria are capable of utilizing soil particles-sorbed contaminants and nu-
trients, and these interfacial interactions are frequently found in
terrestrial environments (Kleber et al., 2021; Aftabtalab et al., 2022).
For example, the sorption of Pseudomonas sp. Z1 onto montmorillonite
enhanced methyl parathion (MP) biodegradation, indicating the
importance of bacteria-MP-mineral interfacial interactions in the
biodegradation of contaminants in soil systems (Rong et al., 2019). In
addition, the clay mineral-microorganism complex interfacial reactions
controlled the speciation, mobility and bioavailability of heavy metals in
soils and sediments systems (Martinez et al., 2016; Qu et al., 2019).
Previous literature has also demonstrated that the chromium (VI) bio-
reduction kinetics was enhanced when they interacted with iron min-
erals and Shewanella oneidensis (Mohamed et al., 2020). Indeed,
environmental nutrient ions (e.g., ammonium (NHY), nitrate (NO3), and
phosphate (PO?'{)) almost inevitably come into contact with the surface
of solids, and this interfacial interaction can influence nutrient trans-
formation processes (Kleber et al., 2021; Lu et al., 2022). For example,
both Pseudomonas fluorescens and Bacillus subtilis could inhibit P sorption
on the soil colloid, which was attributed to increasing soil negative
charges by bacteria and chemical interactions of bacteria with soil col-
loids (Malham et al., 2014; Hong et al., 2021). Another study has
showed that high concentrations of suspended sediment promoted the
removal of N by ammonium-oxidizing bacteria (AOB) from river water
(Xia et al., 2009). However, most research on the interfacial interactions
of nutrients primarily focused on environmental pollution rather than
plant growth. Therefore, it has become increasingly important to un-
derstand the fate of bacteria in soils, which will help to mitigate the risk
of nutrient scarcity, microbial pathogens contamination, and food re-
sources. Actually, plants face harsh conditions in which nutrients may be
depleted, and they mainly absorb and utilize inorganic nutrients in soil
solutions. The transformation of plant-unavailable nutrients to plant-
available nutrients requires nutrient-transformation-related bacteria
(Fraser et al., 2015; Liu et al., 2018). Although there is emerging
consensus regarding the fundamental role of adsorbed-state nutrients in
ecosystem functions (Plaimart et al., 2021), the effects of bacteria-soil
interfacial interactions on soil nutrient availability and subsequent
plant performance remain unclear.

Microbial metabolic activities can be greatly impacted by interfacial
interactions (Elbourne et al., 2019). Some studies found that the inter-
facial interactions suppress bacterial metabolic activities (Asadishad
et al.,, 2013). For example, both goethite and the humic acid (HA)-
goethite complex depressed Pseudomonas sp. Z1 activity and MP
degradation (Zhao et al., 2018). Solid-bacteria interactions may
decrease microbial metabolic activity by suppressing nutrient acquisi-
tion (Zhao et al., 2012), interfering with respiration (Lyon et al., 2008),
releasing toxic metal cations (Gold et al., 2018) or damaging membrane
integrity (Combarros et al., 2016). In contrast, interfacial interactions
can also increase the activity of microbes by enhancing aeration or
reducing the exposure of microorganisms to pollutants (Wu et al., 2019),
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which promote the persistence of microbes in the environment. For
instance, the combination of high relative humidity and hygroscopic
clay surface stimulated the metabolic activity of microbial communities
(Stone et al., 2016). Overall, the interfacial interactions can either
stimulate or inhibit bacterial metabolic activities by influencing
bioavailable substrates, oxygen levels, and secondary metabolism
(Zobell, 1943; Li et al., 2020). Experimental evidence for interfacial
interaction effects on the metabolic activity of plant growth-associated
bacteria is lacking. Based on the investigations presented above, we
inferred that the interfacial interactions between bacteria and soil par-
ticles can greatly regulate nutrient-transforming bacterial metabolic
activity and thus nutrient availability.

Soils exhibit a complex hierarchical structure with different-sized
fractions. The various soil particle size fractions provide spatially het-
erogeneous conditions for bacteria (Zhang et al., 2017). Physico-
chemical properties have been proposed to govern solid particle-
bacteria interfacial interactions and bacterial activities (Uroz et al.,
2015). Many studies reported that strong physical force induced tight
adhesion of bacterial cells on the surface of small particles (Cuadros,
2017; Liu et al., 2017). Clay, owing to its high specific surface area and
specific surface electrical properties, provides favourable conditions for
bacteria by buffering suspension pH or adsorbing toxic metabolites for
optimal growth (Small et al., 1994; Cai et al., 2018). Recent investiga-
tion in a long-term fertilizer experiment also revealed that particle-size
fractions had strong effects on the abundance of ammonia-oxidizing
microorganisms (AOM), and potential nitrite oxidation activity was
lower in the silt fraction and higher in the clay fraction, which was
closely correlated with the soil total N (TN) (Han et al., 2020; Han et al.,
2021). However, the effects of heterogeneous soil particles on bacterial
activity and N availability in soils are still unclear. Taken together, the
soil particles with various surface physio-chemical properties are
important factors in determining bacterial activities and subsequent
nutrient transformation.

