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Summary

Rice (Oryza sativa L.) is one of the predominant food sources and is mainly cultivated
on flooded paddy soils. However, finite and dwindling phosphate rock, the main
source of phosphorus (P) fertilizer, becomes increasingly a threat to rice yield.
Moreover, sustainable rice cultivation requires techniques that consume less irrigation
water, i.e., alternate wetting and drying (AWD) regime, to cope with increasing water
scarcity due to population growth, climate change, and water pollution. Soil flooding
or drying leads to the rapid onset of reducing or oxidizing conditions, respectively.
Changing redox conditions significantly affect the characteristics of redox-sensitive
iron (Fe) minerals, which in turn influence the cycling of important elements such as
P and carbon (C) in the soils by a multitude of redox, sorption/desorption, and
(co)precipitation/dissolution processes. Biotic processes of the hydrolysis of organic P
(Po) and C by enzymes play a key role in P and C dynamics. Although the ‘enzyme
latch’ and ‘iron gate’ theories for regulating soil organic matter (SOM) transformation
under changing redox conditions were proposed, it remains unclear whether these
mechanisms require time (weeks to months) to have clear effects on enzymatic
reactions, or whether a short-term oxygen (O2) exposure of samples adapted to anoxic
conditions to O2 can elicit a rapid specific response in enzyme assays. This rapid
response is expected to be negative due to the O2 toxicity for active anoxic microbial
communities. Therefore, this thesis aims to exploring the biogeochemical mechanisms
of the P and C cycling in rice-paddy soil ecosystem under fluctuating redox
conditions. We hypothesized that (i) short-term (minutes to hours) aeration suppresses
the activities of hydrolytic enzymes that catalyze organic matter mineralization, while
medium-term (days to weeks) aeration has contrasting effects due to the adaptation of
anoxic microbial communities to oxic conditions; (ii) the reductive dissolution of
ferric Fe (Fe(III))-bound inorganic P (Fe–P) can contribute to the P nutrition of plants
and microorganisms; and (iii) the AWD regime increases the contribution of Po from
organic residues to P nutrition of rice plants and microorganisms.

Flooded paddy rice soil mesocosms were established to investigate (i) aeration effects
on the activities of three hydrolytic enzymes contributing to P (phosphomonoesterase),
C (β-glucosidase), and nitrogen (N; leucine aminopeptidase) turnover (Study 1 and 2)
and two oxidative enzymes mainly involved in C cycling (phenol oxidases and
peroxidases) (Study 1), (ii) aeration effects on the rhizosphere extent of growing rice
and the percentage of hotspot area of three hydrolytic enzyme activities (Study 3), (iii)
the quantitative contribution of the Fe–P dissolution to the demands of rice plants and
microorganisms (Study 4 and 5), and (iv) the effects of the Fe(III) reduction on rice
root growth and the allocation dynamics of P released from Fe-P with root growth
(Study 6). Additionally, a mesocosm experiment with rice plants grown either in
continuous flooding (CF) or AWD paddy soils was conducted to explore the effects of
these water regimes on the dynamics of P release from the Fe-P and wheat straw
(Study 7). For the latter, the quantitative contributions of the Fe-P dissolution and Po
mineralization to the P nutrition of rice plants and microorganisms were estimated.
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Short-term aeration (for ca. 2–2.5 h) suppressed the maximal reaction rate (Vmax) of
hydrolytic enzymes by 5–43% but increased oxidative enzyme activities by 2–14
times in the Study 1. Short-term aeration (for 35 min) in the Study 3 decreased the
in-situ activity of three hydrolytic enzymes by 4–61% and increased the percentage of
hotspot area of enzyme activities by 3–158%. In contrast, medium-term aeration (after
10-day oxic vs. anoxic pre-incubation) increased Vmax of hydrolytic enzymes by
12–253% in the Study 2. Thus, the activation of oxidative enzymes by short-term
aeration was uncoupled from the hydrolytic enzymes. This put to a question both the
“iron gate” and “enzyme latch” mechanisms. The effect of aeration on anoxic enzyme
activities ultimately depends on the aeration duration and controls sequential
mechanisms starting from suppression of microbial activity and enzyme production
followed by adaptation of microbial communities to newly established conditions.

To quantify relevance of the Fe-P dissolution for plant and microbial P uptake in the
Studies 4 and 5, 32P-labeled ferrihydrite (31 mg P kg−1) was supplied either (1) in
polyamide mesh bags (30 μm mesh size) to prevent roots but not microorganisms
from direct Fe-P mobilization, or (2) directly mixed with soil to enable roots and
microorganisms unrestricted access to the Fe-P. The contribution of Fe–P to microbial
biomass P (MBP) remarkably decreased from 4.5% to almost zero from day 10 to 33
after rice transplantation. Nearly 2% of Fe–P compensated up to 16% of the plant P
uptake 33 days after rice transplantation. Microbial biomass C (MBC) and dissolved
organic C contents decreased from day 10 to 33 by 8–54% and 68–77%, respectively,
suggesting that the microbially-mediated Fe(III) reduction was C-limited. A novel
in-situ 32P phosphor-imaging approach under flooding was developed in the Study 6
to estimate P uptake by rice roots released from Fe-P dissolution. Direct root access to
Fe-P raised both the number and mean diameter of crown roots and root tips, and
increased P uptake by 149–231%. Therefore, rice varieties with extended crown root
densities will increase P uptake when P is limiting in paddy soils.

To estimate the contributions of the Fe-P dissolution and Po mineralization to the P
nutrition of plants and microorganisms under different water regimes in the Study 7,
pre-germinated rice plants were grown for 40 days in rhizoboxes under either CF or
AWD. 32P-labeled ferrihydrite (30 mg P kg–1) and 33P-labeled wheat straw (10 g straw
kg–1) were added. Continuous flooding stimulated P release to the soil solution by
increasing Fe(III) reduction and wheat straw mineralization compared to AWD. The
proportions of P from Fe-P and straw in rice plants and MBP were 5–64% higher
under CF vs. AWD regime. The contributions of Fe-P and straw to MBP were
72–78% lower and 16–42% higher in rooted vs. bulk soil, respectively, suggesting a
strong competition between plants and microorganisms for P. The Fe-P and straw
compensated up to 16% and 20% of the plant P uptake and 15% and 35% microbial P
uptake 40 days after rice transplantation, respectively. Relatively high contribution of
Po to the P nutrition of plants and microorganisms calls for the adaptation of the P
fertilization strategies to avoid excess chemical P fertilizer inputs.

In summary, short-term and medium-term aeration had contrasting effects on
hydrolytic enzyme activities, thus supporting the first hypothesis. The
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underestimation of hydrolytic enzyme activities due to short-term aeration bias may
lead to a strongly skewed mechanistic understanding of SOM transformations in
anoxic environments with follow-up complications for process-based modeling. The
sensitivity of anoxic enzymes to the O2 adaptation mechanisms requires strong
consideration for understanding the SOM dynamics in fluctuating O2 environments.
Fe-P and wheat straw compensated up to 16% and 20% of plant P demand,
respectively, thereby supporting the second hypothesis that Fe-P can serve as a P
source. In reality higher than expected hydrolytic enzyme activities lead to
considerable decomposition of fresh organic matter – one of the underlying
mechanisms making straw as a P source even in anoxic systems. An increase in C
availability for microorganisms intensifies P mobilization, which is especially critical
at early stages of rice growth. Continuous flooding increased the contributions of P
released from Fe-P and wheat straw to P nutrition compared to AWD, thus is against
the third hypothesis that AWD increases the contribution of Po to P nutrition. This can
be attributed to (i) decreased P availability caused by increasing P sorption capacity of
soils after drying and (ii) increased competition between plants and microorganisms
for P. Microorganisms appear to be more competitive for Po than rice plants, and rice
plants are more competitive than microorganisms for P released from the Fe-P
dissolution. Therefore, the P fertilization strategies should consider the P mobilization
from Fe (oxyhydr)oxides and straw under different water regimes in paddy soils
during rice growth.

Finally, this thesis developed new approaches dedicated to accuracy of enzyme
activity measurements and to quantitative assessment of the dynamics of P uptake by
plants under low redox conditions. Our studies also open further perspectives for the
investigation of (i) the mechanisms of aeration effects on enzyme activities and (ii)
the contribution of inorganic P and organic P to the nutrition balance and competition
between microorganisms and plants under changing redox conditions.
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1. Extended summary

1.1 Introduction

The typical cultivation techniques of rice (Oryza sativa L.) on paddy soils
involve flooding the fields during the vegetation period (Lampayan et al., 2015).
However, sustainable rice cultivation requires techniques that consume less irrigation
water to cope with increasing water scarcity due to population growth, climate change,
and water pollution (Belder et al., 2005; Wu et al., 2017). Alternate wetting and
drying (AWD) water regime adopted for paddy soils could serve as a water-saving
technique compared to the traditionally continuous flooding (CF) water regime
(Bouman and Tuong, 2001; Chen et al., 2021). Soil flooding leads to the shift from
oxic to anoxic conditions, while water drainage under the AWD rice cultivation shifts
the system from anoxic to oxic conditions. This creates dynamically fluctuating
environment in these soils. The changing redox conditions significantly influence
microbial activities and the characteristics of redox-sensitive iron (Fe) minerals (Li et
al., 2012). These Fe minerals control the cycling of important elements such as
phosphorus (P) and carbon (C) in the soils additionally to a multitude of biotic
processes of the hydrolysis of organic P and C by enzymes, microbial P
immobilization, and plant P uptake (Richardson and Simpson, 2011) as well as abiotic
sorption/desorption and co-precipitation/dissolution processes (Frossard et al., 2000).

1.1.1 P and C cycling driven by enzymatic reactions

Soil enzymes, produced mainly by microorganisms and plant roots, are central to
a large variety of soil biogeochemical processes (Kunito et al., 2018; Wang et al.,
2021). Independent of soil sample origin, enzyme activity assays are commonly
performed under oxic conditions (Keiluweit et al., 2017; Wei et al., 2019b), albeit
oxygen (O2) is a known suppressor for putative anaerobic microorganisms (Dellwig et
al., 2012). The effects of short-term aeration (minutes to hours) on the hydrolytic and
oxidative enzymes in anoxic systems are still unclear. This key gap in current
methods was clarified by measuring the kinetics of hydrolytic phosphomonoesterase
(PME), β-glucosidase (BG), and leucine aminopeptidase (LAP) and the activities of
oxidative phenol oxidases and peroxidases in a rice-planted paddy soil by fluorogenic
substrates under oxic (+O2) and anoxic conditions (–O2) (Study 1).

Although the redox-induced transformation of Fe plays a key role in
biogeochemical processes driven by enzymatic reactions during wetting and drying
cycles (Kleber, 2010; Davidson et al., 2012), only a few studies have systematically
quantified and proposed explanations of such effects of redox changes on hydrolytic
enzyme activities. For example, the “iron gate” paradigm proposed that the
accumulation of phenol due to inactivated phenol oxidases by ferrous Fe (Fe(II))
oxidation in Fe-rich ecosystems with aeration may inhibit the activities of hydrolytic
enzymes (Wang et al., 2017). In contrast, the “enzymatic latch” mechanism concluded
that the decomposition of soil organic matter (SOM) in peatlands is controlled by the
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activation or inactivation of phenol oxidase depending on O2 availability (Freeman et
al., 2001). In addition to indirect effects of O2 on soil hydrolytic enzymes in anoxic
systems, the production of reactive oxygen species (ROS) as a result of molecular O2

reduction may directly suppress microorganisms and enzymatic activities during the
transition from anoxic to oxic conditions (Fenchel and Finlay, 2010). Therefore, we
lack experimental data to predict the effects of the dramatic increase in O2

concentration on hydrolytic enzyme activities in anoxic systems. This knowledge gap
was filled by evaluating the effects of short-term (2-h oxic (+O2) vs. anoxic (–O2)
assays) and medium-term aeration (after 10-day oxic vs. anoxic pre-incubation) on the
kinetic parameters (Vmax and Km) of PME, BG, and LAP in top bulk, rooted, and
bottom bulk paddy soil of flooded rice microcosms (Study 2).

The high heterogeneity of bioavailable substrates results in the spatial
heterogeneity of microbial activities (Kuzyakov and Blagodatskaya, 2015; Tecon and
Or, 2017). Rhizosphere with a higher labile C input is microbial activity hotspots
compared to bulk soil microzones with scarce substrate resources (Hinsinger et al.,
2009). Microorganisms producing hydrolytic enzymes in flooded rice paddy systems
can be affected by O2 via two pathways (i) O2 diffusion belowground from
atmosphere and dissolution in surface water, and (ii) O2 delivery belowground into
rhizosphere through aerenchyma of plants (Larsen et al., 2015). However, in-situ soil
zymography – a screening method applied to reveal the spatial distribution of enzyme
activities and to localize enzymatic hotspots in anoxic systems including flooded rice
paddy soils – has commonly been conducted under oxic conditions (Ge et al., 2017;
Wei et al., 2019a, b). Therefore, understanding how aeration affects the distribution
and intensity of the enzymatic hotspots is of utmost importance for predicting the
nutrient flows in plant-soil-microorganism continuum. This knowledge gap was
closed by adapting the conventional zymography technique developed under the
ambient laboratory atmosphere (Spohn et al., 2013; Razavi et al. 2016) to the anoxic
conditions by means of a portable glovebox to map the activity of PME, BG, and LAP
under +O2 and –O2 conditions during 30 days of rice growth (Study 3).

Under P deficiency, organic P plays a central role in P cycling in soils because of
its large pool size (Pistocchi et al., 2018). To increase P bioavailability,
microorganisms and plants produce and release phosphatases, such as acid
phosphomonoesterase, alkaline phosphatase, phytase, and phosphodiesterases, to
hydrolyze organic P (Razavi et al. 2016; Kunito et al., 2018). Soil flooding creates the
rapid onset of reducing conditions, thereby decreasing the P deficiency because ferric
Fe (Fe(III)) reduction promotes the P solubility at low-redox conditions (redox
potential ranging from −314 mV to +14 mV) (Saleque et al., 1996; Weber et al.,
2006). In contrast, P solubility decreases under oxidizing conditions at drying phases
that occur during AWD water regimes due to increasing P sorption capacity of soils
(Olsen and Court, 1982). Soil P availability also affects C cycling by changing soil
nutrient stoichiometry (Wei et al., 2019b) and by structuring microbial communities
(Tang et al., 2016). In paddy soils, the C availability increases during flooding due to
a larger proportion of water-soluble microbial metabolites produced under anaerobic
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SOM decomposition (Drake et al., 2009), which in turn controls the activity of
microorganisms associated with the Fe cycling. Therefore, knowledge of how
changing redox conditions affect Fe(III) reduction and subsequent dissolution of
Fe(III)-bound P (Fe-P), which in turn influences organic P and C mineralization, can
uncover biogeochemical mechanisms of P and C cycling. This knowledge gap was
filled by exploring the release of P from the Fe(III)-bound phase on the activities of
PME and BG under low-redox conditions and by comparing PME activities under CF
vs. AWD regimes (Study 4 and 7).

1.1.2 P and C cycling driven by the Fe(III)-Fe(II) redox wheel

Besides its influence on hydrolytic enzymes by direct and indirect effects, the
presence or absence of O2 also affects P and C cycles via the Fe(III)-Fe(II) redox
wheel. Iron phases in paddy soils are of utmost importance for P and C cycling
associated with rice cultivation. Under oxidizing conditions prior to flooding, Fe(III)
in paddy soils is present either as low-crystalline minerals such as ferrihydrite or as
high-crystalline goethite and hematite (Vogelsang et al., 2016). Under reducing
conditions after flooding, these minerals can be dissolved driven by microbially
mediated processes because Fe(III) is the most common terminal electron acceptor for
anaerobic microorganisms to maintain their metabolism, especially in strongly
weathered acidic soils (Lovley et al., 1998; Weber et al., 2006).

Soil P cycling is strongly controlled by its specific interactions with
redox-sensitive Fe(III) and Fe(II) minerals. Under oxidizing conditions, inorganic P is
precipitated by Fe and aluminum (Al) (oxyhydr)oxides in acidic soils, or calcium (Ca)
in neutral and alkaline soils or absorbed to clay mineral surfaces (Elser et al., 2007;
Wang et al., 2019). Inorganic P in paddy soils largely appears in the form of Fe-P,
which accounts for approximately 30% of the total P in the soils where rice has been
planted for more than 20 years (Darilek, 2010). Therefore, one of key strategies to
decrease P deficiency is to solubilize the P precipitated on minerals or absorbed P and
to minimize the re-precipitation of solubilized P on minerals before it is taken up by
microorganisms and plants. However, knowledge gaps in tracing the dynamics of P
released from Fe(III) reduction and subsequent Fe-P dissolution in paddy soils are
associated with (i) alternative electron acceptors (e.g., NO3−) that maintain high redox
potentials even in the absence of O2 and (ii) various forms of Fe(III) (oxyhydr)oxides
with considerable differences in their dissolution kinetics. These knowledge gaps
were narrowed by tracing the dynamics of P uptake by plants and competition
between plants and microorganisms based on 32P-labeling of Fe-P during first 33 days
after rice transplantation (Study 4 and 5).

Plants evolved various mechanisms to cope with P deficiency including
morphological and physiological modifications (Lynch et al., 2019). Root growth and
development play key roles in the improvement of foraging and exploitation (Walk et
al., 2006; Sun et al., 2018). However, the responses of rice roots in flooded paddy
soils to the reductive dissolution of Fe-P remains unclear. This is because the Fe-P
displays contrasting availabilities depending on redox potentials, and a magnitude of
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factors such as O2 release by roots leading to a high spatio-temporal variability in
redox potentials in paddy soils. In-situ imaging methods, like phosphor imaging,
enable to document the development of root systems (Sakuraba et al., 2018). However,
it has been challenging to image roots at low redox conditions, as phosphor imaging
requires direct contact of imaging plates and the soil surface to minimize scattering.
Previously, rhizoboxes had to be opened for imaging, thereby strongly and rapidly
changing the redox state of the soil. These knowledge gaps were filled by developing
and applying a novel in-situ 32P-imaging method with minimal disturbance for
low-redox conditions (Study 6).

Microbially-mediated Fe(III) reduction largely depends on the availability of C,
which is used as a substrate and an energy source by microorganisms in paddy soils
(Kögel-Knabner et al., 2010; Liu et al., 2022). Increased C availability accelerates the
reductive dissolution of Fe(III) (oxyhydr)oxides mediated by microorganisms
(Scalenghe et al., 2002; Rakotoson et al., 2015). Thus, P release from Fe-P dissolution
mediated by microorganisms is excepted to be stimulated in soils with high labile C
availability under reducing conditions. Crop straw is an important source of both
organic C and P. Rice straw incorporation accelerated Fe(III) reduction and increased
P availability in flooded paddy soils (Rakotoson et al., 2015). In contrast, the AWD
regime is excepted to accelerate organic P mineralization due to the lower Fe(III)
reduction under oxidizing conditions at drying phases. However, rapid changes in
water potential during wetting and drying cycles may also decrease microbial biomass
because of the dehydration of microbial cells (Fierer et al., 2003), thus decreasing
phosphatase activities. Therefore, there is a clear research need in estimation of P
uptake by plants and microorganisms derived from Fe(III) reduction and SOM (e.g.
crop straw) mineralization under different water regimes. This knowledge gap was
addressed by tracing the dynamics of P uptake by microorganisms and plants based
on 32P-labeling of Fe-P and 32P-labeling of wheat straw under CF and AWD regimes
40 days after rice transplantation (Study 7).

1.2 Objectives

This thesis generally aims to explore the biogeochemical mechanisms of P and C
cycling in paddy soils driven by enzymatic reactions and the Fe(III)-Fe(II) redox
wheel under changing redox conditions. Specifically, the following tasks were put
forward:

(i) To verify how short-term aeration (minutes to hours) regulates the key hydrolytic
(PME, BG, and LAP) and oxidative (phenol oxidases and peroxidases) enzymes
(Study 1).

(ii) To compare the effects of short-term (2-h oxic vs. anoxic assays) and
medium-term aeration (after 10-day oxic vs. anoxic pre-incubation) on the kinetic
parameters (Vmax, Km) of hydrolytic enzymes (Study 2).

(iii) To quantify the effects of short-term presence of O2 on in-situ microbial hotspots
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and enzyme activities (Study 3).

(iv) To test whether microbially-driven Fe(III) reduction and dissolution can cover the
P demand of microorganisms and growing rice plants (Study 4).

(v) To quantify the relevance of the reductive dissolution of Fe-P for plant and
microbial P uptake (Study 5).

(vi) To reveal the mechanisms adopted by rice roots in response to improved P
availability after Fe-P dissolution (Study 6).

(vii) To quantify contributions of the reductive dissolution of Fe-P and organic P
mineralization to the P nutrition of rice plants and microorganisms under different
water regimes in paddy soils (Study 7).

1.3 Hypotheses

To fill the above knowledge gaps, we formulated the following hypotheses:

(1) Short-term (minutes to hours) aeration suppresses the activities of hydrolytic
enzymes due to the O2 toxicity to the active anoxic microbial communities, while
medium-term (days to weeks) aeration will cause anoxic microbial communities to
adapt reducing the impact of O2 exposure during enzyme assays with absence or
presence of O2.

(2) In addition to the organic matter-derived P, the reductive dissolution of Fe–P can
contribute to the P nutrition of plants and microorganisms.

(3) The direct accessibility of Fe-P by rice roots stimulates their growth due to
increased plant P foraging and uptake.

(4) Alternate wetting and drying increases the phosphomonoesterase activity and the
contribution of organic P to P nutrition of rice plants and microorganisms.

1.4 Mater ial and methods

1.3.1 Soil description

The low available P soil (available P content < 10 mg kg−1 according to the
Chinese soil nutrient classification standard) was collected from 0–20 cm of a paddy
rice field at the Changsha Agricultural and Environmental Monitoring Station, Hunan
Province, China (113°19′52″ E, 28°33′04″ N). This region is characterized by a
subtropical monsoon climate with an annual average temperature of 17.5 °C and an
annual average precipitation of 1300 mm. The soil is a typical Stagnic Anthrosol
developed from highly weathered granite (Gong et al., 2007), and is under paddy
cultivation with double-cropping rice. The soil was collected with a corer at five
locations in the field, combined, sieved through a 2 mm mesh, air-dried, and
homogenized. The soil texture was 26.7% clay, 29.2% silt, and 44.2% sand. The main
soil physico-chemical properties were as follows: pH 6.2, soil organic C 13.1 g kg−1,
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total N 1.4 g kg−1, available N 18.0 mg kg−1, total P 0.3 g kg−1, Olsen-P 3.7 mg kg−1,
and total Fe 15.7 g kg−1 (Zhu et al., 2018).

1.3.2 Experimental design

All studies were conducted in mesocosms of rice (Oryza sativa L. ‘Two-line
hybrid rice Zhongzao 39’) grown in water-tight PVC-rhizoboxes with the inner
dimensions of 24.0 × 20.5 × 1.5 cm (height × width × depth) (Fig. ES1a) except for
the research task 2 in the Study 1. For the latter, an incubation experiment with soil
microcosms was conducted. Briefly, four 100 ml Kimble KIMAX borosilicate
laboratory glass bottles (Kimble Chase Life Science and Research Products, LLC.,
Meiningen, Germany) were filled with 20 g (dry weight) water-saturated soil each.
Additionally, 10 ml deionized water were added to each bottle. The soil was
pre-incubated anaerobically in the dark for 10 days at 25 °C in a climate chamber
(KBF-S 720, Binder GmbH, Tuttlingen, Germany) to establish strong anoxic
conditions. After incubation, all the bottles were opened inside a portable PVC
glovebox (Captair® Pyramid Glovebox 3015-00, Erlab DFS, Saint-Maurice, France)
(Fig. ES1C) evacuated with a vacuum pump (Ilmvac MP 301 Vp, Ilmvac GmbH,
Ilmenau, Germany) and then back-flushed with nitrogen to O2 concentrations lower
than 0.2% as indicated by an O2-sensor (Greisinger GOX 100, GHM Messtechnik
GmbH, Remscheid, Germany) (Fig. ES1b). Soil in each bottle was stirred with a
spoon and two subsamples ca. 0.5 g moist soil were collected individually for oxic
and anoxic assays, respectively.

Fig. ES1 The dimensions of a rhizobox with plexiglas cover on top, sealed with
rubber gasket (not visible on photo) and fixed by thumbscrews (a), sampling of soil
from compartments of a rhizobox, glass bottles for soil suspension preparation and the
level of O2 as indicated by an O2-sensor (b), the sampling locations of three soil
compartments 48 hours after water drainage (c), and a substrate saturated zymography
membrane and the O2 level as indicated by an O2-sensor (d). In subfigure c, the level
of flooded water maintained during experiment is shown schematically by a dashed
line. Shaded spots within each compartment correspond to the removed soil.
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For Study 1, 2, and 3, three rice mesocosms were established for each of the
three enzymes (PME, BG, and LAP) (9 in total) and were adjusted with deionized
water ca. 2 cm above the soil surface and the water level was maintained throughout
the experiment except the dates of soil sampling. Soil sampling was performed at the
seedling (with 2 ± 1 tillers), early- (4 ± 1), and late (6 ± 1) tillering stages of rice
plants 10, 16–20, and 28–31 days after rice transplantation. Three compartments, top
bulk (2–5 cm), rooted (5–15 cm), and bottom bulk (15–18 cm), were sampled after
opening a rhizobox inside the glovebox as explained above (Fig. ES1c). For each
compartment, the soil collected in three random locations was pooled into one
approximately 0.5 g sample in 100 ml Kimble KIMAX borosilicate laboratory glass
bottles. In total, six samples were collected per compartment of a rhizobox at each
rice growth stage: two for oxic and anoxic assays in the Study 1 and four (two for
oxic and two for anoxic) for pre-incubation in the Study 2. For the Study 2, every
enzyme activity assay was conducted on one corresponding soil sample. Below, for
simplicity, we explain the treatments for soil samples taken from a compartment for
an individual enzyme and rice growth stage, whereas in total there were 324 samples
(3 compartments × 3 enzymes × 3 stages × 3 replicates × 2 pre-incubation conditions
× 2 assay conditions) assayed in the experiment (Fig. ES2). The bottles for anoxic
pre-incubation were sealed with thick air-impermeable butyl rubber septa, while the
bottles for oxic pre-incubation were closed with plastic screw caps. Then, the
“anoxic” samples were flushed for 20 min with N2 and the “oxic” samples were
aerated and left loosely closed to ensure gas exchange but prevent drying. Both
treatments were pre-incubated in the dark for 10 days at 22 °C in an incubator
chamber (FKS 3600 Index 20B/001, Liebherr, Germany). After pre-incubation, one
anoxic and one oxic bottle were filled with N2-bubbled deionized sterile water in a
ratio of 100 v/v to the soil sample and closed with thick air-impermeable butyl rubber
septa in the glovebox. Another anoxic and oxic bottle were filled with deionized
sterile water (with dissolved O2) and closed with plastic screw caps. Thereafter, the
bottles for –O2 assay (one from anoxic pre-incubation and the other from oxic
pre-incubation) were additionally flushed with N2 for 30 min. No specific
manipulations were conducted for the bottles of the +O2 assay.
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Fig. ES2 Diagram of the experimental design to test the effects of medium-term
(10-day pre-incubation) and short-term (2-h assay) aeration (red boxes) vs. anoxic
controls (blue boxes) on activities of three hydrolytic enzymes (phosphomonoesterase,
β-gluco- sidase, and leucine aminopeptidase) in soils from three rhizobox
compartments (top bulk, rooted, and bottom bulk) collected at three rice growth stages
(seedling stage, 10 days after rice transplantation; early tillering stage, 16–20 days;
late tillering stage, 28–31 days). Photos of rice are examples of growth stages (there
were 9 rhizoboxes with plants for each of the three enzymes tested).

To map enzyme activities at soil-root interface in the Study 3, we applied in situ
imaging method – soil zymography. In contrast to the conventional zymography
approach conducted under the ambient laboratory atmosphere (Spohn et al., 2013;
Razavi et al. 2016), the anoxic zymography was performed here for the first time. To
keep anoxic conditions during soil zymography, the rhizoboxes were placed inside the
glovebox as described above (Fig. ES1d). The details of zymography are described in
the Study 3.

For the Study 4 and 6, pre-germinated rice plants were grown for 33 days in
flooded rhizoboxes supplied with 32P-labeled ferrihydrite (31 mg P kg−1) either (i) in
polyamide mesh bags (30 μm mesh size; 5.0 × 5.0 cm, height × width) to prevent
roots from directly mobilizing Fe–P (pellets-in-mesh bag treatment), or (ii) in the
same pellet form but without a mesh bag to enable roots accessing the Fe–P
(pellets-no-mesh bag treatment) (Fig. ES3). For the Study 5, only the rhizoboxes
without mesh bags were used. To perform 32P imaging under low redox conditions, a
transparent, colorless, and 0.2-mm thin rigid-PVC film (Modulor Material Total,
Berlin, Germany) was installed approximately 2 mm below the sturdy plexiglass front
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cover of the rhizobox. This 2-mm gap (and the good seal) allowed to insert the
moisture-sensitive imaging plate with minimum scatter. Destructive samplings were
conducted after 10, 18, and 33 days after rice transplanting, respectively. The details
of 32P labeling of Fe-P are described in the Study 4, 5, and 6.

Fig. ES3 Diagram of the experimental design. MicroRhizon® samplers were placed
at the P-rich patch zone, and a platinum electrode for measuring redox potential (Eh)
was installed in each rhizobox. Pre-filled soil corresponds to paddy soil filled into
rhizoboxes 16–24 h prior the addition of ferric iron-bound P. Filled soil is the paddy
soil added during Fe–P placement and rice seedlings transplantation.

For the Study 7, the experimental design included two water regimes with four
replicates (eight rhizoboxes in total). Two water regimes included continuous
flooding (CF, the rhizoboxes were always filled with water to a depth of 2−3 cm from
the soil surface) and alternate wetting and drying (AWD, the rhizoboxes were flooded
for 10 days as described above for CF, then the top water layer was drained for 10
days, and then the above procedure was repeated again). 32P-labeled ferrihydrite (30
mg P kg–1) and 33P-labeled wheat straw (10 g straw kg–1) were evenly added.
Destructive sampling was conducted 40 days after rice transplantation. The details of
32P labeling of Fe-P and 32P labeling of wheat straw are described in the Study 7.

1.3.3 Analytical methods

The kinetics parameters of PME, BG, and LAP were measured using
fluorogenically labeled substrates of 4-methylumbelliferyl-phosphate,
4-methylumbelliferyl-β-D-glucoside, and L-leucine-7-amino-4-methylcoumarin
hydrochloride (all substrates were purchased from Sigma-Aldrich Co. Ltd),
respectively, according to the established method (Marx et al., 2001). Phenol oxidase
activity and peroxidase activity were measured using a substrate Amplex Red
(10-acety-3,7-dihydroxyphenoxazine, purchased from Sigma-Aldrich Co. Ltd),
according to Khosrozadeh et al. (2022).
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Microbial biomass C (MBC) and N (MBN) were measured using the
chloroform-fumigation-extraction method (Vance et al., 1987). The organic C and
total N contents in each extract were measured by an elemental analyzer (Multi N/C
2100S, Analytik, Germany). The contents of MBC and MBN were calculated as the
difference between the content of organic C and the difference between the content of
total N extracted from the fumigated and non-fumigated soils, respectively, using a
conversion factor of 0.40 (Brookes et al., 1985; Vance et al., 1987). Soil microbial
biomass P (MBP) was determined in the Study 4 and 5 with the anion exchange resin
method by adding hexanol as fumigant according to Kouno et al. (1995). The P
concentration was measured with the colorimetric method on a spectrophotometer
(NanoPhotometer® NP80, IMPLEN, Munich, Germany). MBP was calculated as the
difference between anion exchange P without hexanol and P extracted with hexanol,
corrected by the recovery of a P spike in each soil sample. The content of MBP in the
Study 7 was measured according to Brookes et al. (1984). Phosphorus was extracted
with 0.5 M NaHCO3 solution and was measured with the colorimetric method on a
spectrophotometer. MBP was calculated as the difference between the content of P
extracted from the fumigated and non-fumigated soils and corrected for the recovery
of a P spike in each soil sample.

Zymograms were transformed to 8-bit gray scale images in ImageJ (Schindelin
et al., 2012). Then, gray values were transformed to enzyme activities based on the
calibration curves for 4-methylumbelliferone (MUF) or 7-amino-4-methylcomarin
(AMC) concentrations. Determination and separation of hotspots and cavities (poor or
no attachment areas between soil surface and membrane) in images were processed in
R (version 3.5.1, R development core team, 2014) according to the method proposed
by Bilyera et al. (2020). We plotted the profiles of the enzyme activity distribution as
a function of distance from a geometrical root center on 3–5 visible and randomly
selected roots, not overlapping with each other, and without cavities within 1 cm
distance away from them. The geometrical root center and not a root surface was
chosen as a starting point of a profile because of the inability to correctly define the
exact root diameter due to the relatively low resolution of light images under high
moisture conditions. The rhizosphere boundaries were set using a one-way ANOVA,
followed by a Tukey’s HSD test, to assess the differences between independent
variables (mean enzyme activity of five adjacent pixels). Significant differences (p <
0.05) between two adjacent groups of 5 pixels were then considered as a boundary of
rhizosphere extent (Hoang et al., 2016).

To measure Fe(II) concentration in soil solution, 2 ml sample were mixed with
500 μl ammonium acetate buffer (pH 4.5) and 500 μl phenanthroline solution (0.5%)
in a 10-mm polystyrene cuvette (Th. Geyer GmbH & Co. KG, Renningen, Germany)
and then measured at 512 nm on a spectrophotometer (NanoPhotometer® NP80,
Implen GmbH, Munich, Germany). Then, 200 μl 10% ascorbic acid were added to
each cuvette to completely reduce Fe(III) to Fe(II) after a 30-min reaction. Total Fe
concentration was measured as Fe(II) as above (Elrod et al., 1991). Fe(III)
concentration was calculated as the difference between total Fe and Fe(II)
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concentrations. Calibration was done by external FeCl3 standards ranging from 5 to
300 μM.

For the Study 4, 5, and 6, the 32P activity in soil solution was measured in the
Liquid Scintillation Analyser (LSA) (Tri-Carb® 2800 TR, PerkinElmer, Shelton, CT,
US), corrected for isotope decay, and back-calculated to a reference date. Briefly,
0.75 ml soil solution was mixed with 10 ml cocktail (Carl Roth GmbH + Co. KG,
Germany) in a scintillation vial and then counted for 5 min. To measure 32P activity in
MBP, 1 ml sample was mixed with 10 ml cocktail in a scintillation vial and then
measured for 5 min on the LSA. The 32P activity in MBP was also calculated as the
difference in 32P activity between samples extracted without and with hexanol and
corrected for the recovery of a P spike in each soil sample. To measure 32P activity in
shoots and roots, approximately 100 mg of each sample were digested with 2 ml of
65% HNO3 at 180 °C for 8 h in a PTFE digestion block. Each digested sample was
filtered and filled up to 25 ml volume with milli-Q (highly purified) water. A
subsample (1 ml) was mixed with 10 ml scintillation cocktail in a 20-ml scintillation
vial, and then counted for 5 min on the LSA. For the Study 7, the 32P and 33P activities
in all samples were determined using a dual-labeling (32P/33P) counting procedure on
the LSA, corrected for respective isotope radioactive decays, and back-calculated to a
reference date. Briefly, 1 ml sample was mixed with 10 ml scintillation cocktail and
then counted for 10 min. The details of radioactivity measurements are described in
the Study 4, 5, 6, and 7.