Thus, the objective of this study was to investigate whether interface
interactions could generate divergent bacterial ammonia oxidation
patterns in different soil particles. Two alpine coniferous forest sites (i.
e., a natural forest and a spruce plantation) with five soil particle sizes
(particles with diameters of < 2 pm, 2-53 pm, 53-250 pm, 250-2000
pm, and 0-2000 pm) were selected as model to test the following hy-
pothesis. Nitrosomonas europaea (N. europaea) strain ATCC 19718 is a
ubiquitous participant in the conversion of N in the soil environment
and is widely prevalent in acidic forest soils (Carnol et al., 2002). The
influences of different soil particles on the bacterial oxidation of NHZ-N
were investigated by adsorption, oxidation, semipermeable membrane
and microcalorimetric experiments. We hypothesized that (i) different
soil particles with specific surface physico-chemical properties would
differentially impact the strength of interfacial interactions, (ii) bacteria-
clay interfacial interactions induce a stronger protection of NH4-N than
silts and sands, (iii) the interfacial interactions between soil fractions
and AOM reduce AOM metabolic activity and lower NH4-N oxidation
rate, and these reactions will result in a higher NHj-N availability.

2. Materials and methods
2.1. Site description

Soil samples were collected from two contrasting sites located
approximately 300 m apart in the Miyaluo Experimental Forest in Lixian
County on the eastern Tibetan Plateau in Sichuan, China (31°35N,
102°35E, and 3150 m a.s.l.). One site is a spruce-dominated natural
forest (ca. 200 years old) and the other is a dragon spruce plantation (ca.
75 years old). The understorey of the natural forest is dominated by Acer
mono, Betula albosinensis and Lonicera spp. Less vegetation is present in
the spruce plantation, and Festuca ovina, Deyeuxia rarundinacea, and
Carex capilliformis are the most common species growing under the
plantation canopy. The mean annual precipitation and temperature are
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800 mm and 8.9 °C, respectively. The growing season generally extends
from late April to late October. According to the IUSS Working Group
(2007), the acidic soils (pH 5.96 for the natural forest; pH 6.60 for the
spruce plantation) are dark burozem and classified as Cambic Umbrisols.

2.2. Soil particle characterization

Three plots (10 m x 10 m) separated by more than 50 m were
randomly delineated at each forest site. The sampling points were > 5m
apart, and the bulk soil samples (0-15 cm depth) were collected using a
small trowel. Samples from three points in each plot were thoroughly
mixed to obtain one composite sample and were immediately delivered
to the laboratory (with ice bags). Each composite sample was passed
through a 2 mm mesh sieve to remove organic plant materials and rocks.
The basic soil properties (size 0-2 mm) in the organic horizon (0-15 cm)
at the two sites are as follows: high clay (9.92 + 1.83 %) and NH;-N
(22.47 + 0.94 mg kg’l) contents for natural forest; low clay (6.27 +
1.54 %) and NHZ-N (15.19 + 1.90 mg kg_l) contents for spruce plan-
tation. Fresh soils were dried naturally and separated into the following
particle sizes: (i) clay (<2 pm), (ii) silt (2-53 pm), (iii) fine sand (53-250
pm), (iv) coarse sand (250-2000 pm) (Christensen, 1988) and (v)
0-2000 pm. The mass proportions of soil fractions (0-2000 pm) are as
follows: clay 9.92 + 1.83 %, silt 36.32 + 4.0 % and sand 53.76 + 5.8 %
for the natural forest; clay 6.27 + 1.54 %, silt 32.92 + 2.5 % and sand
60.81 + 4.09 % for the spruce plantation. The soil samples were steam
pasteurized at 80 °C for 2 h every-two days. The great advantage of
steam pasteurization was to reduce side effects on soil physico-chemical
properties (Endlweber and Scheu, 2006).

Soil pH was determined at a solid-to-water ratio of 1:2.5 at room
temperature using a pH meter (FE28, Mettler-Toledo, Switzerland). The
concentrations of NO3-N and NHj-N were obtained by the phenol
disulfonic acid method and indophenol blue colorimetric method
(Dorich and Nelson, 1983), respectively. The contents of TN and total
organic carbon (TOC) in the soil were determined by an element ana-
lyser (Multi-N/C 2100, Analytik, Germany). The cation exchange ca-
pacity, specific surface area and mineral composition of the soil particles
were analysed by NH4CoH30, displacement (Fagbenro and Agboola,
1999), the Brunauer-Emmett-Teller (BET) Ny sorption method (Auto-
sorb-1, Quantachrome, USA) and X-ray diffraction (D8 Advance, Bruker,
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Germany) (Cai et al., 2006), respectively. The zeta potentials of the soil
particles were measured by a zeta potential analyser (Zetasizer Nano
3600, Malvern, UK) after they had passed through a 100-mesh sieve. The
water contact angle was measured on the soil surfaces using an optical
contact angle meter (DSA25, Kruss, Germany). The basic soil properties
in both forests are shown in Table 1.

2.3. Quantitative real-time PCR (qPCR)

The abundance of archaeal and bacterial ammonia monooxygenase
(amoA) genes was quantified by qPCR on a CFX96 Optical Real-Time
Detection System (Bio-Rad Laboratories, Hercules, USA). PCR primers
for amplifying archaeal and bacterial amoA genes were Arch-amoAF
(STAATGGTCTGGCTTAGACG)/Arch-amoAR  (GCGGCCATCCATCTG-
TATGT) (Francis et al., 2005) and amoA1F
(GGGGTTTCTACTGGTGGT)/amoA2R (CCCCTCKGSAAAGCCTTCTTC)
(Rotthauwe et al., 1998), respectively. Standard curves for each qPCR
assay were obtained from one typical clone of the target gene sequence
in a plasmid and diluted over a range of 10! to 10°. The reaction mix-
tures (20 pl) contained 10 pl of SYBR Premix Ex Taq (Takapa, Dalian,
China), 1.6 pl of DNA template (1-10 ng), 0.4 pl of each primer (10 mM)
and 7.6 pl sterilized water. All samples were analysed in triplicate.
Thermocycling conditions were performed at 95 °C for 5 min, followed
by 40 cycles at 95 °C for 15 s, 60 °C for 30 s and a plate read after in-
cubation at 78 °C for 10 s. Amplification efficiency was 86.3-94.0 %
with R? values > 0.998. Amplification specificity was analyzed by
melting curve analysis, which always results in a single peak.

2.4. Culture conditions

N. europaea (ATCC 19718) was cultivated in a constant-temperature
shaking incubator (200 rpm) in the dark at 28 °C. Briefly, the cultivation
medium recipe (L'l) (1320 mg (NH4)2S04, 197 mg MgS04-7H0, 14.7
mg CaCly-2H,0, 87.1 mg KoHPO,4, 2553 mg CoHyoN204S, 0.88 mg
C10H12F6N2N2N303, 0.01 mg Na2M004~2H20, MnC12~4H20, 0.01 mg
ZnS04-7H30, 0.0004 mg CoCly-6H20 and 0.25 mg CuSO4-5H50) was the
same as reported previously (Yu and Chandran, 2010) and the pH (7.5
4 0.1) in the reactor was maintained via the addition of NaHCOj3 solu-
tion (40 g/L) until the late logarithmic phase (Morrow et al., 2005).The

Table 1
Measured properties of N. europaea and soil samples.
Bacteria/Soil ZP CEC WCA SSA C H K Q A NHj-N NO3-N TOC TN
particles (mV) (cmol ©) @’ % W ) % (% (mgkg) (mg (gkg™  (gkg™H)
kg™ ) kg )

N. europaea —-11.10 £ - - - - - - - - - - - -
0.87

NF-0-2 mm soil —18.07 £ 26.25 + 64.82 + 34.36 19.43 4.64 5.86 54.98 15.09 22.47 + 2.89 + 59.11 + 4.34 +

particle 0.36 0.05 5.55 0.94 0.25 2.22 0.07

NF-Clay —12.90 + 45.56 + 15.81 + 85.96 28.34 54.69 16.00 0.97 - 61.66 + 2.78 + 66.70 + 6.22 +
0.17 0.06 2.58 2.28 0.15 0.34 0.14

NF-Silt —16.60 + 19.70 + 36.91 + 8.10 13.64 3.85 3.04 63.20 16.28 19.02 + 3.00 £ 35.59 + 2.60 +
1.06 0.05 2.43 0.69 0.11 0.83 0.06

NF-Fine sand —-16.97 + 13.90 = 49.07 + 4.78 15.41 4.97 4.71 64.64 10.27 36.34 + 4.89 + 59.46 + 3.69 =
0.81 0.04 3.74 0.90 0.31 3.73 0.12

NF-Coarse sand —19.87 + 3.05 + 72.51 + 3.01 11.88 8.22 5.57 66.33 8.00 24.67 + 191 + 75.70 + 4.47 +
1.54 0.04 7.12 0.94 0.24 4.20 0.19

SP-0-2 mm soil —-19.10 + 23.95 + 73.66 + 27.74 3.95 9.15 8.80 64.49 13.62 15.19 + 217 + 31.44 + 2.88 +

particle 0.48 0.07 6.54 1.90 0.14 0.97 0.12

SP-Clay -13.17 + 41.40 = 16.56 + 77.93 9.19 75.39 14.51 0.91 - 60.23 + 3.92 + 57.07 = 6.87 +
0.78 0.06 1.84 1.77 0.23 0.08 0.12

SP-Silt —-17.04 £ 18.87 + 33.64 + 5.12 3.04 5.31 7.60 68.76 15.28 15.15 + 2.52 + 25.66 + 231+
1.96 0.04 2.87 0.82 0.13 0.42 0.07

SP-Fine sand —18.30 £ 11.6 £ 51.85 + 3.84 3.02 10.74 9.68 62.73 13.82 39.90 + 1.82 + 91.66 + 5.36 =
0.96 0.03 3.41 3.49 0.16 0.40 0.20

SP-Coarse sand —19.60 + 2.25 + 101.42 + 2.85 6.95 21.89 15.07 48.55 7.54 26.25 + 3.43 £ 35.56 + 3.16 +
0.80 0.07 5.66 0.61 0.06 0.58 0.17

ZP, zeta potential; CEC, cation exchange capacity; WCA, water contact angle; SSA, specific surface area; C, chlorite; H, hydromica; K, kaolinite; Q, quartz; A, albite;
TOC, total organic carbon; TN, total nitrogen. Forest sites: NF, natural forest; SP, spruce plantation.
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bacteria were harvested and centrifuged at 5500xg for 15 min. The
pellet was washed twice with sterile phosphate buffered saline (PBS, pH
7.0) to remove all traces of growth medium. Finally, the cells were
resuspended in PBS for subsequent use. The electrokinetic properties
were measured by a zeta potential analyser (Zetasizer Nano 3600,
Malvern, UK).