In the Study 6, a novel in-situ 32P phosphor-imaging approach under flooding
were developed and applied to estimate P uptake by rice roots released from Fe-P
dissolution. A phosphor imaging plate (20 × 40 cm; BAS-IP MS 2040 E, Cytiva,
Marlborough, MA, USA) was inserted into the gap between the PVC film and the
front cover of each rhizobox (see section 1.3.2). Exposure in the dark was 1 h. The
imaging system Fujifilm FLA-5100 (FUJIFILM Life Science, Stamford, CT, USA)
was used to read the plates with a spatial resolution of 100 μm. The emitted β−
radiation from the decay of 32P was stored in 16-bit digital images and converted (by
log-linearization) to standardized photo-stimulated luminescence (PSL) units (Fuji
Photo Film Co. Ltd. 2003). Image processing was performed with an open-source
software Fiji (Schindelin et al., 2012). The PSL values were transformed to 32P
activities based on the calibration and corrected for isotope radioactive decay. All
images of each rhizobox were aligned by defining one image the reference and
applying geometric transformations to other images. The profiles of 32P activity were
plotted as a function of distance from a geometrical crown root center at a position of
1 cm away from root tips. For every crown root, the profile of mean 32P activity was
presented as a function of distance from a crown root center determined at given
pixels from a root center (Zarebanadkouki et al., 2016) assuming radial symmetry of a
crown root. The boundaries between root and soil were set using a one-way ANOVA,
followed by a Tukey’s HSD test, to assess the differences between the independent
variables (mean 32P activity of five adjacent pixels). Significant differences (p < 0.05)
between two adjacent groups of 5 pixels were considered the boundary between root
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and soil (Hoang et al., 2016). To explore 32P activity distribution along the root, the
profiles of 32P activity were plotted as a function of distance along a crown root
through a root rip to the soil by drawing a segment line. The boundaries between root
and root tip and between root tip and soil were determined using a one-way ANOVA
as described above. Root tip diameter of each root was calculated as a distance from
the boundary between root and root tip to the boundary between root tip and soil. The
details of image processing are described in the Study 6.

1.5 Results and discussion

1.4.1 Effects of short-term aeration on hydrolytic versus oxidative enzymes

The activities of hydrolytic enzymes (PME, BG, and LAP) were lower by 5–43%
under +O2 compared to –O2 (Fig. 2 and 3 in the Study 1). In contrast, the activities of
peroxidases and phenol oxidases were 2–14 times higher under +O2 than under –O2

(Fig. 4 in the Study 1). Thus, the activation of oxidative enzymes under +O2 was
uncoupled from the hydrolytic activities. This contradicts both the “iron gate” and the
“enzyme latch” concepts. We propose three mechanisms, which in our view may most
comprehensively explain the observed short-term suppressive effect of O2 on
hydrolytic reactions (Fig. ES4):

(i) Abrupt aeration inhibited the activity of obligate anaerobic microorganisms
and initiated a shift in microbial metabolic pathways, restricting the secretion of de
novo formed enzymes. Facultative anaerobes and micro-aerophilic groups can adapt
to common O2 fluctuations (Yadav et al., 2014). However, the abrupt exposure of an
established anoxic environment to air will most probably cause a direct suppressive
effect on active anaerobic microorganisms and strongly reduce de novo enzymes
synthesis (Fig. ES4b, pathway I).

(ii) The reactive oxygen species (ROS) can be produced as a result of molecular
O2 reduction by Fe(II) and may directly suppress microorganisms after the transition
from anoxic to oxic conditions (Fenchel and Finlay, 2010). Stimulated oxidative
enzyme activities (Fig. 4 in the Study 1), which use ROS such as H2O2 as
co-substrates, support the concept of increased ROS formation. An abrupt aeration
can therefore suppress the entire metabolic activity of anaerobes, including the
production of hydrolytic enzymes (Fig. ES4b, pathway II), at least until sufficient
agents are synthesized to protect cells from ROS damages.

(iii) Aerobes and facultative anaerobes may respond to oxidative stress caused by
ROS by redirecting their resources from the secretion of hydrolases to protection. To
protect themselves against oxidative stress, the compensatory mechanisms established
by microorganisms include production of catalase, superoxide dismutase,
glutaredoxin, and thioredoxin (Cabiscol et al., 2000). Along with such a direct
compensatory mechanism, the indirect effect will be driven by the need of
microorganisms to overuse their resources in dealing with the stress (Schimel et al.,
2007). If this energy is devoted to compensatory production of catalases and
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ferroxidases to resist oxidative stress, then there could be a concurrent decrease in
hydrolases production (Fig. ES4b, pathway III).

Fig. ES4 Mechanisms of hydrolytic enzymes suppression by short-term (during 2
hours) O2 exposure. Left side (a): enzymatic reactions conducted by hydrolytic
enzymes under anoxic conditions. Right side (b): reduction of microbial activity
(pathway I), toxicity of reactive oxygen species (ROS) to microbial cells (pathway II),
and compensatory mechanism of anti-stress enzyme production, e.g. catalase,
superoxide dismutase (pathway III). Size of arrows corresponds to relative intensity of
enzyme production or reaction rates. Triangles on top reflect the relative increase of
the short-term suppressive effect of oxygen (brown) and the concurrent relative
decrease of enzymatic maximal reaction rate (Vmax, blue) with O2.

1.4.2 Short- and medium-term effects of aeration on hydrolytic enzymes

Overall, 2-h aeration suppressed Vmax values by 7–43% and catalytic efficiency
Ka (Vmax/Km) by 3–22%, and extended the substrate turnover time Tt (7–33%) of three
tested enzymes in all soil compartments pre-incubated without O2 (Fig. 2, 3, 4 in the
study 2). These findings fully supported those obtained in the Study 1. In contrast, no
short-term suppressive effect of O2 was observed on three tested enzymes after oxic
pre-incubation (Fig. 2, 3, 4 in the Study 2). Medium-term aeration increased Vmax (by
12–253%) and Ka (by 3–78%) of the enzymes and shortened Tt (4–42%) as compared
to the anoxic counterpart (Fig. 2, 3, 4 in the Study 2).

The opposite effects of 2-h and 10-day aeration on hydrolytic enzyme kinetic
parameters indicated that the microbial community exploited different strategies to
acclimatize their anoxic metabolisms and enzymes to oxic conditions (Fig. ES5).
Two-hour aeration may inactivate or kill obligate anaerobes due to O2 toxicity, i.e. the
effect of stress (Fenchel and Finlay, 1995) described in the Study 1, an interpretation
supported by the about 30% decrease in living bacteria number in sediments after 2-h
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aeration (Ma et al., 2019). Aeration for 12 h was insufficient to trigger aerobic
respiration by microorganisms, but 4 days was sufficient (Pett-Ridge and Firestone,
2005). Accordingly, 10-day pre-incubation in our study was long enough for
microbial communities to acclimate to oxic conditions and to exploit an aerobic
metabolism either by a metabolic switch by facultative anaerobes or by growth of
aerobic community members. Significant changes in community structure were
detected in paddy soils after 7 days of incubation under oxic vs. anoxic conditions
(Lüdemann et al., 2000). We therefore assume that 10-day aeration induced the
changes in community structure, which was responsible for the overall increase in
hydrolytic enzyme activities.

Fig. ES5 Mechanisms of hydrolytic enzymes suppression by short-term aeration due
to (1) toxicity of reactive oxygen species (ROS) to microbial cells, (2) decreasing
efficiency of phenol oxidase because of Fe (II) oxidation and accumulation of
phenolics (“iron-gate”), and activation by medium-term aeration due to cancelling of
suppressive factors. Arrow size: relative intensity of active enzyme production,
reaction rates, or substrate turnover rate. Triangles with color gradients: the intensity
of O2 effects on enzyme activities from low (blueish) to high (reddish).

1.4.3 Short-term aeration effects on in-situ microbial hotspots and enzyme activities

Short-term (35 min) aeration decreased the activities of three hydrolytic enzymes
4–61% as compared with –O2 (Fig. ES6). These findings demonstrated that in-situ
zymography method of intact soil screening for enzyme activities also revealed the
short-term suppressive effect of O2 which therefore can’t be occasional or a
method-depended. The percentage of hotspot area was higher by 3–158% under +O2

vs. –O2 conditions depending on a rice growth stage (Fig. ES6). Irrespective of the
aeration conditions, the rhizosphere extent of rice plants for three enzymes was
generally greater under higher moisture conditions and at earlier growth stage (Fig.
ES6).

In addition to the overall suppression of enzymes by aeration, zymography
revealed spatial inhomogeneity of enzyme activity hotspots in paddy soils. We
suggest two possible reasons of the increased percentage of hotspot area by short-term
aeration. (i) Enzymatic hotspots are mainly attributed to rhizosphere with overall
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higher microbial abundance and activity due to continuous input of root exudates as
compared to the bulk soil (Kuzyakov and Blagodatskaya, 2015). Roots of wetland
plants including rice are supplied via aerenchyma with atmospheric O2 which is
diffusing into the anoxic environment. Long-term availability of O2 in the close
vicinity to roots of rice should cause an adaptive effect on rhizosphere
microorganisms and enzyme activities. This is why anoxic bulk soil microbial
communities were suppressed by aeration during zymography, while rhizosphere
microbial activities were weakly affected (Fig. 1 in the Study 3). This explains the
finding that no differences in the percentage of hotspot area were observed at a
tillering stage of rice growth (Fig. 3 in the Study 3). (ii) Another reason is related to
the algorithm of hotspots identification. Thus, we estimated a decreased threshold for
the identification of hotspots by 0–12% mainly due to differences in bulk soil
activities between +O2 and –O2 assays. By definition, the hotspot is an area of enzyme
activity that is higher by three times of a standard deviation than mean enzyme
activity estimated for the whole zymogram (Bilyera et al., 2020). The lower the
difference between hotspot activity and the mean activity of a zymogram, the smaller
is the hotspot area. Short-term aeration resulted in a narrower enzymatic rhizosphere
extent as compared to anoxic assays (Fig. 4 in the Study 3). This may have
implications for other studies where the actual rhizosphere extent was most probably
underestimated for paddy soils when measured under oxic conditions (Ge et al., 2017).
Accordingly, incorrect rhizosphere extents will give biased input to the models
established for anoxic ecosystems (Ge et al., 2017) due to the underestimation of the
area with a high reaction rate on the premise that oxygen and hydrolytic enzymes are
completely decoupled at a biochemical level.

Fig. ES6 Effects of short-term aeration on in-situ hydrolytic enzyme activities,
hotspot area, and rhizosphere extent in a flooded paddy soil
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1.4.4 Microbial iron reduction compensates for phosphorus limitation

Mineralization of SOM catalyzed by extracellular enzymes couldn’t alone
explain in full the demand of rice plants and microorganisms for P in studied paddy
soils. Accessible P from Fe-P after the dissolution was a substantial pool in the total P
uptake. The higher MBC, MBN, and MBP contents were observed when Fe–P was
root-accessible compared to the soil surrounding pellets in mesh bags (Fig. 4 in the
Study 4). Likewise, the accessibility of Fe–P to rice roots may also have facilitated
their colonization with Fe reducers. Above- and especially belowground rice growth
at the tillering stage resulted in the decrease of MBC and MBP contents in the rooted
soil by 28–56% (Fig. 4a and c in the Study 4). Such a pattern can be attributed to an
increased competition between rice plants and microorganisms for the available P
(Fig. ES7). The contribution of Fe–P to MBP remarkably decreased from 4.5% to
almost zero from 10 to 33 days after rice transplantation, while Fe–P compensated up
to 16% of the plant P uptake at 33 days after rice transplantation (Fig. 5a and b in the
study 4), thus outcompeting microorganisms (Fig. ES7).

Fig. ES7 Conceptual scheme demonstrating the shift from microorganisms
outcompeting rice plants for phosphorus to rice plants outcompeting microorganisms.
Red solid line demonstrates the dynamics of microbially driven Fe(III) reduction.
Blue lines show 32P recovery either in rice plants (dashed line) or in microbial
biomass (solid line) with rice plant growth.

Without mesh bags, P was more available leading to increases in the Vmax of
PME and BG as compared to P pellets not directly available to roots (Fig. 6 in the
Study 4). Such nutrient mining, i.e., the promotion of organic P mineralization due to
an insufficient amount of P released from the added Fe(III)-bound P source, often
linked to the priming effect (Kuzyakov and Blagodatskaya, 2015). In our case, roots
eventually outcompeted microorganisms in P uptake especially when in direct access
to P source (Fig. ES7). Therefore, P deficient microbes compensated their demand
from the recent plant-derived deposits and SOM-derived organic P sources.

Microbial biomass C and dissolved organic C content decreased from day 10 to
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33 by 8–54% and 68–77%, respectively (Fig. 2 a and c in the Study 5), suggesting
that the microbial-mediated Fe(III) reduction was C-limited (Fig. ES8). The much
faster decrease of MBC in rooted (by 54%) vs. bulk soil (8–36%) (Fig. 2 a and c in
the Study 5) reflects very fast microbial turnover in the rice rhizosphere (high C and
oxygen inputs) resulting in the mineralization of the microbial necromass (Loppmann
et al., 2020).

Fig. ES8 Conceptual scheme demonstrating the shift from P-limitation to C-limitation
for microorganisms during 33 days of rice growth. Blue lines show either microbial
biomass C (MBC) or redox potential Eh dynamics with rice growth. Red dashed line
demonstrates the dynamics of microbially-mediated Fe(III) reduction. Green dashed
line shows 32P recovery in rice plants with rice plant growth.

1.4.5 Reductive dissolution of iron phosphate modifies rice root morphology

Direct root access to Fe-P raised both the number and mean diameter of crown
roots and root tips, and increased P uptake by 149–231% (Fig. 4, 5, and 7 in the Study
6). A higher number of crown roots indicates more intensive root foraging. This was
also shown in P-limited upland soils, when a greater number of roots and higher root
density increased P acquisition by maize (Zea mays) phenotypes (Jia et al., 2018).
Crown root elongation rate, 32P activities along roots and root tips were 5–133%
higher when roots directly accessed Fe-P (Fig. 4c and 5b in the Study 6). Thus, the
reductive dissolution of Fe-P can mitigate P limitation and thereby increase the P
uptake by rice plants. Plant-derived organic acids alone did not cause Fe-P dissolution,
suggesting Fe(III) reduction is a predominately microbially-mediated process (tested
in a preliminary experiment, data not shown here). Therefore, the higher 32P recovery
in roots in the soil without mesh bags may be mostly attributed to the increased
colonization of rice roots with Fe reducers compared to the pellets isolated in mesh
bags (Fig. ES9).
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Fig. ES9 A schematic diagram of the effects of direct accessibility of ferric
iron-bound phosphate (Fe-P) by rice roots on root architecture under low phosphate
conditions. With the application of Fe-P directly to the soil, Fe-P pellet re-distribution
resulted in a large area, where roots were directly in contact with Fe-P. When Fe-P
was not restricted by mesh bags, roots could provide carbon to Fe-reducing
microorganisms to boost microbial growth and activity (blue circles).

1.4.6 Effects of water regimes on the contributions of iron phosphate and wheat straw
to phosphorus nutrition

The effects of water regimes on microbial biomass and PME activities were soil
depth-dependent and were most pronounced in top bulk soil where microbial biomass
and PME activities were 9–56% higher under CF vs. AWD regime (Fig. 4 and 5 in the
Study 7). The decrease of microbial biomass in top bulk soil under AWD regime is
most likely due to the rapid dehydration of microbial cells after soil drying (Fierer et
al., 2003; Bagheri-Novair, et al., 2020). Sudden and high drying intensities induced by
a low relative humidity (35%) in our study may result in drought stress on
microorganisms in top bulk soil (Blackwell et al., 2010), thus decreasing PME
activities.

The proportions of P derived from Fe-P and wheat straw in rice plants and MBP
were 5–64% higher under CF vs. AWD regime (Fig. 6 in the Study 7). Continuous
flooding increased the contribution of Fe-P to rice plant and microbial P uptake (Fig.
6a, c in the Study 7) because of the increased rates of the reductive dissolution of Fe-P
under low-redox conditions after flooding (Fig. 2a and 2b in the Study 7). In contrast
to our expectations, AWD regime decreased the contribution of wheat straw-derived P
to the P nutrition of rice plants compared to CF regime (Fig. 6b in the Study 7). This
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means that microorganisms immobilized most of P derived from wheat straw
mineralization to their biomass, thus decreasing P availability to plants (Fig. ES10).
Phosphorus uptake by rice plants is controlled not only by the P availability in soil
solution, but also by the processes of P transport to the root surface (Jungk and
Claasen, 1989). For example, the P uptake by rice plants increased with increasing
moisture levels in paddy soils (Turner and Gilliam, 1976). Thus, continuously
flooding increased plant available P by faster P diffusion compared to alternate
wetting and drying regime (Fig. ES10).

The contribution of Fe-P to MBP was 72–78% lower and wheat straw-P to MBP
was 16–42% higher in rooted soil than in bulk soil, respectively (Fig. 6 in the Study 7),
suggesting a strong competition between plants and microorganisms for P.
Microorganisms appear to be more competitive for organic P than rice plants, and rice
plants are more competitive than microorganisms for P released from the reductive
dissolution of Fe-P (Fig. ES10).

Fig. ES10 Conceptual scheme demonstrating the effects of water regimes on mineral
phosphorus (P) availability and the contributions of ferric iron-bound P (Fe-P) and
wheat straw-driven P to P uptake by rice plants and microorganisms. Trapezoids with
color gradients demonstrate either the relative P availability in soil solution or the
relative contributions of Fe-P and wheat straw to microbial biomass P from high (dark)
to low (light).

1.6 Conclusions and outlook

The main conclusions of this thesis are as follows:

(i) Anoxic conditions and soil moisture should be kept constant during enzyme assays
and zymography when studying anoxic systems to avoid underestimation due to rapid
suppression of hydrolytic enzyme activities by O2. The short-term suppressive effect
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of O2 on hydrolytic enzyme activities in assays was most probably caused by
increased ROS concentrations, which decreased microbial activity. In contrast, anoxic
microbial community adapt to oxic conditions over the medium-term aeration (10
days for the studied paddy soil), thus suppor ting the Hypothesis1.

(ii) The reductive dissolution of ferrihydrite-bound P under low redox conditions can
not only serve as a P source to increase rice root growth but also to induce root
morphological changes, thereby suppor ting the Hypotheses 2 and 3. Rice varieties
with extended crown root densities will increase P uptake when P is limiting in paddy
soils.

(iii) Rice plants outcompeted microorganisms for P released from the reductive
dissolution of Fe-P, and microorganisms increased the immobilization of wheat
straw-derived P to their biomass.

(iv) Although the P released by the reductive dissolution of ferrihydrite and wheat
straw mineralization could not fully meet the P requirements of both rice plants and
microorganisms, this P amount was accessible to plants and microorganisms.
Alternate wetting and drying increased phosphomonoestherase activities only in the
rooted soil generally decreasing the contribution of wheat straw-derived P to the P
nutrition of rice plants compared to continuous flooding. This was against the
Hypothesis 4. Still, phosphate fertilization strategies should be adapted considering
the rates of P mobilization from Fe (oxyhydr)oxides and straw under different water
regimes in paddy soils.

In summary, these studies demonstrated for the first time the clear need to
consider in-situ conditions for the soil enzyme assays. Improved estimation of enzyme
activity in anoxic environments is an important step forward to more adequately
assess SOM turnover in anoxic systems and to more accurately represent these
ecosystems in modern enzyme-catalyzed process-based models from the local to the
global scale. The proposed mechanisms should be further proven by (i) in-depth
verification based on ROS identification and concentration measurements and (ii) the
long-term effects of aeration on enzyme kinetic parameters during the shift from
anoxic to oxic conditions, e.g. after water drainage or under the alternative wetting
and drying rice cultivation management. The effect of medium-term aeration on the
enzyme kinetics points to a potential problem: the prolonged storage (for months or
years) of soil samples taken from anoxic systems may cause the slow adaptation of
the microbial community to oxic conditions and to a biased estimation of enzyme
activities and element turnover rates in such samples. The mineralization of organic
matter-derived P sources catalyzed by hydrolytic enzymes and the
microbially-mediated Fe-P dissolution are two key mechanisms for P mobilization for
plants and microorganisms in paddy soils. The reductive dissolution of Fe-P and
wheat straw mineralization compensated up to 36% and 40% of the plant and
microbial P uptake, respectively. Microbial biomass and enzyme activities were
linked to the rice growth in this nutrient-limited low-redox environment and their
dynamics was strongly depended on P availability. We have proven that rice plants
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outcompeted microorganisms for P released from the Fe-P dissolution, and wheat
straw incorporation could intensify P mobilization from Fe (oxyhydr)oxides due to
increased C availability for microorganisms. Alternate wetting and drying decreased
the contributions of Fe-P dissolution to P nutrition, but unexpectedly wheat straw
decomposition could also not increase P availability as compared to continuous
flooding. This can be attributed to increased P sorption capacity of soils during drying
phases. As one of the main outcomes, alternate wetting and drying had no preferences
for P uptake by rice plants from organic and inorganic P sources. But relatively high
contribution of organic P to the total P nutrition of plants and microorganisms calls
for the adaptation of the P fertilization strategies in paddy soils to avoid excess
chemical P fertilizer inputs especially under continuous water flooding. In conclusion,
this thesis did not only propose urgent modifications to the methods of enzyme kinetic
assays and in-situ zymography to quantify realistic enzyme activities in anoxic
systems, but also primarily uncovered for the first time the dynamics of P in the
interface between precipitation, dissolution, mineralization, and immobilization as
affected directly and indirectly by redox conditions controlling Fe(II)/Fe(III)
dynamics. Thereby, a new conceptual framework of P interaction among the
plant-microorganism-iron mineral interface was developed identifying the strong
competition between rice plants and microorganisms for P released from the reduction
and dissolution of Fe-P and organic matter-derived P sources.
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Graphical abstract

Mechanisms of hydrolytic enzymes suppression by short-term (during 2 hours) O2

exposure. Left side (a): enzymatic reactions conducted by hydrolytic enzymes under
anoxic conditions. Right side (b): reduction of microbial activity (pathway I), toxicity
of reactive oxygen species (ROS) to microbial cells (pathway II), and compensatory
mechanism of anti-stress enzyme production, e.g. catalase, superoxide dismutase
(pathway III). Size of arrows corresponds to relative intensity of enzyme production
or reaction rates. Triangles on top reflect the relative increase of the short-term
suppressive effect of oxygen (brown) and the concurrent relative decrease of
enzymatic maximal reaction rate (Vmax, blue) with O2.
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Abstract: Enzymes produced by microorganisms and plants are very sensitive to
variations in soil microclimate, yet most enzyme assays are conducted under oxic
conditions irrespective of the origin of environmental samples. It remains unclear how
short-term aeration (minutes to hours) affects the hydrolytic and oxidative enzymes in
anoxic systems. This key gap in current methods was addressed by measuring the
kinetics of hydrolytic phosphomonoesterase, β-glucosidase, and leucine
aminopeptidase and the activities of oxidative phenol oxidases and peroxidases by
fluorogenic substrates under oxic (+O2) and anoxic conditions (–O2). Aeration effects
were tested in a flooded paddy soil with growing rice (research task 1: moderate O2

limitation) and without rice (research task 2: strong O2 limitation). We tested two
hypotheses explaining possible effects of short-term aeration on hydrolytic versus
oxidative enzymes. (1) Aeration promotes Fe(II) oxidation, which leads to the
accumulation of phenolics through the “iron-gate” mechanism, thus suppressing the
activities of hydrolytic enzymes compared to the anoxic conditions. (2) Aeration
stimulates phenol oxidases that degrade phenolics according to the “enzyme latch”
concept, thus eliminating the suppression of hydrolytic enzymes. The activities of
hydrolytic enzymes were lower by 5–43% in both experiments under +O2 compared
to –O2. In contrast, the activities of peroxidases and phenol oxidases were 2 to 14
times higher under +O2 than under –O2. Thus, the activation of oxidative enzymes
under +O2 was uncoupled from the hydrolytic activities. This contradicts both the
“iron gate” and the “enzyme latch” mechanisms. We explain the short-term
suppressive effect of O2 in assays by increased concentrations of reactive oxygen
species, which decreased microbial activity. We conclude that our modification of
enzyme assays under anoxic conditions is required for samples taken from
low-oxygen environments to avoid underestimation due to rapid suppression of
hydrolytic enzyme activities by O2.

Keywords: anoxic conditions; suppression by oxygen; paddy soil;
phosphomonoesterase; β-glucosidase; leucine aminopeptidase
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1. Introduction

A large variety of biogeochemical processes in soil is mediated by enzymes,
produced mainly by microorganisms, plant roots, and fauna (Kunito et al., 2018;
Wang et al., 2021). Hydrolytic enzymes such as β-glucosidase, phosphatase, and
leucine aminopeptidase catalyze the decomposition of organic polymers in soils to
cover the demand by plants and microorganisms for carbon (C), phosphorus (P), and
nitrogen (N), respectively (Alexander, 1977; Cosgrove, 1980; Hanson and Frohne,
1976). In contrast, oxidative enzymes such as phenol oxidases and peroxidases are
expressed for a variety of purposes including ontogeny, defense, and the acquisition
of C and nutrients from recalcitrant organic matter pool (Ladd, 1978; Sinsabaugh,
2010). Independent of soil sample origin, enzymatic activity assays are commonly
performed under aerobic conditions (Wei et al., 2019; Parvin et al., 2018; Keiluweit et
al., 2017), albeit oxygen (O2) is a known suppressor for putative anaerobic
microorganisms (Dellwig et al., 2012). The prevailing paradigm claims that O2 and
hydrolytic enzymes are decoupled at a biochemical level, so that the respective
enzyme activities are commonly measured under oxic conditions (Huang et al., 2021;
Wei et al., 2019; Li et al., 2019a; Peacock et al., 2015). Moreover, the terrestrial
ecosystem models and the mechanisms controlling the transformation of soil organic
matter (SOM) have been explored predominately under oxic conditions; the anoxic
legacy effect is existing, yet, even within well-drained soil systems but is largely
overlooked in previous studies (Keiluweit et al., 2017).

A general concept of the long-term effects of fluctuating oxic and anoxic
conditions on enzyme activities in soils has been described in the “enzyme latch”
hypothesis proposed by Freeman et al. (2001). It postulates that increased phenol
oxidase activity under O2 exposure leads to the degradation of phenolics, which
inhibit hydrolytic enzyme activities, thereby stimulating SOM mineralization. Positive
relationships between O2 availability and organic carbon mineralization rate (Waldrop
et al., 2004; Keiluweit et al., 2017) have also been reported for the upland ecosystems.
In contrast, reduced O2 availability in humid tropical forest soils did not limit the
activity of hydrolytic enzymes, which was higher under anoxic vs. oxic conditions
(Hall et al., 2014). As opposed to oxidoreductases (e.g., phenol oxidase or peroxidase),
the functioning of soil hydrolytic enzymes does not require O2 (Hall et al., 2014). In
addition to the “enzyme latch” concept, the “iron gate” paradigm proposes that the
oxidation of ferrous iron (Fe(II)) and C-complexation by ferric iron (Fe(III)) are the
main protective mechanisms against C loss in wetlands under O2 exposure (Wang et
al., 2017). This in turn was attributed to the accumulation of phenolics caused by the
decreasing Fe(II) contents with aeration, as Fe(II) oxidation inhibits the oxidative
activity of phenols and promotes Fe-lignin phenol association. Thus, the “enzyme
latch” and “iron gate” may simultaneously control phenol oxidative activity and C
loss rates under O2 exposure in peatlands, but it depends on the trade-off between O2

and Fe(II) (Wen et al., 2019). Whether the mechanisms described require time (weeks
to months) to have clear effects on enzymatic reactions, or whether a short-term O2
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exposure of environmental samples adapted to anoxic conditions to O2 can elicit a
rapid specific response in hydrolytic enzyme assays, remains uncertain. This calls for
evaluating the enzyme activities of samples from semi- or fully anoxic environments,
such as flooded rice paddy soils, and investigating how the measurement conditions
may influence enzyme activities in such ecosystems.

To address these apparent knowledge gaps, we adapted a commonly used
enzyme activity assay based on fluorogenically labeled substrates (Marx et al., 2001)
to the anoxic conditions by means of a portable glovebox. We applied the
Michaelis-Menten kinetic approach to calculate the maximal rate of an enzymatic
reaction (Vmax) and the Michaelis constant (Km) for three hydrolytic enzymes
contributing to C, N, and P turnover. The activities were measured at three dates of
rice plants growth (research task 1: moderate O2 limitation due to diffusion from the
atmosphere and in the rhizosphere) and in combination with hydrolytic, two oxidative
extracellular enzymes measured in the same Fe-rich paddy soil without growing rice
(research task 2: strong O2 limitation). The key aim of the study was to evaluate
whether enzyme activities in flooded paddy soils differ under anoxic and oxic
short-term (45–150 min) assay conditions. Based on the proposed “enzyme latch” and
“iron-gate” concepts, we hypothesized that short-term aeration (minutes to hours)
either (1) stimulates the oxidative enzymes that degrade phenolics according to the
“enzyme latch” concept, thus reinforcing hydrolytic enzymes, or (2) promotes Fe(II)
oxidation, which leads to the accumulation of phenolics through the “iron-gate”
mechanism, thus suppressing the activities of hydrolytic enzymes compared to the
anoxic control. The following additional research questions were addressed: would
the expected effects of short-term aeration on enzyme activities be modified with (1) a
spatial natural aeration gradient from top via rooted to bottom soil in a rhizobox, and
(2) a temporal natural aeration gradient arising from the age of the rice plants, which
contributes to soil aeration via their aerenchyma as root biomass increases but also
provide more C through higher exudation.

2. Mater ials and methods

2.1. Soil descr iption

The soil was collected from the 0–20 cm depth in a paddy rice field at the
Changsha Agricultural and Environmental Monitoring Station, Hunan Province,
China (113°19′52″ E, 28°33′04″ N). The main soil physicochemical properties were
pH 6.2, soil organic C 13.1 g kg–1, total N 1.4 g kg–1, available N 18.0 mg kg–1, total P
0.3 g kg–1, Olsen-P 3.7 mg kg–1, and total Fe 15.7 g kg–1 (Zhu et al., 2018). The soil
was passed through a 2 mm sieve and homogenized.

2.2. Research task 1: moderate O2 limitation

2.2.1. Experimental setup

For each of the three enzyme assays, three PVC-rhizoboxes (9 in total) with
inner dimensions of 20.5 × 24.0 × 1.5 cm closed with a transparent, removable
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plexiglas front cover were set as replicates. Rhizoboxes were specially constructed to
be water-tight using rubber sealing and screw-holders. One 20-day-old rice seedling
(Oryza sativa L. ‘Two-line hybrid rice Zhongzao 39’) was transplanted into a
rhizobox prefilled with water-saturated soil. After transplanting, all rhizoboxes were
adjusted with deionized water ca. 2 cm above the soil surface and the water level was
maintained throughout the experiment (except the dates of soil sampling; see section
2.2. below). Despite of flooding, moderate O2 limitation in the Experiment 1 was
achieved through the diffusion of air to the water and topsoil as well as through
releasing of O2 to the rhizosphere soil via aerenchimatous rice roots (Larsen et al.,
2015). All seedlings were grown in a climate chamber (KBF-S 720, Binder GmbH,
Tuttlingen, Germany) with 28 ± 1 °C day temperature and 24 ± 1 °C night
temperature, 70% relative humidity, and 12-h photoperiod. After transplanting, 30 mg
N as urea, 25 mg K and 20 mg P as KH2PO4 per kg dry soil were added to each
rhizobox as background fertilizers.

2.2.2. Soil sampling

Soil was collected at three consecutive dates of rice growth, i.e. after 10, 16–20,
and 28–31 days from rice transplanting. These ages of rice plants roughly
corresponded to a seedling (with 1 tiller), early (4 ± 1) and late (6 ± 1) tillering stages
of the vegetative phase of rice growth. Two days before each sampling date, the soil
in rhizoboxes was preconditioned by draining the flooding water to omit the loss at
the moment of opening. To maintain anoxic conditions in the moist soil, all the
rhizoboxes were opened inside a portable PVC glovebox (Captair® Pyramid
Glovebox 3015-00, Erlab DFS, Saint-Maurice, France) evacuated with a vacuum
pump (Ilmvac MP 301 Vp, Ilmvac GmbH, Ilmenau, Germany) and then back-flushed
with nitrogen to O2 concentrations lower than 0.2%. The O2 concentrations were
determined with an O2-sensor (Greisinger GOX 100, GHM Messtechnik GmbH,
Remscheid, Germany).

After opening a rhizobox, the soil was collected from three compartments
roughly reflecting the gradient of natural aeration from higher to lower: top bulk (2–5
cm), rooted (5–15 cm), and bottom bulk (15–18 cm) (Fig. 1a). In each compartment,
soil was collected from three random locations and then mixed into one sample of ca.
0.5 g moist weight. The sampling per compartment was repeated two times in the
glovebox – for oxic and anoxic assay – and the collected soil was placed into two 100
ml Kimble KIMAX borosilicate laboratory glass bottles (Kimble Chase Life Science
and Research Products, LLC., Meiningen, Germany), respectively. Depending on the
aeration treatment, either N2-bubbled (anoxic) or normal deionized sterile water (with
dissolved O2) was added to the respective bottles with soils at a soil-water ratio of
1:100. Before opening the glovebox, the bottles for the anoxic assay were tightly
sealed with thick air-impermeable butyl rubber septa. The glovebox was opened and
air filled the headspace of oxic bottles. Thereafter, the anoxic treatment was
additionally flushed with N2 for 30 min. At the same time, the oxic treatment
remained open without additional manipulations. After slaking the soil, the oxic
bottles were closed with butyl septa and the suspension was prepared in oxic and
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anoxic bottles simultaneously by shaking on a rotator (200 rpm) for 30 min before the
enzyme activity assays. A preliminary experiment has shown that the contribution of
enzymes bound to soil particles to the total enzyme activity is not significant after a
mild sonication (De Cesare et al., 2000) compared to a 30-min shaking without
sonication (data not shown). This suggested that the 30-min shaking was sufficient to
detect the majority of extracellular enzymes, both those released by active cells and
those enzymes stabilized on soil particles and colloids.

Fig. 1 (a) Sampling locations in the three soil compartments 48 hours after flood
water drainage for the Research task 1: moderate O2 limitation; shaded spots within
each compartment correspond to the removed soil; the level of flooded water
maintained during experiment is shown schematically by a dashed line. (b) Incubation
set-up for the Research task 2: strong O2 limitation with water-saturated soil in a
bottle sealed with a thick air-impermeable butyl rubber septum.

2.2.3. Hydrolytic enzyme assays

The activities of phosphomonoesterase (PME), β-glucosidase (BG), and leucine
aminopeptidase (LAP) were measured in independent variants (3 rhizoboxes per
enzyme) using fluorogenically labelled substrates of 4-methylumbelliferyl-phosphate,
4-methylumbelliferyl-β-D-glucoside, and L-leucine-7-amino-4-methylcoumarin
hydrochloride (all substrates were purchased from Sigma-Aldrich Co. Ltd),
respectively, according to the established method (Marx et al., 2001). We measured
enzyme kinetics according to the Michaelis-Menten approach with a saturating range
of substrate concentrations: 0, 5, 10, 20, 50, 100, 150, and 200 μM. Substrate and
buffer (see below) were prepared in duplicate, one replicate was flushed with N2 for
20 min and then used for enzyme determination under anoxic conditions in the
glovebox (–O2 assay) and the other replicate without any pretreatment was used for
enzyme determination under oxic conditions (+O2 assay). For both assay treatments,
50 μl soil suspension, 100 μl 4-methylumbelliferone (MUF) or
7-amino-4-methylcoumarin (AMC)-based substrate, and 50 μl MES or TRIZMA
buffer were added into a 96-well black microplate (Brand GmbH, Wertheim,
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Germany). After addition, microplates were incubated for enzymatic reaction
development. To maintain anoxic conditions during incubation, anoxic microplates
were prepared in the glovebox with O2 concentrations lower than 0.2% from the
atmospheric level. For +O2 assay, the preparation and incubation of microplates were
done outside the glovebox. The difference in enzyme kinetic parameters between oxic
and anoxic assays was termed as “aeration effect”. Pre-tests were made to define a
period of time between 0 and 120 min after addition of substrates ensuring linear
development of fluorescent signal. So, the fluorescence was measured at 30 and 60
min after addition of substrates to soil on a Victor 1420-050 Multi label counter
(PerkinElmer, USA) using a protocol with the excitation and emission wavelengths at
355 nm and 460 nm, respectively. The duration of reading per well was 0.1 s, so full
measuring of microplates was completed within 10 s. The effect of such a short period
of time compared with the total time of exposure to O2 for the oxic assay including
suspension preparation (ca. 2 h) was assumed to be negligible during anoxic assays.
The total time of exposure to O2 for the oxic assay including suspension preparation
was ca. 2 h.

2.3. Research task 2: strong O2 limitation

2.3.1. Experimental setup

Strong O2 limitation in the paddy soil was tested in an incubation experiment
without rice plants. The research task 2 comprised two objectives: (1) to reveal the
earliest effect of aeration on enzyme activities by measuring the signal during the first
45 min incubation of soil and substrates, (2) to estimate the aeration effects on the
activities of phenol oxidases and peroxidases and to correlate the activities with the
concentrations of Fe(II) and Fe(III) in soil suspensions of oxic and anoxic assays.