2.5. Batch adsorption experiments

2.5.1. Adsorption of NH4-N on soils

NHZ-N adsorption isotherms were obtained by reacting 0-86.96 mg/
L (NH4)2SO4 with 100 mg steam-pasteurized soil particles at pH 7.0 in
30 mL PBS solution. These mixtures were shaken at 28 °C and 200 rpm
for 24 h in the dark, and then the suspension was filtered through a 0.45-
pm membrane syringe filter. The concentration of NH4-N in the super-
natant was determined by the Nesslerization colorimetric method (Jin
and Tu, 1990). The concentration of NHJ-N adsorbed to soil particles
was calculated from the amount of NH;-N added and the remaining
NHJ-N in the supernatant.

2.5.2. Adsorption of N. europaea on soils

N. europaea was cultured, collected and resuspended. Subsequently,
batch adsorption experiments were conducted by mixing 100 mg steam-
pasteurized soil particles with 30 mL PBS containing 0-15 x 10!
N. europaea cells. The mixtures were incubated at 28 °C for 1 h in the
dark (sufficient for the reaction to reach a plateau) under shaking at 200
rpm. The growth and metabolism of N. europaea could be assumed to be
negligible during the 1-h sorption process. The unadhered bacteria were
separated from those adhered to soil particles by injecting 5 mL of su-
crose solution (60 wt%) (Rong et al., 2008). Sucrose can create a density
gradient in sorption systems. The suspension was centrifuged at 3500 xg
for 20 min, and the soil particle-cell aggregates sank to the bottom of the
tubes (Rong et al., 2008). Preliminary experiments indicated that the
sucrose solution had no significant effects on determining the number of
N. europaea. According to a previously described method, the number of
unadhered bacterial cells in the supernatant was determined by a
UV-visible spectrophotometer (UV-1800, Shanghai Mapada, China) at a
wavelength of 600 nm (Bradford, 1976; Jiang et al., 2007). The content
of N. europaea protein was used to represent the abundance of bacteria.
The abundance of N. europaea adsorbed to soil particles was calculated
by the difference between the amount of added N. europaea and that
remaining in the supernatant.

2.6. Oxidation kinetics of NH}-N

A 50 mL wide-mouth glass flask that contained 5 mL of PBS were
spiked with 100 mg steam-pasteurized soil particles and then dispersed
by ultrasonication. N. europaea (7.5 x 10! cells) was introduced into
the systems. A known amount of (NH4)2SO4 stock solution prepared in
PBS was then added to the flasks to a final volume of 30 mL to obtain an
initial N concentration of 43.48 mg/L (Fig. S1). The flasks were covered
by sealing film with air-permeable holes to exclude external bacteria and
impurities, then incubated in the dark at 28 °C and 200 rpm to ensure
the oxygen saturation and to maintain the activity of bacteria as well as
to encourage the interactions between NHj-N, bacteria and soil parti-
cles. Each experiment set was performed in triplicate with a set of
controls. The control experiments were conducted without bacteria. At
regular time intervals, samples were removed, 0.5 % HgCl, was added to
inhibit microbial activity, and the samples were filtered using a 0.45 pm
membrane syringe filter. The NH4-N concentrations in the filtrates were
measured by the Nesslerization colorimetric method (Jin and Tu, 1990).
Each flask, (NH4)2SO4 and PBS solution were sterilized by autoclaving
before the experiment. A solution without soil particles was used to
calculated the initial concentration of NH4-N.
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2.7. Semipermeable membrane experiment

To explore the influence of bacterial adhesion in oxidation, a semi-
permeable membrane experiment was performed using a dialysis bag
(MWCO, 8000-14,000). NH;-N and PBS can freely pass across the
dialysis bag, while bacteria and soil particles cannot (Fig. S1). Inside the
dialysis bag, 100 mg steam-pasteurized soil particles were added.
Outside the dialysis bag, bacterial suspension (2.5 x 10 cells mL™1),
NH{-N (43.48 mg/L), and PBS solution were placed in different flasks to
obtain a final volume of 30 mL. Oxidation experiments in the presence of
dialysis bags were conducted similar to those described in Section 2.6.

2.8. Micro-calorimetry experiments

The metabolic power-time curve of N. europaea in the absence or
presence of soil particles was assessed by a TAM III thermal activity
monitor (Thermometric AB, Jarfalla, Sweden). Before the experiment, 4
mL stainless steel ampoules were sterilized at 121 °C for 30 min. Twenty
pL of N. europaea suspension (logarithmic anaphase) was inoculated into
each ampoule containing 2 mL culture medium with or without 50 mg
steam-pasteurized soil particles. A pure soil particle system (only soil
particles without bacteria) was used as a negative control. After gentle
shaking for 1 min, the ampoules were lowered to a preheating position
on the equipment for 15 min at 28 °C and then to the measuring posi-
tions. Once the baseline was stable, the instrument began acquiring data
until the signal returned to baseline again (Rong et al., 2007).