Same paddy soil was used for the research tasks 1 and 2 (see section 2.1.). Four
100 ml Kimble KIMAX borosilicate laboratory glass bottles (Kimble Chase Life
Science and Research Products, LLC., Meiningen, Germany) were filled with 20 g
(dry weight) water-saturated soil each (Fig. 1b). Additionally, 10 ml deionized water
was added to each bottle. The soil was pre-incubated anaerobically in the dark for 10
days at 25 °C in a climate chamber (KBF-S 720, Binder GmbH, Tuttlingen, Germany)
to establish strong anoxic conditions.

2.3.2. Soil sampling

After incubation, all the bottles were opened inside the glovebox as explained
above (section 2.2.2.). Soil in each bottle was stirred with a spoon and two
subsamples ca. 0.5 g moist soil were collected individually for oxic and anoxic assays,
respectively. The soil suspension was prepared as described above (section 2.2.2.).

2.3.3. Hydrolytic enzyme assays

Same hydrolytic enzymes – PME, BG, and LAP – were assayed as described
above (see 2.2.3. section). To reveal the earliest effect of aeration on enzyme
activities, the fluorescence was measured at 0, 15, 30, 60, 90, and 120 min after the
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addition of substrates to microplates under oxic and anoxic conditions.

2.3.4. Phenol oxidase and peroxidase activity assays

Phenol oxidase activity and peroxidase activity were measured using a substrate
Amplex Red (10-acety-3,7-dihydroxyphenoxazine, purchased from Sigma-Aldrich Co.
Ltd), according to Khosrozadeh et al. (2022). Briefly, 1 mg Amplex Red was
dissolved in 300 μl dimethyl sulfoxide (DMSO, Zhou et al., 1997), and then TRIZMA
buffer was added to obtain a final concentration of 500 μM. The Amplex Red solution
was prepared in duplicate and was flushed with N2 for 5 min. For both assay
treatments (anoxic and oxic), 50 μl soil suspension, 100 μl Amplex Red solution, and
50 μl TRIZMA buffer were added into a 96-well black microplate (Brand GmbH,
Wertheim, Germany). To distinguish peroxidase activity from phenol oxidase in total
oxidative enzymatic reaction with Amplex Red, 10 μl of 0.3% H2O2 were added to
each well of a separate microplate after the soil suspension, Amplex Red solution, and
TRIZMA buffer were added as described above. The anoxic conditions during
respective assay, including the incubation period of soil and substrate in microplates,
were maintained using the glovebox. All manipulations of the oxic treatment were
conducted in a similar way but under the room conditions. The fluorescence was
measured at 0, 15, 30, 60, 90, and 120 min after the addition of substrates to
microplates on a TECAN Infinite 200® PRO (Tecan Austria GmbH, Austria) using a
protocol with the excitation and emission wavelengths at 530 nm and 585 nm,
respectively.

2.3.5. Fe(II) and Fe(III) concentration measurement

Determination of Fe(II) and Fe(III) concentrations in oxic and anoxic soil
suspensions was done according to Elrod et al. (1991). Before analysis, all soil
suspensions were filtered through a filter paper (Whatman No. 42). For oxic assay, 2
ml filtrate were mixed with 500 μl ammonium acetate buffer (pH 4.5) and 500 μl
1,10-phenanthroline solution (0.5%) in a transparent cuvette (Th. Geyer GmbH & Co.
KG, Renningen, Germany) and then measured at 512 nm on a spectrophotometer
(NanoPhotometer® NP80, Implen GmbH, Munich, Germany). Then, 200 μl ascorbic
acid solution (10%) was added to cuvettes to completely reduce Fe(III) to Fe(II).
After 30-min reaction, total Fe concentration was measured as described above. Fe(III)
concentration was calculated as the difference between total Fe and Fe(II)
concentrations. The measurement was repeated after 15, 30, 60, 90, and 120 min
incubation of soil suspensions. For anoxic assay, the described procedure was
conducted inside the glovebox and the measurement was conducted immediately after
the cuvettes were removed from the glovebox. Determination of Fe(II) and total Fe
was done on the same anoxic suspension but in separate runs to exclude effect of
aeration during 30 min Fe (III) reduction by ascorbic acid. Calibration was performed
with FeCl3 at increasing concentrations of 0, 5, 10, 25, 50, 100, 200, and 300 μM.

2.4. Enzyme kinetics

To estimate the rate of hydrolytic enzyme activities in the research tasks 1 and 2,
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the assays were calibrated using either MUF or AMC pure substances at increasing
concentrations of 0, 100, 200, 500, 800, and 1200 pmol well–1 of a microplate. For
phenol oxidative and peroxidase activity estimation, the assays were calibrated using
resorufin at increasing concentrations of 0, 500, 1000, 1500, and 2000 nmol well–1.
Calibration was conducted in parallel under oxic and anoxic conditions. All pure
substances were purchased from Sigma Aldrich Co. Ltd.

Based on the calibration, the rates of three hydrolytic enzyme activities were
calculated as nmol MUF or AMC per g soil on a dry weight basis per hour at each of
the substrate concentrations added (in μmol g–1 dry soil). The Michaelis-Menten
equation was used to calculate the kinetic parameters Vmax and Km for each enzyme:

υ = (Vmax * S)/(Km + S) (1)

where υ is the reaction rate (nmol g–1 soil h–1), S is the substrate concentration, Vmax is
the maximum reaction rate of enzymatic activity at saturated substrate concentration
calculated from the increment of fluorescence values between the selected time
intervals (0–15, 15–30, 30–60, 60–90, and 90–120 min), and Km is the substrate
concentration at half-maximal rate (1/2 Vmax). Vmax and Km were estimated using
non-linear curve fitting in GraphPad Prism 8 (GraphPad Software, Inc., San Diego,
USA). Oxidative enzymes were calculated based on a single saturating concentration
(υ = Vmax) from a linear regression of calibration and presented as nmol resorufin per
g soil on a dry weight basis per hour.

2.5. Statistical analysis

For the research task 1, a two-way ANOVA with repeated measures (rice growth
stage, n = 3) was used to test the effects of (i) assay condition (+O2 vs. –O2 assays)
and (ii) soil compartment on Vmax and Km. For the research task 2, a two-way
ANOVA was used to test the effects of (i) assay condition (+O2 vs. –O2 assays) and
(ii) incubation time on Vmax and Km of hydrolytic enzymes, the activity of phenol
oxidases and peroxidases, and the concentration of Fe(II) and Fe(III) in soil
suspensions. Linear regression analysis was used to determine the relationships
between Fe(II) or Fe(III) concentrations and incubation time in soil suspensions. All
statistical tests were conducted using SPSS (Version 21, IBM, Armonk, NY, USA).

3. Results

3.1. Calibration of assays under anoxic and oxic conditions

Calibration curves of MUF (Fig. S1a), AMC (Fig. S1b), or resorufin (Fig. S1c)
obtained under –O2 and +O2 demonstrated strong linearity (r2~0.967–0.999) with
given concentrations. The slopes of the MUF and AMC calibration lines varied by
0.1% and 1.7% under –O2 vs. +O2 assays, respectively. The differences between the
slopes in –O2 and +O2 assays were not statistically significant for MUF, AMC, or
resorufin (Fig. S1).

3.2. Kinetic parameters of the hydrolytic enzymes
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3.2.1. Research task 1: moderate O2 limitation

The activities of the three tested enzymes demonstrated the saturation pattern
with increasing substrate concentrations from 0 to 200 μmol g–1 soil under both
aeration treatments (Fig. S2, S3). Vmax was most strongly suppressed by O2 for BG
(28–43%), followed by PME (12–27%) and LAP (9–22%) (Fig. 2a, b, c). This was
more pronounced in rooted soil than in bulk soil (Fig. 2a, b, c). The suppression effect
by O2 demonstrated diverse patterns (increase, decrease, or no change) with rice
growth for all tested enzymes (Fig. 2a, b, c). Compared with Vmax, the affinity of
enzymes to substrates (Km values) was generally less affected by O2. Only the affinity
of PME decreased (higher Km) by 11–17% under –O2 vs. +O2 (Fig. 2d). Between the
compartments, the Km values were overall higher in rooted vs. top bulk soil and
especially bottom bulk soil for all enzymes in both aeration assays (Fig. 2d, e, f). The
substrate affinity dynamics of PME increased with rice growth, except for rooted soil
under +O2 conditions (Fig. 2, bottom row).

Fig. 2 The maximum reaction rate (Vmax) of phosphomonoesterase (PME, a),
β-glucosidase (BG, b), and leucine aminopeptidase (LAP, c) and the affinity to a
substrate (Km) of PME (d), BG (e), and LAP (f) at the top bulk, rooted, and bottom
bulk soil of rhizoboxes with growing rice under moderate O2 limitation (research task
1) in oxic (+O2, dashed lines) and anoxic (–O2, solid lines) assays. The data are means
± standard deviations (n = 3).

3.2.2. Research task 2: strong O2 limitation

Vmax was suppressed by 6–26% for BG, 8–24% for PME, and 5–23% for LAP
under +O2 vs. –O2 (Fig. 3a, b, c). The difference in Vmax between +O2 vs. –O2
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increased from 5–8% to 20–24% with incubation time from 15 to 60 min and then
stabilized between 19–26% after 1-h incubation (Fig. 3a, b, c). The increased
activities of all three enzymes at initial 15–30 min (for PME and BG) and up to 60
min (for LAP) was attributed to high autofluorescence of substrates (fluorescence
during solubilization of substrates which was not caused by an enzymatic reaction)
(Fig. 3, red arrows). In contrast to Vmax, the aeration had no effects on the affinity of
enzymes to substrates (Fig. 3d, e, f), except for PME which affinity to the substrate
increased with incubation time (Fig. 3d).

Fig. 3 The maximum reaction rate (Vmax) of phosphomonoesterase (PME, a),
β-glucosidase (BG, b), and leucine aminopeptidase (LAP, c) and the affinity to a
substrate (Km) of PME (d), BG (e), and LAP (f) in soils under strong O2 limitation
(research task 2) in oxic (+O2, dashed lines) and anoxic (–O2, solid lines) assays. The
data are means ± standard deviations (n = 4). The vertical red lines correspond to the
duration of autofluorescence when enzyme activity is not measurable. Downward
arrows represent the negative aeration effect on Vmax. Size of a arrow indicate the
relative intensity of the aeration.

3.3. The activity of phenol oxidases and peroxidases and the concentration of
Fe(II) and Fe(III) in the research task 2

In contrast to hydrolytic enzymes, oxidative phenol oxidase and peroxidase
activities were up to 14 and 2 times higher under +O2 than –O2, respectively (Fig. 4a).
Fe(II) concentration in soil suspension gradually decreased at a rate of 0.02 μM min–1
under +O2 assays during 150 min exposure to air (Fig. 4b). In contrast, Fe(III)
concentrations gradually increased at a rate of 0.014 μM min–1 under +O2 assays (Fig.
4b).
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Fig. 4 The activity (a) of phenol oxidases (yellow lines) and peroxidases (blue lines)
and the concentration dynamics (b) of soluble Fe(II) (blue) and Fe(III) (yellow) in soil
suspension either in oxic (+O2) or anoxic (–O2) assays. The data are means ± standard
deviations (n = 4). Solid lines in subFig. b indicate significant linear correlations.
Arrows represent the aeration effect on either the activity of phenol oxidases and
peroxidases or the concentration dynamics of soluble Fe(II) and Fe(III) in soil
suspension. Size of arrows indicates the relative intensity and direction corresponds to
a positive or a negative aeration effect on a parameter.

4. Discussion

4.1. Effects of shor t-term aeration on hydrolytic enzymes, phenol oxidases, and
peroxidases

Incubation strategies under moderate (research task 1) and strong O2 limitation
(research task 2) both independently revealed the short-term suppressive effect of
aeration on hydrolytic enzyme activities in a paddy soil. So, in soils subjected to
moderate O2 limitation, activities of hydrolytic enzymes were suppressed by 9–43%
by aeration (Fig. 2a, b, c). Similarly, for soils incubated under strong O2 limitation,
the maximal enzymatic reaction rate after a reduction of autofluorescence (from
60–90 min depending on an enzyme) decreased by 19–26% with aeration of the
enzyme assay (Fig. 3a, b, c). This contradicted the first hypothesis that hydrolytic
enzyme activities would increase after the transition from anoxic to oxic conditions.
The decrease in Vmax by aeration in the assays was greater by 6–57% in rooted vs.
bulk soil under the moderate O2 limitation. This answered our first research question
that the suppressive effects of short-term aeration on hydrolytic enzyme activities are
modified along natural aeration gradient. This means, the natural aeration gradient
(Lüdemann et al., 2000; Bai et al., 2015) in the paddy soil from top bulk through
rooted and down to bottom bulk soil could not alleviate the suppression of enzymes
by aeration.
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Regarding the second research question, no clear patterns of Vmax by aeration of
the assays with rice growth were observed, suggesting that the suppressive effects of
short-term aeration on hydrolytic enzymes are independent of plant root biomass and
amount of provided exudates. The short-term aeration only affected the affinity of
phosphomonoesterase to substrates (Km values) (Fig. 2d), indicating that the effects of
moderate O2 limitation are enzyme-specific. Moreover, the phosphomonoesterase Km

values decreased with the duration of aeration under strong O2 limitation (Fig. 3d).
This can be interpreted as (1) a selective suppression of less effective enzymatic
systems, and/or (2) the production of a set of isoenzymes of phosphomonoesterase
with the same function but different chemical structure resulting in higher affinity to
substrate under oxic conditions (Hochachka and Somero 2002). The latter can be in
turn interpreted as a quick feedback mechanism and physiological response of the
microorganisms to the decreasing phosphate availability in soil solution due to the
immobilization of phosphates on Fe(III) from Fe(II) oxidation under oxic conditions.

Long-term oxic conditions and the removal of phenolics have been suggested to
increase hydrolytic enzyme activities in paddy soils (Wang et al., 2022), wetlands
(Wang et al., 2017), and peatlands (Freeman et al., 2001). However, we found that
short-term (2.5 h) aeration during enzymatic assays under strong O2 limitation had an
overall negative effect on Vmax values of the three tested hydrolytic enzymes in
naturally anoxic flooded paddy soil. In contrast, oxic conditions stimulated phenol
oxidase activity (Fig. 4a) and may therefore suggest an increased removal rate of
phenolics. Thus, our findings could not support the proposed “enzyme latch”
mechanism, which states that the suppression of hydrolytic enzymes is associated
with decreased activity of oxidative enzymes and the accumulation of phenolics.
Moreover, the Fe(II) oxidation rate of 0.02 μM min–1 observed in the present study
was lower than the values (0.1–0.5 μM min–1) found in other studies on paddy soils
(Li et al., 2016; Li et al., 2019b). As a result, the production of Fe(III) at such a low
rate cannot strongly affect the phenolics stoichiometrically, thereby contradicting the
second hypothesis. This confirms the inability of “iron gate” to explain short-term
aeration effects. Therefore, neither “enzyme latch” nor “iron gate” can explain the
suppression of hydrolytic enzyme activities in the short-term.

4.2. Mechanisms of the shor t-term effects of aeration on hydrolytic enzymes

Enzyme activities are the net effect of complex processes including enzyme
production, stabilization, degradation, and inhibition (Allison, 2006). Below, we
propose three mechanisms, which in our view may most comprehensively explain the
observed short-term suppressive effect of O2 on hydrolytic reactions (Fig. 5):

(1) Abrupt aeration inhibited the activity of obligate anaerobic microorganisms
and initiated a shift in microbial metabolic pathways, restricting the secretion of de
novo formed enzymes. Generally, O2 could affect microbial communities in two ways:
(i) long-term change in microbial community structure if redox conditions persist
longer than the average generation time of organisms, (ii) short-term change in the
activity and metabolic pathways of the community if the redox conditions persist
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shorter than organisms’ average generation times (Deangelis et al., 2010). Although
we did not determine the microbial community changes, there is evidence that such
changes are not essential within a timeframe of 2.5 h, given the 4–11 h time lag
preceding microbial growth and the 1.8–2.8 h generation time of growing
microorganisms in soil (Bååth, 1992; Blagodatskaya et al., 2009). Microbial biomass
and community structure did also not change in a humid tropical soil with short-term
redox fluctuation under alternating flushing of air and N2 every 12 h (Pett-Ridge et al.,
2006). Therefore, 2.5-h aeration in our both experiments should rather cause
short-term changes in activity than shifts in microbial community structure (Fig. 5b,
pathway I). Facultative anaerobes and micro-aerophilic groups can adapt to common
O2 fluctuations (Yadav et al., 2014). However, the abrupt exposure of an established
anoxic environment to air will most probably cause a direct suppressive effect on
active anaerobic microorganisms and strongly reduce de novo enzymes synthesis.
This was indirectly confirmed by the fact that the negative effect of aeration on
hydrolytic enzyme activities increased with increasing duration of O2 exposure,
during which enzyme turnover and degradation continued but no new enzymes were
supplied by the highly O2-stressed microbial community (Fig. 3).

Fig. 5 Mechanisms of hydrolytic enzymes suppression by short-term (during 2 hours)
O2 exposure. Left side (a): enzymatic reactions conducted by hydrolytic enzymes
under anoxic conditions. Right side (b): reduction of microbial activity (pathway I),
toxicity of reactive oxygen species (ROS) to microbial cells (pathway II), and
compensatory mechanism of anti-stress enzyme production, e.g. catalase, superoxide
dismutase (pathway III). Size of arrows corresponds to relative intensity of enzyme
production or reaction rates. Triangles on top reflect the relative increase of the
short-term suppressive effect of oxygen (brown) and the concurrent relative decrease
of enzymatic maximal reaction rate (Vmax, blue) with O2.
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(2) The reactive oxygen species (ROS), such as superoxide anions (O2˙¯),
hydroxyl radicals (HO˙), and hydroperoxyl (HO2˙), can be produced as a result of
molecular O2 reduction by Fe(II) and may directly suppress microorganisms after the
transition from anoxic to oxic conditions (Fenchel and Finlay, 2010). Importantly,
ROS could be generated quickly initially (Grant and Loake, 2000). For example,
H2O2-mediated oxidative cross-linking of bean cells was initiated within 2 min
(Bradley et al., 1992). ROS can be generated through Fenton and Fenton-like
reactions (Hall and Silver, 2013):

Fe(II) + O2 + H+ → Fe(III) + HO2˙ (i)

Fe(II) + HO2˙ + H+ → Fe(III) + H2O2 (ii)

Fe(II) + H2O2 → Fe(III) + HO˙ + OH¯ (iii)

Although ROS species and their concentration dynamics were not measured in the
current experiment, estimates based on Fe(II) oxidation rate of 0.02 μM min-1 confirm
the stoichiometric generation of 0.06 nmol of cumulative ROS in each well of a
microplate per hour. Stimulated oxidative enzyme activities, which use ROS such as
H2O2 as co-substrates, support the concept of increased ROS formation, which may be
responsible for exertion of a negative effect on microbial activities after an abrupt
aeration. Aerobes and facultative anaerobes possessed complex protective
mechanisms such as the production of catalase, superoxide dismutase, and other
compounds to reduce ROS (Fenchel and Finlay, 2010). However, these protective
enzymes are generally lacking or occur at very low concentrations in anaerobes
(Fenchel and Finlay, 1994). An abrupt aeration can therefore suppress the entire
metabolic activity of anaerobes, including the production of hydrolytic enzymes (Fig.
5b, pathway II), at least until sufficient agents are synthesized to protect cells from
ROS damages.