Each power-time curve includes the following two measurements:
peak time (PT) and peak height (PH), which are commonly obtained
from a TAM assistant software kit (TA Instrument, USA) (Barros et al.,
1999). The final heat data for all soil particles-NH4 + N. europaea sys-
tems is obtained by subtracting negative control levels. Here, PT is the
time at which the calorimetric signal reaches its maximum thermal
power, and PH is the maximum heat output at PT. According to previous
literature reports, the microbial growth rate constant (u) evaluated by
micro-calorimetry is based on the assumption that the heat released
from catabolic activities in the vegetative stage is proportional to the
rate of cell division (Zhang et al., 2006). Hence, p was calculated by
fitting a logarithmic growth model based on the power-time curve data
in the logarithmic growth stage.

2.9. Statistical analysis

To obtain good reproducibility, all experiments were performed in
triplicate. Statistical differences were analysed with Student’s t test, and
P < 0.05 was taken to demonstrate a significant level throughout the
study. All analyses were conducted using SPSS 22.0 software.

3. Results
3.1. AOA and AOB amoA gene analysis

The abundance of AOA and AOB amoA genes in the two contrasting
forests was quantified by qPCR. The average abundance of ammonia
oxidizers (AOA and AOB) was higher in the natural forest (AOA: 5.52 x
10° copies g~! dry weight soil; AOB: 1.64 x 10° copies g~ dry weight
soil) than in the plantation (AOA: 1.15 x 10° copies g~! dry weight soil;
AOB: 7.25 x 10° copies g~ dry weight soil) in the organic soil horizons.

3.2. Characterization of soil particles and N. europaea

The basic properties of the soils and N. europaea are summarized in
Table 1. Generally, a large characteristic diversity was found among the
different soil samples, with many of the differences being statistically
significant (P < 0.05). The zeta potential, cation exchange capacity, and
specific surface area of the soils decreased with increasing soil size,
while the highest water contact angle was observed in coarse sand. All of
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the particles (soil particles and cells) were negatively charged. The zeta
potentials of N. europaea, natural forest soil and spruce plantation soil
(0-2 mm) were —11.10 & 0.87 mV, —18.07 & 0.36 mV and —19.10 +
1.54 mV, respectively. The zeta potentials of soils were in the range of
—12.90 mV to —19.87 mV and —13.17 mV to —19.60 mV at various
particle sizes (clay-coarse sand) in the natural forest and spruce plan-
tation, respectively. Furthermore, the specific surface area of the natural
forest soil (34.36 m%/g) was 1.24 times higher than that of the spruce
plantation soil (27.74 mz/g). The specific surface areas were largest in
clays and were significantly higher than those of silts and sands (P <
0.05). According to the mineral composition (Table 1), in addition to
clay, the soil particles were composed of chlorite, hydromica, kaolinite,
quartz and albite, and the quartz content was relatively high. The pre-
dominant mineral of the clay fractions was hydromica, and there were
certain amounts of chlorite, kaolinite and quartz. Regarding 0—2 mm soil
particles, the NH4-N, NO3-N, TN and TOC contents were higher in the
natural forest than in the spruce plantation (Table 1). Notably, the
highest concentrations of NH4-N and TN were observed in the clay
fraction across the two contrasting forests.

3.3. Quantification of the attachment of NH4-N and N. europaea to soil
particles

The isotherms for NH4-N and N. europaea sorption on different soil
samples are depicted in Fig. S2 and Fig. 1, respectively. To quantitatively
interpret the results, we fitted these data with the Langmuir model
(Langmuir, 1917): X = X,,KC/(1 + KC), where X is the amount of NHZ-
N or cells adhered per unit mass of soils, X, is the maximum adsorption
of NHj-N or cells, K is a constant related to adsorption energy and C is
the concentration of NH4-N or cells in the solution at equilibrium. As
presented in Table S1 and Table S2, the Langmuir equation adequately
described the adhesion, with R? (coefficient of determination) ranging
from 0.948 to 0.998. Regarding 0-2 mm soil particles, the X;, values of
NHZ-N and N. europaea adhesion to natural forest soil (2.703 mg g™ };
72.288 x 10! cells g~1) were greater than those for spruce plantation
soil (2.501 mg g~!; 40.348 x 10'! cells g~!). Additionally, clays were
more effective than silts and sands in binding NH4-N and bacterial cells
regardless of forest site. For example, the amount of NHj-N adsorbed on
clay was 1.24-1.88 times greater than that on silts and sands in the
natural forest, while it was 1.40-2.26 times greater in the spruce plan-
tation (Table S1). Among the studied samples, the adsorption of cells on
the surface of the natural forest soil increased by approximately 3.1-fold
with increasing soil sizes from clay to coarse sand. In contrast, only a
1.9-fold increase was observed in the spruce plantation soil (Table S2).
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3.4. Microbial oxidation of NH4-N