(3) Aerobes and facultative anaerobes may respond to oxidative stress caused by
ROS by redirecting their resources from the secretion of hydrolases to protection.
Microbial functions are prone to immediate changes, especially under conditions
where stress becomes intolerable (Tikariha et al., 2018). For example, the
ammonia-oxidizers (Bodelier et al., 1996) and the nitrifying bacterial community
(Jensen, 1993) in fresh water sediments resumed nitrification within 1 h upon
exposure to O2. This and other examples (Kalia et al., 2011; Tan et al., 2014; Cabiscol
et al., 2000) confirm that the 2-h aeration likely exerted intolerable stress on the
microbial community and caused changes in enzyme kinetic parameters. To protect
themselves against oxidative stress, the compensatory mechanisms established by
microorganisms include production of catalase, superoxide dismutase, glutaredoxin,
and thioredoxin (Cabiscol et al., 2000). For example, manganese-containing
superoxide dismutases and hydroperoxidase I were produced by Escherichia coli in
response to oxidative stress (Compan and Touati, 1993; Finn and Condon, 1975).
Along with such a direct compensatory mechanism, the indirect effect will be driven
by the need of microorganisms to overuse their resources in dealing with the stress
(Schimel et al., 2007). Apparently, the production and release of enzymes by
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microorganisms are costly, energy-consuming processes (Schimel and Weintraub,
2003). If this energy is devoted to compensatory production of catalases and
ferroxidases to resist oxidative stress, then there could be a concurrent decrease in
hydrolases production (Fig. 5b, pathway III).

In summary, this study demonstrated for the first time the clear need to consider
in situ conditions for the soil enzyme assays. The proposed mechanisms should be
further proven by (i) in-depth verification based on ROS identification and
concentration measurements and (ii) the long-term effects of aeration on enzyme
kinetic parameters during the shift from anoxic to oxic conditions, e.g. after water
drainage or under the alternative wetting/drying rice cultivation management.

5. Conclusions

We evaluated the effect of short-term aeration (for ca. 2–2.5 h) on activities of
three common hydrolytic enzymes catalyzing the decomposition of C-, N-, and
P-containing organic compounds in flooded paddy soil. Our study demonstrated for
the first time that measuring the enzyme kinetics in natively low-oxygen systems
under anoxic conditions e.g. in a glovebox is an essential methodological requirement
to assess enzymatic reaction rates and affinity to substrates of this oxygen-sensitive
biological soil feature. Overall, the potential activities (Vmax) of phosphomonoesterase,
β-glucosidase, and leucine aminopeptidase in a paddy soil were underestimated under
oxic conditions by 5–43% as compared to anoxic conditions. In contrast, phenol
oxidases were up to 14 times higher and peroxidases 2 times higher after an abrupt
aeration. Thus, short-term (a few hours) aeration strongly affected the
enzymatically-mediated processes of enzymes produced under shortage of O2. We
therefore suggest that enzymatic assays for anoxic (e.g. humid tropical soils, rice
paddies) and especially more strict anaerobic environments (e.g. wetlands, peatlands,
and sediments) should be conducted under controlled, O2-free conditions. Moreover,
the underestimation of hydrolytic enzyme activities due to an aeration bias in enzyme
assays may lead to a strongly skewed mechanistic understanding of SOM
transformations in anoxic environments with follow-up complications for
process-based modeling.
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Supplementary

Fig. S1 Calibrations of phosphomonoesterase and β-glucosidase activities by
4-methylumbelliferone (MUF, a), leucine aminopeptidase activities by
7-amino-4-methylcoumarin (AMC, b), and phenol oxidase and peroxidase activities
by resorufin (c) fluorogenic dyes under anoxic (–O2) and oxic (+O2) conditions. The
data are means ± standard deviations (n = 6).
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Fig. S2 The kinetics of phosphomonoesterase, β-glucosidase, and leucine
aminopeptidase activities at the top bulk, rooted, and bottom bulk soil compartments
of a rhizobox in oxic (+O2) and anoxic (–O2) assays from the research task 1:
moderate O2 limitation. The data are means ± standard deviations (n = 3). I, II, and III
represent seedling, early-, and late tillering stages of rice growth, respectively.

Fig. S3 The kinetics of phosphomonoesterase (PME, a), β-glucosidase (BG, b), and
leucine aminopeptidase (LAP, c) activities in oxic (+O2) and anoxic (–O2) assays
from the research task 2: strong O2 limitation. The data are means ± standard
deviations (n = 4).



71

Study 2 Oxygen matters: Shor t- and medium-term effects of aeration

on hydrolytic enzymes in a paddy soil

Chaoqun Wanga,*, Michaela A. Dippolda,b, Evgenia Blagodatskayac,d, Maxim
Dorodnikova,e

a Biogeochemistry of Agroecosystems, University of Goettingen, 37077 Goettingen,
Germany
b Geo-Biosphere Interactions, University of Tuebingen, 72076 Tuebingen, Germany
c Department of Soil Ecology, Helmholz Centre for Environmental Research, 06120
Halle/Saale, Germany
d RUDN University, 6 Miklukho-Maklaya St, 117198 Moscow, Russia
e Department of Soil Science of Temperate Ecosystems, University of Goettingen,
37077 Goettingen, Germany

* Correspondence: chaoqun.wang@forst.uni-goettingen.de

Status: Published in Geoderma

Wang, C.Q., Dippold, M.A., Blagodatskaya, E., Dorodnikov, M., 2022. Oxygen
matters: Short-and medium-term effects of aeration on hydrolytic enzymes in a paddy
soil. Geoderma 407, 115548.

mailto:chaoqun.wang@forst.uni-goettingen.de


72

Graphical abstract

Mechanisms of hydrolytic enzymes suppression by short-term aeration due to (1)
toxicity of reactive oxygen species (ROS) to microbial cells, (2) decreasing efficiency
of phenol oxidase because of Fe (II) oxidation and accumulation of phenolics
(“iron-gate”), and activation by medium-term aeration due to cancelling of
suppressive factors. Arrow size: relative intensity of active enzyme production,
reaction rates, or substrate turnover rate. Triangles with color gradients: the intensity
of O2 effects on enzyme activities from low (blueish) to high (reddish).
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Abstract: Rapid exposure of anoxic microbial communities to oxygen (O2) can have
unpredictable effects, including strong suppression of their enzymatic activity.
Nonetheless, most medium- and long-term incubation studies on soil organic matter
transformations fail to consider aeration effects during sample post-processing and/or
assays. Moreover, it remains unclear whether anoxic enzymatic systems are adapted
to quick switch to oxic conditions. We evaluated the effects of short-term (2-h oxic
(+O2) vs. anoxic (–O2) assays) and medium-term aeration (after 10-day oxic vs.
anoxic pre-incubation) on the kinetic parameters (Vmax, Km) of phosphomonoesterase,
β-glucosidase, and leucine aminopeptidase in top bulk, rooted, and bottom bulk paddy
soil of flooded rice microcosms. We hypothesized contrasting short- and
medium-term responses of hydrolytic enzyme activities to aeration (i) a negative
short-term effect caused by reactive O2 species toxicity and/or other mechanisms, and
(ii) adaptation of anoxic microbial communities to medium-term aeration reducing the
impact of ongoing O2 exposure.

Overall, 2-h aeration suppressed Vmax values by 7-43% and catalytic efficiency Ka

(Vmax/Km) by 3-22%, and extended the substrate turnover time Tt (7-33%) of three
tested enzymes in all soil compartments pre-incubated without O2. In contrast, no
short-term suppressive effect of O2 was observed on three tested enzymes after oxic
pre-incubation. Medium-term aeration increased Vmax (by 12-253%) and Ka (by
3-78%) of the enzymes and shortened Tt (4-42%) as compared to the anoxic
counterpart. These findings support our hypothesis about anoxic microbial community
adaptation over the medium-term aeration. Accordingly, the sensitivity of anoxic
hydrolytic enzymes to a short-term O2 exposure and the O2 adaptation mechanisms
require strong consideration (i) for enzyme assays of anoxic soils and (ii) for
understanding the soil organic matter dynamics in environments with O2 fluctuations.

Keywords: anaerobes; aerobes; microbial community shift; enzyme system;
suppression by oxygen; adaptation to oxygen
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1. Introduction

Soil enzymes, excreted mainly by microorganisms and plant roots, are central to
the cycling of nutrients. Among different types of enzymes, the hydrolytic group
plays the most important role in mineralizing the organic matter (Burns et al., 2013).
For example, the transformation of organic phosphorus to bioavailable forms in soil is
driven by phosphatases secreted by plant roots and microorganisms (Cosgrove, 1980;
Spohn and Kuzyakov, 2013; Kunito et al., 2018). β-glucosidase produced by
microorganisms catalyzes the last step of carbohydrate degradation and thus provides
crucial carbon sources for microbial life (Alexander, 1977; Kumar et al., 2018).
Leucine aminopeptidase controls the degradation of amide-linked polypeptides, the
primary form of organic nitrogen (Hanson and Frohne, 1976; Finzi et al., 2015). A
solid understanding how biotic and abiotic factors affect enzyme activities is essential
to predict biogeochemical processes contributing to soil nutrient cycling. The effects
of biotic factors such as plant species (Caravaca et al., 2005) and microbial
communities (Wang et al., 2021a, 2021b) – as well as of numerous abiotic factors
such as soil moisture (Sanaullah et al., 2011), pH (Sinsabaugh, 2010), nutrient
contents (Keuskamp et al., 2015), or element stoichiometry (Hartman et al., 2017;
Zhou et al., 2017) – on potential enzyme activities have been well documented.
Although the availability of oxygen (O2) has been proposed as a potential limitation in
the enzyme-regulated decomposition process (Kleber, 2010; Davidson et al., 2012),
only a few studies have systematically quantified and proposed explanations of such
O2 effects on hydrolytic enzyme activities. For example, according to the “enzymatic
latch” mechanism, decomposition of organic matter in peatlands is controlled by
activation or inactivation of phenol oxidase depending on O2 availability (Freeman et
al., 2001). In turn, the accumulation of phenol may inhibit the activities of hydrolytic
enzymes (Wang et al., 2017). A linkage between inactivation of phenol oxidase and
Fe(II) oxidation in Fe-rich ecosystems with aeration is described in the “iron gate”
concept (Wang et al., 2017; Wen et al., 2019). According to the latter, both decrease
of Fe(II) and accumulation of phenol control carbon sequestration in ecosystems with
fluctuating redox conditions but also affect N cycling (Matus et al., 2019). In addition
to indirect effects of dissolved oxygen on hydrolytic enzymes in anoxic soil systems,
the reactive oxygen species (ROS) can be produced as a result of molecular O2

reduction. The ROS, such as superoxide anions, hydroxyl radicals, and peroxide may
directly suppress microorganisms and enzymatic activities during the transition from
anoxic to oxic conditions (Fenchel and Finlay, 2010). We therefore lack experimental
data to predict the effects of the dramatic increase in O2 concentration on hydrolytic
enzyme activities in anoxic systems.

Changes in soil redox status can trigger the activation or inactivation of
microbial populations (Deangelis et al., 2010; Pett-Ridge et al., 2006), which can in
turn change soil enzyme systems. For putative anaerobic microorganisms, aeration
kills cells in anoxic soils because O2 is highly toxic for them (Moat and Foster, 1988;
Fenchel and Finlay, 1995). For example, Thiovulum majus and Candidatus Thioturbo
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danicus rapidly died under an atmospheric O2 saturation (Fenchel and Finlay, 2010).
Such toxicity is mainly due to the formation of ROS, which is produced by the
incomplete reduction of the O2 molecule, inside or outside cells (Fenchel and Finlay,
2010). In contrast, aerobic and facultative anaerobic microorganisms possess a set of
mechanisms enabling them to protect their cells from detrimental O2. Superoxide
dismutase, catalase, and other compounds secreted by aerobic microorganisms
counteract the O2 toxicity. Thus, the tolerance of some microaerophilic bacteria to O2

increased when superoxide dismutase and catalase were added to the growth medium
(Krieg & Hoffman, 1986). Despite redox fluctuations are detrimental to strictly
aerobic or anaerobic heterotrophs, they may promote facultative anaerobes with lower
growth potential (Yang et al., 2021).

Enzymes can also be directly or indirectly affected when microorganisms
respond to oxidative stress. There is contrasting evidence on the effects of aeration on
enzymatic reactions in various ecosystems. The aminopeptidase activity in intertidal
sediments (McKew et al., 2013), the protease activity in sludge (Jang et al., 2014;
Ayol et al., 2008), and the activities of phosphatases and glucosidases in food waste
(Henry et al., 2018) were lower in anoxic than oxic microcosms. In contrast, the
activity of hydrolytic enzymes was higher without O2 in humid tropical forest soils
(Hall et al., 2014). Despite such inconsistency, enzymatic activity assays of soils from
continuous or temporal anoxic systems such as paddy soils (Wei et al., 2019b),
peatlands (Parvin et al., 2018), wetlands (Xu et al., 2020), and marine sediments (Cao
et al., 2011) are usually performed under oxic conditions. Accordingly, the
contrasting results reported in the literature may well reflect this anoxic-oxic shift
shortly before or during the enzyme assay. This clearly calls for research to
systematically evaluate the influence of O2 on enzyme activities. This will help to
decrease the uncertainty in the results or even reconsider previous findings with
regard to methodological artefacts arising from changing O2 levels during enzyme
assays.

We, therefore, hypothesize that, in contrast to a negative short-term effect on the
hydrolytic enzyme activities caused by reactive O2 species toxicity and/or other
mechanisms, such as inhibition of hydrolytic enzymes by accumulating phenolics,
medium-term aeration will cause anoxic microbial communities to adapt reducing the
impact of O2 exposure during enzyme assays with absence or presence of O2. To test
this hypothesis, we measured the maximal reaction rate (Vmax) and Michaelis-Menten
constant (Km) of three common hydrolytic enzymes – phosphomonoesterase (PME),
β-glucosidase (BG), and leucine aminopeptidase (LAP) – using fluorogenically
labeled substrates (Marx et al., 2001). We compared enzyme assays conducted during
2 hours under oxic and anoxic conditions in soil samples along an aeration gradient
(from high to low O2 exposure: top bulk, rooted, and bottom bulk) of flooded paddy
microcosms with growing rice. Rice plants can deliver O2 to roots via aerenchyma, so
the larger root system the stronger the O2 allocation belowground. Samples collected
at three periods of rice growth were pre-incubated for 10 days under oxic and anoxic
conditions before their characterization by the enzyme assays to answer the following
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questions:

(1) Which of the enzyme kinetic parameters are most sensitive to stress and
adaptation of microorganisms to aeration?

(2) Do Vmax and Km change independently of each other in response to aeration?

(3) Will the natural soil aeration gradient between compartments (from top bulk
through rooted down to bottom bulk soil) and with the rice plant growth stage (from
seedling to late tillering stages) affect the enzyme kinetic parameters?

2. Mater ials and methods

2.1. Soil description and experimental setup

The topsoil (0-20 cm) was collected from a paddy rice field located at the
Changsha Agricultural and Environmental Monitoring Station, Hunan Province,
China (113°19′52″ E, 28°33′04″ N). The soil has a pH of 6.2 and contains 13.1 g·kg-1
soil organic C, 1.4 g·kg-1 total N, 18.0 mg·kg-1 available N, 0.3 g·kg-1 total P, and 3.7
mg·kg-1 Olsen-P (Zhu et al., 2018). The soil was sampled after the second rice harvest
(November-December 2017), sieved < 2 mm, homogenized, and air-dried prior to
transportation to Germany.

Three rice microcosms were established in PVC rhizoboxes for each of the three
enzymes (9 in total) to increase the statistical power of the observations related to
medium- and short-term aeration effects on enzyme activities. Rhizoboxes with inner
dimensions of 20.5 × 24.0 × 1.5 cm were made water-tight using rubber sealing and
screw-holders closed with a transparent, removable plexiglas front cover (Fig. S1A).
One 20-day-old rice seedling (Oryza sativa L. ‘Two-line hybrid rice Zhongzao 39’)
was transplanted into the center of a rhizobox prefilled with 1.0 kg water-saturated
soil. After transplanting, deionized water was added to rhizoboxes to maintain a 2-3
cm water layer above the soil surface during whole period of rice growth except for
the sampling dates (see section 2.2 below). All seedlings were grown in a climate
chamber (KBF-S 720, Binder GmbH, Tuttlingen, Germany) with 28 ± 1 day/24 ±
1 °C night temperatures, 70% relative humidity, and 12-h photoperiod (08:00 to
20:00). After transplanting, 30 mg N as urea, 25 mg K, and 20 mg P as KH2PO4 per
kg dry soil were added to each rhizobox.

2.2. Soil sampling and pre-incubation

Soil sampling was performed at the seedling (with 2±1 tillers), early- (4±1), and
late (6±1) tillering stages of rice plants 10, 16-20, and 28-31 days after rice
transplantation. To prevent soil loss during opening, the rhizoboxes were
preconditioned by draining floodwater two days before each sampling date. The
drainage did not change soil redox potential (Eh values) at a 5-cm depth within 2 days
(preliminary experiment, data not shown). To maintain anoxic conditions in the moist
soil, all the rhizoboxes were opened inside a portable PVC glovebox (Captair®
Pyramid Glovebox 3015-00, Erlab DFS, Saint-Maurice, France) (Fig. S1B) evacuated
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with a vacuum pump (Ilmvac MP 301 Vp, Ilmvac GmbH, Ilmenau, Germany) and
then back-flushed with nitrogen to levels of O2 lower than 0.2% as indicated by an
O2-sensor (Greisinger GOX 100, GHM Messtechnik GmbH, Remscheid, Germany)
(Fig. S1C).