To determine how much NHZ-N was present in the suspension and
for how long it remained, the temporal development of NH4-N in the
batch incubations was assessed and is shown in Fig. 2. A first-order ki-
netics model was used to describe NHZ-N oxidation. The mathematical
expression is P = Py - (1 - e*’“), where P is the percentage of oxidation
of NHj-N, P,y is the maximal percent of oxidized substance, k is the
first-order rate constant and t is the time (h) (Yang et al., 2010).
Compared with the soil-free systems, the oxidation rate of NH4-N was
significantly decreased (P < 0.05) in the natural forest and spruce
plantation treatments (Table 2). In the soil-free system, 90.3 % of NHZ-N
was oxidised within 16 h, and 100 % oxidation was reached within 24 h.
When 0-2 mm soil particles were present, NH4-N oxidation dropped to
74.9 % and 80.3 % within 16 h and totally disappeared within 36 h in
the natural forest and spruce plantation, respectively (Fig. 2a). The first-
order rate constant for NHJ-N oxidation was 0.177 h~! in the absence of
soil and decreased to 0.084 h™! and 0.109 h™!, respectively, in the
presence of 0-2 mm soil from the natural forest and the spruce planta-
tion (Table 2). Additionally, the oxidation rates of NH4-N by N. europaea
followed the order coarse sand > fine sand > silt > clay (Table 2). For
instance, with increasing in particle size in the spruce plantation system,
the first-order rate constant of NH-N oxidation was 0.094 h™! in the
presence of clay and increased to 0.096 h™, 0.104 h™!, and 0.121 h™' in
the presence of silt, fine sand and coarse sand, respectively.

3.5. Effect of semipermeable membranes on oxidation rate

To further verify whether the inhibition of NHJ-N oxidation by soil
was caused by the association of bacterial cells with soil particles, a
semipermeable membrane experiment was conducted. As shown in
Table 2, we did not observe a significant difference in the first-order rate
constants between the two forest sites (P > 0.05). The oxidation rates of
NHJ-N in the semipermeable membrane systems were greater than
those in the bacteria-adsorbed soil system but still lower than those in
the soil-free system (Table 2). For example, in the natural forest soil
(0-2 mm) semipermeable membrane system, NHZ-N oxidation reached
76.1 % within 12 h, which was significantly higher than that observed in
the bacteria-adsorbed soil system (61.1 %) (P < 0.05).

3.6. Evaluation of metabolic activity of N. europaea in soil particles
To identify the metabolic activity of N. europaea as a function of time

and exposure to different forest soil sites and size fractions, a heat flow
analysis was conducted. The power-time curves of the logarithmic
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Fig. 1. Equilibrium sorption isotherms of N. europaea on forest soils (0-2 mm particles (a), particles with different sizes (clay-coarse sand) (b)). Experiments were
carried out at pH 7.0 (28 °C) in PBS solution. The solid lines and dashed lines represent the fitted curves of Langmuir model curves for natural forest and spruce

plantation, respectively. NF, natural forest; SP, spruce plantation.
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Fig. 2. Changes in NH;-N concentration in the systems with (A) and without (B) the interfacial interactions between N. europaea and soil particles. Experiments were
carried out at pH 7.0 (28 °C) in PBS solution. Red triangle indicates the positive control without soil particles; bule square and olive circle represents natural forest
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Table 2

First-order rate constants of NH; -N oxidation by N. europaea at pH 7.0 (28 °C) in

PBS solution.

Bacteria/soil particles

With interfacial

Without interfacial

interactions interactions

k™ R? k™ R?
Free N. europaea - - 0.177 0.971
NF-0-2 mm soil particle  0.084 0.995 0.145 0.942
NF-Clay 0.084 0.994 0.141 0.983
NF-Silt 0.088 0.994 0.145 0.971
NF-Fine sand 0.095 0.998 0.153 0.971
NF-Coarse sand 0.110 0.950 0.154 0.974
SP-0-2 mm soil particle 0.109 0.969 0.147 0.900
SP-Clay 0.094 0.971 0.144 0.970
SP-Silt 0.096 0.972 0.145 0.972
SP-Fine sand 0.104 0.991 0.145 0.983
SP-Coarse sand 0.121 0.985 0.147 0.974

k, first-order rate constant (h™1); R?, correlation coefficient. Forest sites: NF,
natural forest; SP, spruce plantation.

growth of N. europaea in medium obey the thermodynamic equation
P, = Poexp(ut), where y is the growth rate constant (min 1) and P; and
Py represent the output power at time t and 0, respectively (pW) (Zhang
et al., 2006). As depicted in the example thermogram (Fig. 3), the
highest y value was observed under the soil-free treatment, and the

values decreased in the soil-containing systems (Table 3). Regarding
0-2 mm soil particles, bacterial metabolism exhibited a larger P«
under the spruce plantation treatment (6.971 uW) than under the nat-
ural forest treatment (6.421 pW). Furthermore, the value of y increased
with increasing soil particle size, varying from 0.0051 min~! to 0.0094
min~! in the natural forest treatment and 0.0058 min~! to 0.0120 min !
in the spruce plantation treatment (Table 3).

4. Discussion

The present data showed that ammonia oxidation was controlled by
the interfacial interactions between soil particles and bacteria, with
natural forest soil particles exhibiting more bacterial adhesion, less
NHJ-N oxidation and weaker bacterial metabolic activity. Additionally,
soil particles of different sizes with varied physico-chemical properties
were found to largely influence interfacial interactions and NHZ-N
content. The results from this study highlighted the importance of
interfacial interactions in regulating NH4-N availability in forest eco-
systems, which can be helpful to predict AOB fate and activity in
different forest soils.

Sorption is a critical process controlling bacterial mobility and the
fate and bioavailability of nutrients in the environment (Tao et al.,
2020). A growing body of evidence suggests that adsorption capacities
are closely related to the surface physico-chemical properties of bacteria
and soil particles (Haznedaroglu et al., 2008; Zhao et al., 2012; Cai et al.,
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Table 3
Thermokinetic parameters for metabolic activities of free and bound N. europaea
by soil particles at pH 7.5 (28 °C) in culture medium.

Systems PH (uW) PT (min) " (min~1) R?
Free N. europaea 11.701 738.232 0.0122 0.927
N. europaea + NF-0-2 mm soil 6.421 800.252 0.0058 0.978
particle
N. europaea + NF-Clay 3.318 723.416 0.0051 0.962
N. europaea + NF-Silt 7.050 719.056 0.0084 0.948
N. europaea + NF-Fine sand 11.259 633.586 0.0087 0.903
N. europaea + NF-Coarse sand 19.990 614.280 0.0094 0.965
N. europaea + SP-0-2 mm soil 6.971 761.182 0.0060 0.986
particle
N. europaea + SP-Clay 4.896 513.863 0.0058 0.972
N. europaea + SP-Silt 10.537 550.964 0.0094 0.985
N. europaea + SP-Fine sand 16.704 509.461 0.0100 0.983
N. europaea + SP-Coarse sand 21.102 485.849 0.0120 0.900

PH, peak heat, the maximum heat amplitude of the power-time curve; PT, peak
time, when the calorimetric signal reaches the maximum; p, growth rate con-
stant of N. europaea in the logarithmic phase; R?, correlation coefficient. Forest
sites: NF, natural forest; SP, spruce plantation.

2018). It should be noted that natural forest soil had a higher clay
content and adsorbed more bacteria than spruce plantation soil. The
bacterial adsorption capacities were greater in clay particles than in silt
and sand particles (Fig. 1b and Table S2), and were positively correlated
with the parameters of zeta potential, cation exchange capacity and
specific surface area. The smallest particle size fraction, clay, is
composed principally of clay minerals, and the larger fractions (silt and
sand) are composed mainly of primary minerals at different stages of
weathering (Miao et al., 2016; Schulte et al., 2016). The soil clay frac-
tion is considered the most active colloid that drives bacterial coloni-
zation (Uroz et al., 2015). Due to its high cation exchange capacity and

specific surface area, clay provides more available surface sites or
adsorbable nutrients on which bacteria can attach (Zhao et al., 2015; Cai
et al., 2018). As indicated by the zeta potential values, the net surface
charge of N. europaea and soil particles were all negative, yielding
electrostatic repulsive forces (Kirby and Hasselbrink, 2004). More
negative charges (absolute zeta potential value) result in stronger
repulsive interactions. The surface charge of coarse sand was more
negative than clay, which produced larger repulsive forces between
N. europaea and coarse sand. By contrast, small net charges on clay
enable bacteria access to the clay surface due to the relatively weak
electrostatic repulsive forces between bacteria and clay. However, the
contact angle of the soils was negatively correlated with X,, which
suggested that hydrophobic effects may also control the adsorption ca-
pacity. Smaller soil particles generally produced independent compart-
ments for bacteria (Postma and Veen, 1990; Zhang et al., 2015),
resulting in an increase in bacterial biomass in clay fractions compared
with that of larger fractions. Precisely, it reflects our first hypothesis that
bacterial adsorption on the soil surface could be explained by the
combination of electrostatic forces and hydrophobic effects, which
subsequently lead to divergent interfacial interactions between bacteria
and soil.

In comparison with the soil-free treatment, the presence of soil
retarded the oxidation rate of NH4-N (Fig. 2 and Table 2). To maintain
microbial growth, bacteria preferentially utilize free NHj-N (Bollmann
et al., 2002). It is reasonable to expect that the ammonia oxidation
process would be inhibited by the presence of interfacial interactions
between bacteria/NH7-N and soils. Regarding 0-2 mm soil particles, the
NHZ-N oxidation rate was higher in the spruce plantation than in the
natural forest (Fig. 2a and Table 2), which provided an explanation for
the previous report that the natural forest had greater soil NH4-N
availability than the spruce plantation (Zhang et al., 2018). Addition-
ally, the oxidation rates in soil particles followed the order coarse sand
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> fine sand > silt > clay, regardless of forest site (Fig. 2b, 2c and
Table 2), whereas bacterial adsorption on soil particles displayed the
opposite trend. In this study, more bacterial cells (68.4-73.3 %) and
NHj-N (58.7-65.2 %) were planktonic in the sand suspension. Under
these conditions, a higher content of free NHf-N would be consumed
more quickly by the planktonic bacteria, while sorbed NHZ-N must be
desorbed and then oxidised (Bouchez et al., 1995; Zhu et al., 2016).
Furthermore, the semipermeable membrane experiment further sug-
gested that the oxidation of NH4-N increased when bacterial cells were
not in contact with the soil surface, but still lower than soil-free treat-
ment (Table 2). Although attached bacterial cells can utilize soil-sorbed
NHj-N, the tiny bacterial cells were encased in a dense matrix of
extracellular polymeric substances and soil particles that form an
aggregate to limit the diffusion of NH4-N from the aqueous phase to-
wards bacterial cells (Alimova et al., 2006; Mueller, 2015; Kleber et al.,
2021), thus slowing down the rates of oxidation. In addition, no
competitive adsorption between bacteria and NHj-N. Another reason-
able explanation for these findings is that an insufficient oxygen supply
might negatively affect energy conversion and associated metabolisms,
which resulted in lower bacterial activity (Schramm et al., 1996; Wu
et al., 2018). In our study, bacteria cells tended to adsorb on clay and
established a rather compact colonial structure, and the availability of
oxygen for bacteria was lower (Yu and Chandran, 2010). Meanwhile,
this strong association may deform cells, and ultimately cause the death
of cells (Yu et al., 2015; Qu et al., 2019). Taken together, the ammonia
oxidation rate was limited by the presence of interfacial interactions
among soil particles (especially for clay) and bacterial cells, which could
subsequently increase NH4-N availability in forest soils.