Three compartments, top bulk (2-5 cm), rooted (5-15 cm), and bottom bulk
(15-18 cm), were sampled after opening a rhizobox (Fig. S1D). For each compartment,
the soil collected in three random locations was pooled into one approximately 0.5 g
sample. In total, four samples were collected per compartment of a rhizobox at each
rice growth stage: two for oxic and two for anoxic pre-incubation. The paired samples
in each pre-incubation were used for –O2 and +O2 assays, respectively (Fig. 1). Every
enzyme activity assay was conducted on one corresponding soil sample. Below, for
simplicity, we explain the treatments for soil samples taken from a compartment for
an individual enzyme and rice growth stage, whereas in total there were 324 samples
(3 compartments x 3 enzymes x 3 stages x 3 replicates x 2 pre-incubation conditions x
2 assay conditions) assayed in the experiment (Fig. 1). The collected soil was placed
into four 100-mL Kimble KIMAX borosilicate laboratory glass bottles (GL 45,
Kimble Chase Life Science and Research Products, LLC., Meiningen, Germany).
“Anoxic” bottles were sealed with thick air-impermeable butyl rubber septa, while the
“oxic” bottles were closed with plastic screw caps. Then, the “anoxic” samples were
flushed for 20 min with N2 and the “oxic” samples were aerated and left loosely
closed to ensure gas exchange but prevent drying. Both treatments were pre-incubated
in the dark for 10 days at 22 ℃ in an incubator chamber (FKS 3600 Index 20B/001,
Liebherr, Germany). After pre-incubation, one anoxic and one oxic bottle were filled
with N2-bubbled deionized sterile water in a ratio of 100 v/v to the soil sample and
closed with thick air-impermeable butyl rubber septa in the glovebox. Another anoxic
and oxic bottle were filled with deionized sterile water (with dissolved O2) and closed
with plastic screw caps. Thereafter, the bottles for –O2 assay (one from anoxic
pre-incubation and the other from oxic pre-incubation) were additionally flushed with
N2 for 30 minutes. No specific manipulations were conducted for the bottles of the
+O2 assay. Soil was slaked in bottles and the slurry was prepared during 30 min
shaking on a rotator (200 rpm) before enzyme activity assays.
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Fig. 1 Diagram of the experimental design to test the effects of medium-term (10-day
pre-incubation) and short-term (2-h assay) aeration (red boxes) vs. anoxic controls
(blue boxes) on activities of three hydrolytic enzymes (phosphomonoesterase,
β-glucosidase, and leucine aminopeptidase) in soils from three rhizobox
compartments (top bulk, rooted, and bottom bulk) collected at three rice growth stages
(seedling stage, 10 days after rice transplantation; early tillering stage, 16-20 days;
late tillering stage, 28-31 days). Photos of rice are examples of growth stages (there
were 9 rhizoboxes with plants for each of the three enzymes tested).

2.3. Enzyme assays

The activities of PME, BG, and LAP were determined using fluorogenically
labeled substrates (Sigma-Aldrich Co. Ltd): 4-methylumbelliferyl-phosphate,
4-methylumbelliferyl-β-D-glucoside, and L-Leucine-7-amino-4-methylcomarin
hydrochloride, respectively (Marx et al., 2001; German et al., 2011). The
Michaelis-Menten approach with substrate concentrations ranging from 0, 5, 10, 20,
50, 100, 150, to 200 μmol·L-1 was applied to determine enzyme kinetic parameters.
Substrates and buffer (see below) were prepared in duplicate; one part was flushed
with N2 for 20 minutes and then used for enzyme assays under anoxic conditions in
the glovebox, and the other part without any pretreatment was used for enzyme assays
under oxic conditions. For both assay treatments, 50 μl soil suspension, 50 μl MES or
TRIZMA buffer, and 100 μl 4-methylumbelliferone (MUF) or
7-amino-4-methylcomarin (AMC)-based substrate were added into a 96-well black
microplate (Brand GmbH, Wertheim, Germany). The fluorescence was repeatedly
measured at 355 nm and 460 nm (1.0 s) excitation and emission wavelengths,
respectively, on a Victor 1420-050 Multi label counter (PerkinElmer, USA) after 30
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and 60 min of incubation under oxic and anoxic conditions. Two sets of microplates
for each sample were prepared at a 30-min interval to maintain anoxic conditions
during incubation. After opening the glovebox, all anoxic plates were measured
simultaneously within 5 min. The same approach was used for oxic assays.

2.4. Enzyme kinetics

To estimate the rate of enzyme activities measured by fluorescence, the assays
were calibrated either using MUF or AMC pure substances at increasing
concentrations of 0, 100, 200, 500, 800, and 1200 pmol·well-1. Calibrations were
conducted in parallel under oxic and anoxic conditions. Based on the calibration, the
rates of three enzyme activities were calculated as nmol MUF or AMC per g soil on a
dry weight basis per hour in relation to the substrate added (in μmol g-1 dry soil). The
Michaelis-Menten equation was used to calculate the kinetic parameters Vmax and Km

for each enzyme:

υ = (Vmax * S)/(Km + S) (1)

where υ is the reaction rate (nmol g-1 soil h-1), S is the substrate concentration, Vmax is
the maximum reaction rate of enzymatic activity at saturated substrate concentration,
and Km is the substrate concentration at half-maximal rate (1/2 Vmax). Vmax and Km

were estimated using non-linear curve fitting in GraphPad Prism 8 (GraphPad
Software, Inc., San Diego, USA). The catalytic efficiency (Ka) of enzymes was
expressed by the ratio of Vmax and Km (Tischer et al., 2015). The turnover time (Tt)
was calculated according to the following equation (Tischer et al., 2015):

Tt (days) = (Km + S)/Vmax (2)

where S was equal to Km/10 assuming substrate limitation and the identical degree of
enzyme saturation by substrate (Basova et al., 2000).

2.5. Statistical analysis

A three-way ANOVA with repeated measures (rice growth stage, n = 3) was
used to test the effects of (i) medium-term aeration (MTA, oxic vs. anoxic
pre-incubation), (ii) short-term aeration (STA, +O2 vs. –O2 assays), and (iii) soil
compartment (SC) on Vmax, Km, Ka, and Tt. A one-way ANOVA, followed by the least
significant difference (LSD) test, was used to evaluate the significance of differences
(P < 0.05) between the relative changes (∆%) in Ka due to short-term aeration as well
as medium-term aeration in top bulk, rooted, and bottom bulk soil compartments. All
statistical tests as well as linear regression analysis to determine the relationship
between Vmax and Km were conducted using SPSS (Version 21, IBM, Armonk, NY,
USA).

3. Results

3.1. Enzyme activities and affinity of enzymes to substrates

Calibration of assays by MUF and AMC pure substances under –O2 and +O2
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revealed no significant differences between conditions (Fig. S2), indicating no
pronounced chemical oxidation (or reduction) during the 2-h assay. The rates of
enzymatic reactions determined by oxic and anoxic conditions demonstrated a typical
saturation pattern with increasing substrate concentration from 0 to 200 μmol·g-1 soil
(Fig. S3), enabling use of the Michaelis-Menten equation to estimate Vmax and Km

values.

The effect of medium-term aeration (oxic vs. anoxic pre-incubation) on enzyme
activity (Vmax) and the affinity of enzymes to substrates (the inverse of Km) was more
pronounced than those of short-term aeration (+O2 vs. –O2 assays), and soil
compartment (Table 1, Fig. 2). Moreover, the effects of medium-term aeration,
short-term aeration, soil compartment, and their interactions on Vmax were stronger as
compared to Km (Table 1). The Vmax and Km values of PME and BG increased at
medium-term aeration, indicating that PME and BG were more sensitive to
medium-term aeration than LAP (Fig. 2).

Fig. 2 The maximum reaction rate (Vmax) and the inverse of the affinity to a substrate
(Km) of phosphomonoesterase (a, b, c), β-glucosidase (d, e, f), and leucine
aminopeptidase (g, h, i) of samples after anoxic (blue) and oxic (red) pre-incubation at
the top bulk-, rooted-, and bottom bulk soil during rice plant growth (seeding
(triangle), early- (diamond), and late tillering (stars) stages) in oxic (+O2, filled
symbols) and anoxic (–O2, open symbols) assays. The data are the means ± standard
deviations (n = 3). Arrows: the effect of medium-term (10-day) aeration on Vmax and
Km during pre-incubation. Significance of the effect is denoted by P values in bold
font. Missing arrows: no effect. Original data are shown in Supplementary tables 1, 2,
and 3.
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The highest activation by medium-term aeration was observed in bottom bulk
soil for all three enzymes (Fig. 2c, f, i) and the largest relative increment of Vmax by
medium-term aeration was detected for PME (Fig. 2a, b, c). Medium-term aeration
substantially decreased the affinity to substrates of the PME and BG in all rhizobox
compartments, whereas this decrease in LAP was significant only in bottom bulk.
Short-term aeration suppressed Vmax of all enzymes after anoxic pre-incubation (Fig. 2,
comparison of blue open vs. filled symbols). After oxic pre-incubation this
suppression was insignificant (Fig. 2, red open symbols vs. filled symbols). Rice
growth generally stimulated the activities of all enzymes, but decreased the affinity to
the substrates (Fig. 2, growth stage increase in the order triangles to diamonds to
stars). Rice growth effects were observed after both oxic- and anoxic pre-incubations.

3.2. Catalytic efficiency of enzymes and turnover time of substrates

Medium-term aeration, soil compartment, and their interactions had significant
effects on the catalytic efficiency (Ka values) of the three tested enzymes (Table 1).
Effects of short-term aeration on the Ka values were significant only for LAP (Table
1). After anoxic pre-incubation, short-term aeration reduced the Ka values of PME by
3-11%, BG by 9-22%, and LAP by 20%, depending on soil compartment (Fig. 3a,
left). In contrast, after oxic pre-incubation, the Ka values of PME increased by
10-19% in the +O2 assay, BG by 4-15%, and LAP by 6-9% as compared to the –O2

assay (Fig. 3a, right). After medium-term aeration in oxic pre-incubation, the Ka

values of PME, BG, and LAP increased by 29-52% in the –O2 assay and by 73-78%
in the +O2 assay (Fig. 3b). The increase was less pronounced for the Ka of BG (3-20%
and 26-61%, respectively) and LAP (3-5% and 39-43%). Among the three
compartments, Ka values were higher overall in rooted vs. bulk soil for the three
tested enzymes (Tables S4, S5, S6). With rice growth, short-term aeration increased
the Ka values of PME in the three compartments and LAP in rooted and bottom bulk
soil after anoxic pre-incubation (Tables S4, S5, S6). Moreover, medium-term aeration
increased the Ka values of LAP in the three compartments, but decreased the Ka

values of BG in bulk soil with rice growth (Tables S4, S5, S6).
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Fig. 3 Relative difference (∆%) for catalytic efficiency of enzymes (Ka) due to
short-term aeration during assays (2-h) after anoxic pre-incubation (a, left) and oxic
pre-incubation O2 (a, right), and relative difference (∆%) for Ka in –O2 (b, unshaded)
and +O2 (b, shaded) assays due to medium-term (10-day) oxic and anoxic
pre-incubation in top bulk, rooted, and bottom bulk soil compartments. Values are
means between seedling, early- and late tillering stages of rice growth. Original data
are shown in Supplementary tables 4, 5, and 6. Asterisks: significant differences (P <
0.05) between oxic and anoxic pre-incubation as well as between –O2 and +O2 assays.

Medium-term aeration, soil compartment, and their interactions significantly
affected the turnover time of corresponding substrates (Tt values) of three tested
enzymes (Table 1). However, effects of short-term aeration on the Tt values were
significant for LAP only (Table 1). In consequence, short-term aeration extended the
Tt values under substrate deficiency (~ 10% of Km) of PME by 7-15%, BG by 10-33%,
and LAP by 28-29% after anoxic pre-incubation (Fig. 4, Table S4, S5, S6). In contrast,
the Tt values for PME, BG, and LAP shortened by 5-15%, 7-14%, and 6-7% in the
+O2 vs. –O2 assay after oxic pre-incubation (Fig. 4, Tables S4, S5, S6). Moreover,
medium-term aeration shortened the Tt values for PME (by 22-34% in the –O2 assay,
40-42% in the +O2 assay), BG (4-16% and 20-40%, respectively), and LAP (4-6%
and 26-32%) (Fig. 4, Tables S4, S5, S6). Among the three compartments, Tt values
were overall lower in rooted vs. bulk soil for the three tested enzymes (Fig. 4, Tables
S4, S5, and S6). With rice growth, short-term aeration decreased the Tt values of PME
in all three compartments, BG in rooted soil, and LAP in rooted and bottom bulk soil
after anoxic pre-incubation (Fig. 4, Table S4, S5, and S6). Finally, medium-term
aeration increased the Tt values of BG in bulk soil and LAP in rooted and bottom bulk
soil with rice growth (Fig. 4, Tables S4, S5, and S6).
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Table 1 Effects of medium-term aeration (MTA), short-term aeration (STA), soil
compartment (SC), and their interactions on the maximum reaction rate (Vmax), the
affinity to a substrate (Km), the catalytic efficiency (Ka), and the turnover time (Tt) of
respective substrates of phosphomonoesterase (PME), β-glucosidase (BG), and
leucine aminopeptidase (LAP) analyzed by three-way ANOVA with repeated
measures (rice growth stage, n = 3).

Statistic MTA STA SC
MTA ×
STA

MTA×
SC

STA
× SC

MTA ×
STA × SC

PME

Vmax
F 6852.098 0.627 112.022 49.609 23.578 1.774 3.441
P < 0.001 0.436 < 0.001 < 0.001 < 0.001 0.191 0.049

Km
F 348.907 2.682 0.006 0.061 0.896 0.065 0.085
P < 0.001 0.115 0.994 0.807 0.421 0.937 0.919

Ka
F 142.736 2.023 11.517 10.377 1.482 0.003 0.361
P < 0.001 0.168 < 0.001 0.004 0.247 0.997 0.701

Tt
F 233.503 1.151 16.967 15.178 0.358 0.166 1.103
P < 0.001 0.294 < 0.001 0.001 0.703 0.848 0.348

BG

Vmax
F 1052.666 48.575 123.507 76.504 10.716 0.070 0.465
P < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.933 0.634

Km
F 67.109 9.780 3.333 1.196 0.856 0.155 0.260
P < 0.001 0.005 0.053 0.285 0.437 0.857 0.773

Ka
F 41.205 0.648 10.865 12.209 3.248 0.403 0.709
P < 0.001 0.429 < 0.001 0.002 0.056 0.673 0.502

Tt
F 31.736 1.180 5.699 11.431 1.410 0.600 0.671
P < 0.001 0.191 0.009 0.002 0.264 0.557 0.520

LAP

Vmax
F 298.376 25.439 51.767 52.495 1.566 0.623 0.383
P < 0.001 < 0.001 < 0.001 < 0.001 0.230 0.545 0.686

Km
F 7.753 0.024 2.652 0.786 0.461 0.014 0.058
P 0.010 0.879 0.091 0.384 0.636 0.986 0.944

Ka
F 39.826 4.983 29.665 24.400 0.227 0.097 0.122
P < 0.001 0.035 < 0.001 < 0.001 0.799 0.908 0.886

Tt
F 50.650 13.363 30.572 32.135 1.275 0.121 0.359
P < 0.001 0.001 < 0.001 < 0.001 0.298 0.887 0.702
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Fig. 4 The turnover time (Tt) of respective substrates catalyzed by
phosphomonoesterase (left), β-glucosidase (middle), and leucine aminopeptidase
(right) after anoxic and oxic pre-incubation of the top bulk-, rooted-, and bottom bulk
soil during rice plant growth (seedling, early-, and late tillering stages) in oxic (+O2)
and anoxic (–O2) assays. The data are the means of three replicates (n = 3). Original
data are shown in Supplementary tables 4, 5, and 6.

4. Discussion

4.1. Effects of aeration on enzyme kinetic parameters

The activities (Vmax) of phosphomonoesterase, β-glucosidase, and leucine
aminopeptidase demonstrated contrasting responses to short- (during 2-h assays) and
medium-term (10-day pre-incubation) O2 exposure: short-term aeration suppressed all
tested enzyme activities after anoxic pre-incubation (Fig. 2, blue empty vs. filled
symbols). In contrast, medium-term aeration strongly increased Vmax of the three
studied enzymes irrespective of the oxygen level during the enzyme assay (Fig. 2, red
symbols). This therefore supports the hypothesis that short-term aeration suppresses
enzyme activities, whereas adaptation of microorganisms to medium-term aeration
stimulates the enzyme activities. Interestingly, among the four kinetic parameters, the
effects of short- and medium-term aeration were most pronounced for Vmax vs. the
affinity to substrate (Km), the catalytic efficiency (Ka), and the turnover time of
substrates (Tt). This therefore answers our first research question and suggests that
most likely the enzyme activity itself is strongly affected by aeration. Thus, beyond
temperature (Razavi et al., 2015), we demonstrate that aeration is another important
environmental factor that affects Vmax more strongly than Km and Ka of hydrolytic
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enzymes. We observed significant positive relationships between Vmax and Km values
under medium-term aeration for phosphomonoesterase and β-glucosidase in all three
soil compartments and leucine aminopeptidase in bottom bulk soil (Fig. 2). This
demonstrates a coupling response of the kinetic parameters to O2 availability and
represents a possible adaptation mechanism reducing the sensitivity of enzymatic
reactions to oxygen, i.e., so-called cancelling effect (Razavi et al., 2015). Additionally,
the medium-term aeration did not significantly change the Ka values of β-glucosidase
and leucine aminopeptidase in –O2 assays (Tables S5, S6). Thus, the adaptation of Km

of β-glucosidase and leucine aminopeptidase to alternating irrigation and drainage
may be a potential mechanism for regulating the transformation of soil organic matter
when anoxic and oxic conditions fluctuate. Accordingly, in response to short-term
aeration, the enzyme systems with higher affinity to substrate were selected, whereas
in response to medium-term aeration, anoxic enzymes demonstrated higher affinity to
substrate than did oxic ones.