The heat evolution from the metabolism of microbes is a reliable
index of microbial activity and can be used to monitor bacterial activity
throughout the oxidation process (Braissant et al., 2015). Under our
experimental conditions, NHJ-N was the sole N source for bacterial
metabolism. The differences in the heat signal between treatments can
be attributed directly to the variations in N. europaea metabolic activ-
ities and NH4-N oxidation levels. The highest metabolic activity was
observed in the system without soil particles (Fig. 3 and Table 3), which
suggested that soil particles could inhibit the metabolic activity of
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N. europaea via interfacial interactions. Regarding 0-2 mm soil particles,
the metabolic activity of bacteria in the presence of spruce plantation
soil was slightly higher than that in the presence of natural forest soil
(Fig. 3a and Table 3). Additionally, bacterial metabolic activity was
stimulated by the presence of sand and inhibited by clay (Fig. 3b, 3c and
Table 3). Statistical analysis further showed that the bacterial metabolic
activity was positively and linearly correlated with the NHZ -N oxidation
rate (R? = 0.68; P < 0.05). The decreased activity of N. europaea under
the natural forest treatment might also result from lower NH4-N in the
aqueous phase, since clay particles in natural forest soil effectively
absorbed most of the NHZ-N provided (Table S1). In contrast, solution
NH4-N was consumed more efficiently by the planktonic bacteria,
resulting in the growth of degrading bacteria in the sand system
(Table 3). Collectively, our results indicated that the sand fraction pro-
vided a preferable microenvironment that was more conducive to bac-
terial metabolic activity than the silt and clay fractions, which is
consistent with our second hypothesis.

Here we purpose a framework to illustrate the interfacial interaction
mechanisms to alleviate inorganic N deficiency in two coniferous sites.
In the absence of soil particles, free bacteria exhibited the greatest
metabolic activity and oxidation rate; this may be attributable to the
sufficient nutrient and oxygen supply. Compared with silt and sand
particles, clay particles showed the greatest adsorption affinity for
bacteria and NHJ-N, lowered bacterial activity and reduced ammonium
oxidation, which means interfacial interaction will alleviate N-limited
with increased the clay content (Fig. 4). The natural forest soil with a
larger clay content display a higher adsorption affinity for AOM, weaker
AOM metabolic activity and lower NH4-N oxidation rate, probably
contributed to the higher inorganic N availability. In contrast, the spruce
plantation soil with greater sand content showed lower NH4-N inorganic
N availability due to its lower bacterial adsorption capacity, greater
AOM metabolic activity and higher NH-N oxidation rate. Taken
together, our study confirms that interfacial interactions alleviate inor-
ganic N deficiency in alpine coniferous forest, and underline the
importance of clay fractions in regulating bacteria metabolism activity.

Nevertheless, the extrapolation of these results should be considered
with caution, given that the modeling methods were based on several
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Fig. 4. Conceptual model illustrating the variation in the interfacial interaction effect on inorganic N availability in soil particles from the spruce plantation and
natural forest. The blue dots and red and orange lines represent NH;-N and bacteria and soil particles, respectively. The sizes of the arrows indicate the relative

intensities of adsorption capacity, oxidation rate and AOM metabolic activities.
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assumptions (Langmuir, 1917; Menert et al., 2001; Batstone et al.,
2002). Currently, Langmuir, first-order kinetic and thermodynamic
equation are widely used models to describe adsorption equilibrium,
ammonia oxidation and bacterial metabolic activity, respectively (Ajeng
et al., 2022; Lafratta et al., 2021; Morozova et al., 2020). In addition,
measurements were made over limited two forest sites belonging to
subalpine coniferous forest ecosystem and much work is needed to
investigating the role of interfacial interactions effects on soil inorganic
N availability in different forest types and ecosystems. Accordingly,
although our study could not accurately exclude the impacts of
modeling methods and forest sites, our results provide a new insight for
understanding the role of interfacial interactions in controlling
ammonia oxidation progresses in subalpine forest soils. Further research
should focus on the development of novel techniques for obtaining more
accurate estimates of the strength of interfacial interactions in ammonia
oxidation patterns in different forest ecosystems.

5. Conclusions

Collectively, the above-discussed results provided the first robust
evidence that interfacial interaction could directly regulate inorganic N
availability in forest soils, which was associated with changes in the
physicochemical features of soil particles with different sizes. Clay
fractions have a protective strategy of soil inorganic N availability. The
accumulation of substrate and bacteria on the clay surface greatly re-
stricts the access of aerobic bacteria to the oxygen and limits the living
space of particle-attached bacteria, resulting in decreased bacterial
metabolic activity and NHj-N oxidation rate. These findings highlight
the need to incorporate interfacial interactions into the N cycling model
to accurately predict AOM fate, soil N availability and their ecological
feedbacks on forest ecosystem function, especially under future land use
change. To expand the universality of interfacial interactions in this
ternary system (N, AOM and soil particles), further experiments should
focus on different AOM taxa and forest types.
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