The Km values between the soil compartments revealed no pronounced pattern
following the proposed natural soil aeration gradient (Ludemann et al., 2000; Bai et
al., 2015) from top bulk soil through rooted and down to bottom bulk soil.
Nonetheless, the activities of the three tested enzymes were higher in the rooted zone
than in bulk soil, which more likely reflects root exudation than an oxygen effect.
Moreover, Vmax and Km values showed an increasing trend with the vegetative stage of
the rice plants (Fig. 2, triangles-diamonds-stars). In answer to our third research
question, accelerated enzyme activity during the course of growth of above- and
belowground plant biomass was a consequence of relatively high substrate availability
in rooted vs. bulk soil (Wei et al., 2019b), rather than any adaptation of
microorganisms to short- or even medium-term aeration.

4.1. Mechanisms of effects of short-term aeration on enzyme kinetic parameters

Short-term O2 exposure in the +O2 assay suppressed maximal reaction rates and
the catalytic efficiency of studied enzymes compared to the –O2 assay after anoxic
pre-incubation, while short-term lack of O2 played a less significant role for enzyme
kinetic parameters after oxic pre-incubation (Fig.s 2, 3). This means that short-term
aeration has a greater impact on enzyme kinetic parameters under anoxic than oxic
soil conditions, and anoxically produced enzymes were more sensitive to short-term
O2 availability than oxic enzymes to O2 deficiency (Fig. 5). Short-term O2 availability
after anoxic pre-incubation could stress enzyme functioning by: (1) decreased
efficiency of phenol oxidase because Fe(II) oxidation inhibits the process of
catalyzing additional OH radical production (Van Bodegom et al., 2005), thus
accumulating phenolics that are toxic to hydrolases (“iron-gate” paradigm) (Wang et
al., 2017), (2) production of ROS, such as (O2-) ion and hydrogen peroxide (H2O2),
which both may suppress the activity of microorganisms producing enzymes
(Deangelis et al., 2010; Imlay et al., 2008), (3) triggering the compensation
mechanism established by microorganisms to allocate more energy and resources to
produce oxidative enzymes, e.g., catalase and ferroxidases in response to the
accumulation of ROS and thus decreasing the production of hydrolytic enzymes
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(Cabiscol et al., 2000), (4) non-competitive O2-binding of the inactive sites of
enzymes to unfavorably change their structure for substrate conformation (Bradford,
2013), (5) O2 reacting with the enzyme-substrate complexes, thereby slowing down or
even terminating the catalytic processes (Unno et al., 2007). Therefore, suppression of
microbial activity by O2, isoenzymes production, production of enzymes against
reactive oxygen species, and reaction of O2 with enzyme or enzyme-substrate
complexes may together explain the suppression effect of short-term aeration on
enzymatic activity (Fig. 5). Therefore, our findings may have implications for other
studies where enzyme activities were most probably underestimated for paddy soils
(Wei et al., 2019b), wetlands (Wang et al., 2017), and peatlands (Parvin et al., 2018)
when measured under oxic conditions. Accordingly, underestimated enzyme activities
will give biased input to the models established for anoxic ecosystems (Wei et al.,
2019a).

Fig. 5 Mechanisms of hydrolytic enzymes suppression by short-term aeration due to
(1) toxicity of reactive oxygen species (ROS) to microbial cells, (2) decreasing
efficiency of phenol oxidase because of Fe (II) oxidation and accumulation of
phenolics (“iron-gate”), and activation by medium-term aeration due to cancelling of
suppressive factors. Arrow size: relative intensity of active enzyme production,
reaction rates, or substrate turnover rate. Triangles with color gradients: the intensity
of O2 effects on enzyme activities from low (blueish) to high (reddish).

4.2. Mechanisms of effects of medium-term aeration on enzyme kinetic parameters

The Vmax and Ka of the three studied enzymes increased 12-253% and 3-78%,
respectively, after 10-day oxic vs. anoxic pre-incubation (Fig.s 2, 3). This is in line
with further findings in paddy soils (Wang and Lu, 2006), peatlands (Fenner and
Freeman, 2011), and other anoxic systems (Henry et al., 2018; Martínez-Valdez et al.,
2016). However, in contrast to the stimulating effect of aeration, increased
cellobiohydrolase, β-glucosidase, β-xylosidase, and N-acetyl β-D-glucosaminidase in
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humid tropical forest soils was reported under anaerobic conditions compared to
aerobic controls during 6-18 days of incubation (Hall et al., 2014). Such a difference
could partly reflect the distinct environmental characteristics of flooded systems (i.e.,
paddy soils and peatlands vs. humid forest soils). In comparison to the short-term
aeration, oxic enzyme systems with higher affinity to substrate were produced after
oxic pre-incubation. Therefore, the canceling effect by decreasing the affinity of
enzymes to substrates can be considered to be a natural mechanism for reducing the
influence of medium-term aeration on the microbial decomposition of soil organic
matter under oxic conditions.

The opposite effects of 2-h and 10-day aeration on enzyme kinetic parameters
indicated that the microbial community exploited different strategies to acclimatize
their anoxic metabolisms and enzymes to oxic conditions (Fig. 5). Two-hour aeration
may inactivate or kill obligate anaerobes due to O2 toxicity, i.e. the effect of stress
(Fenchel and Finlay, 1995), an interpretation supported by the about 30% decrease in
living bacteria number in sediments after 2-h aeration (Ma et al., 2019). Furthermore,
aeration for 12 h was insufficient to trigger aerobic respiration by microorganisms,
but 4 days was sufficient (Pett-Ridge and Firestone, 2005). Accordingly, 10-day
pre-incubation in our study was long enough for microbial communities to acclimate
to oxic conditions and to exploit an aerobic metabolism either by a metabolic switch
by facultative anaerobes or by growth of aerobic community members. Significant
changes in community structure were detected in paddy soils after 7 days of
incubation under oxic vs. anoxic conditions (Ludemann et al., 2000). We therefore
assume that 10-day aeration induced the changes in community structure, which was
responsible for the overall increase in hydrolytic enzyme activities. This calls for
further studies to explore the dynamic changes of microbial communities in anoxic
systems as affected by the duration of aeration.

Finally, the effect of medium-term aeration on the enzyme kinetics points to a
potential problem: the prolonged storage (for months or years) of soil samples taken
from anoxic systems may cause the slow adaptation of the microbial community to
oxic conditions and to a biased estimation of enzyme activities and element turnover
rates in such samples. Finally, an improved estimation of enzyme activity in anoxic
environments is an important step forward in more adequately assessing the organic
matter turnover in anoxic systems and in more precisely representing of these
ecosystems in modern, process-based models from the local to global scale.

5. Conclusions and outlook

Our study demonstrated for the first time that the potential activity (Vmax) and
catalytic efficiency (Ka) of phosphomonoesterase, β-glucosidase, and leucine
aminopeptidase in a paddy soil were suppressed by 7-43% (Vmax) and 3-22% (Ka) by
short-term aeration (within 2-h assay), but activated by 12-253% (Vmax) and 3-78%
(Ka) by medium-term aeration (10-day pre-incubation). In contrast to anoxic
pre-incubation, the Vmax and Ka values of the three studied enzymes did not
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significantly change in the –O2 vs. +O2 assay after oxic pre-incubation. We therefore
conclude that the effect of O2 on enzyme kinetics in anoxic systems depends on the
duration of aeration and reflects different mechanisms (suppression of enzymes or
microbial activity vs. adaptation of microbial communities and their metabolism).
Overall, short-term aeration has a higher impact on enzyme kinetics in anoxic than in
oxic systems – an important observation that must be considered during enzyme
assays of anoxic soils when quantitatively upscaling and predicting element and
substrate turnover, i.e. in biogeochemical models.
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Supplementary

Table S1 The maximum reaction rate (Vmax) and the affinity to a substrate (Km) of
phosphomonoesterase of samples after anoxic and oxic pre-incubation in oxic (+O2)
and anoxic (–O2) assays

Vmax (nmol g-1 soil h-1)

+O2 assay –O2 assay

Seeding
Early

tillering
Late tillering Seeding

Early

tillering
Late tillering

Anoxic

incubation

Top

bulk

58.20±5.63

Bb

72.66±11.18

Bab

79.11±3.39

Aa

67.47±2.03

Bb

89.79±7.42

Aa

101.85±1.72

*Aa

Rooted
81.26±12.30

Aa

92.50±4.27

Aa

86.09±8.08

Aa

88.11±4.58

Ab

99.39±2.82

Aa

109.80±5.44

*Aa

Bottom

bulk

49.91±2.96

Bb

79.08±0.71

ABa

75.85±5.02

Aa

60.57±1.28

*Bb

88.34±12.90

Aa

99.72±7.49

*Aa

Oxic

incubation

Top

bulk

265.67±20.45

#Aa

221.37±16.5

2#ABb

235.10±2.28

#Bab

212.57±24.3

8#Ba

213.97±12.4

2#Ba

225.77±9.48

#Ba

Rooted
273.50±4.08

#Aa

241.80±9.68

#Ab

279.90±18.68

#Aa

267.63±10.3

9#Aa

240.80±8.69

#Ab

270.97±4.84

#Aa

Bottom

bulk

217.83±19.30

#Ba

206.57±2.23

#Ba

227.63±12.33

#Ba

200.93±10.3

2#Ba

205.93±8.02

#Ba

226.77±19.3

1#Ba

Km (μmol g-1 soil)

Anoxic

incubation

Top

bulk

10.88±3.32

Aa

12.34±2.10

Aa

13.18±0.37

Aa

11.10±0.87

Ba

13.95±1.15

Aa

13.61±1.56

Aa

Rooted
14.13±2.28

Aa

12.05±0.20

Aa

12.91±4.35

Aa

14.22±0.83

Aa

13.49±0.90

Aa

13.94±0.57

Aa

Bottom

bulk

10.54±0.70

Aa

13.39±0.30

Aa

13.57±3.79

Aa

10.77±1.00

Ba

14.66±3.77

Aa

14.88±1.10

Aa

Oxic

incubation

Top

bulk

25.65±3.26

#Aa

25.94±4.81

#Aa

20.49±1.86

#Aa

25.47±6.80

#Aa

26.56±1.51

#Aa

25.07±1.99

#Aa

Rooted
23.75±2.59

#Aa

22.62±2.44

#Aa

24.26±8.46

Aa

24.62±1.75

#Aa

23.79±0.89

#Aa

23.84±2.10

#Aa

Bottom

bulk

26.19±8.59

Aa

24.51±2.40

#Aa

20.84±7.03

Aa

24.22±0.76

#Aa

26.47±1.46

#Aa

24.57±4.21

#Aa

Note: The data are shown as the means ± standard deviations (n = 3). * and # represent significant
differences (P < 0.05) between –O2 and +O2 assays of each compartment at each rice growth stage after
oxic or anoxic pre-incubation and between oxic and anoxic pre-incubation of each compartment at each
rice growth stage under a same assay condition, respectively. Different uppercase or lowercase letters
represent significant differences (P < 0.05) among soil compartments at a same rice growth stage or
among rice growth stages at a same compartment after anoxic or oxic pre-incubation under a same
assay condition, respectively.
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Table S2 The maximum reaction rate (Vmax) and the affinity to a substrate (Km) of
β-glucosidase of samples after anoxic and oxic pre-incubation in oxic (+O2) and
anoxic (–O2) assays

Vmax (nmol g-1 soil h-1)

+O2 assay –O2 assay

Seeding Early tillering Late tillering Seeding Early tillering Late tillering

Anoxic

incubation

Top

bulk

9.07±1.26

Ab

9.38±0.66

Bab

12.81±2.10

Aa

13.34±0.33

*Ba

16.29±2.33

*Aa

16.71±0.72

Aa

Rooted
10.49±0.89

Ab

12.60±1.06

Aa

13.60±0.18

Aa

15.21±0.32

*Ab

18.78±0.21

*Aa

17.99±0.64

*Aa

Bottom

bulk

6.77±0.53

Bb

8.49±0.50

Ba

9.23±0.15

Ba

11.95±0.62

*Cb

11.57±0.50

*Bb

14.38±1.28

*Ba

Oxic

incubation

Top

bulk

20.87±0.11

#Bb

21.63±0.46

#Bb

24.29±1.67

#Ba

20.29±1.83

#Bb

21.19±0.35

#ABb

24.07±0.84

#Ba

Rooted
25.29±1.12

#Ab

26.94±0.71

#Ab

29.85±0.74

#Aa

24.66±0.31

#Aa

25.73±2.67

#Aa

28.58±1.34

#Aa

Bottom

bulk

17.21±0.76

#Cb

18.30±1.47

#Cb

22.80±0.57

#Ba

16.83±0.43

#Cb

18.27±2.90

#Bb

22.60±1.74

#Ba

Km (μmol g-1 soil)

Anoxic

incubation

Top

bulk

8.70±1.31

Aa

9.56±2.24

Aa

11.19±1.55

Aa

11.35±0.79

Aa

14.19±4.03

Aa

14.53±0.44

*Aa

Rooted
12.13±3.75

Aa

10.76±0.55

Aa

13.47±2.51

Aa

15.08±5.55

Aa

15.13±1.18

*Aa

13.56±2.82

Aa

Bottom

bulk

9.00±2.86

Aa

8.73±1.64

Aa

11.09±0.62

Aa

9.12±1.87

Aa

11.10±0.65

Aa

14.22±3.92

Aa

Oxic

incubation

Top

bulk

14.74±0.83

#Ab

15.96±0.71

#Aab

19.82±2.75

#Aa

16.27±4.94

Aa

16.73±3.06

Aa

20.26±0.46

#Aa

Rooted
15.67±3.72

Aa

15.68±1.23

#Aa

17.80±1.96

Aa

16.13±0.54

Aa

19.79±2.89

Aa

18.75±5.06

Aa

Bottom

bulk

11.61±1.28

Ab

15.61±2.09

#Aab

19.78±2.82

#Aa

12.13±1.09

Ab

16.72±0.82

#Aab

21.27±3.93

Aa

Note: The data are shown as the means ± standard deviations (n = 3). * and # represent significant
differences (P < 0.05) between –O2 and +O2 assays of each compartment at each rice growth stage after
oxic or anoxic pre-incubation and between oxic and anoxic pre-incubation of each compartment at each
rice growth stage under a same assay condition, respectively. Different uppercase or lowercase letters
represent significant differences (P < 0.05) among soil compartments at a same rice growth stage or
among rice growth stages at a same compartment after anoxic or oxic pre-incubation under a same
assay condition, respectively.
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Table S3 The maximum reaction rate (Vmax) and the affinity to a substrate (Km) of
leucine aminopeptidase of samples after anoxic and oxic pre-incubation in oxic (+O2)
and anoxic (–O2) assays

Vmax (nmol g-1 soil h-1)

+O2 assay –O2 assay

Seeding Early tillering Late tillering Seeding Early tillering Late tillering

Anoxic

incubation

Top

bulk

187.43±21.92

Aa

201.43±2.58

ABa

179.03±12.74

Aa

222.30±18.97

Aa

235.60±6.77

*Ba

255.27±38.65

Aa

Rooted
193.87±7.77

Aa

215.70±16.99

Aa

211.77±20.24

Aa

242.83±11.87

*Aa

266.63±9.72

*Aa

281.97±34.55

Aa

Bottom

bulk

135.70±15.14

Bb

179.50±2.84

Ba

182.43±2.56

Aa

164.67±7.31

Bb

222.27±2.37

*Ba

224.20±13.63

*Aa

Oxic

incubation

Top

bulk

260.50±6.36

#Ba

280.13±24.31

#Aa

286.17±13.33

#Ba

258.10±4.83

Ab

264.40±2.42

#Bb

278.10±2.76

Ba

Rooted
278.77±4.69

#Ab

322.80±13.31

#Aa

323.00±6.68

#Aa

272.42±6.84

#Ab

309.80±7.00

#Aa

320.50±9.48

Aa

Bottom

bulk

229.57±8.04

#Cb

284.10±22.27

#Aa

277.50±10.96

#Ba

226.80±8.66

#Bb

261.10±23.40

Bab

274.47±4.77

#Ba

Km (μmol g-1 soil)

Anoxic

incubation

Top

bulk

13.28±3.58

Aa

13.73±0.91

Aa

13.89±1.00

Aa

13.24±0.69

Aa

13.50±0.77

Aa

13.75±3.85

Aa

Rooted
15.11±0.99

Aa

13.78±2.02

Aa

13.56±4.80

Aa

14.58±0.40

Aa

13.70±1.43

Aa

13.39±1.20

Aa

Bottom

bulk

13.73±1.35

Aa

16.65±0.49

Aa

13.85±4.35

Aa

12.78±1.80

Aa

15.97±2.33

Aa

13.66±0.65

Aa

Oxic

incubation

Top

bulk

14.29±0.59

Aa

15.49±4.32

Aa

13.96±2.69

Aa

14.76±0.97

Aa

15.75±0.91

Aa

14.06±0.93

Ba

Rooted
15.34±0.15

Aa

14.16±1.59

Aa

14.08±0.56

Aa

16.30±0.63

#Aa

14.62±2.18

Aa

14.42±0.99

ABa

Bottom

bulk

15.19±2.28

Aa

17.57±0.44

Aa

15.28±1.07

Aa

15.78±0.73

Ab

17.66±0.37

Aa

16.27±0.72

#Aab

Note: The data are shown as the means ± standard deviations (n = 3). * and # represent significant
differences (P < 0.05) between –O2 and +O2 assays of each compartment at each rice growth stage after
oxic or anoxic pre-incubation and between oxic and anoxic pre-incubation of each compartment at each
rice growth stage under a same assay condition, respectively. Different uppercase or lowercase letters
represent significant differences (P < 0.05) among soil compartments at a same rice growth stage or
among rice growth stages at a same compartment after anoxic or oxic pre-incubation under a same
assay condition, respectively.
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Table S4 Mean catalytic efficiency (Ka) and mean turnover time (Tt) of
phosphomonoesterase of samples after anoxic and oxic pre-incubation in oxic (+O2)
and anoxic (–O2) assays

Ka (nmol h-1 μmol-1)

+O2 assay –O2 assay

Seeding Early tillering Late tillering Seeding Early tillering Late tillering

Anoxic

incubation

Top

bulk

5.89±1.87

Aa

5.92±0.54

Ba

6.01±0.41

Aa

6.11±0.44

Aa

6.47±0.61

Aa

7.59±1.15

Aa

Rooted
5.85±1.10

Aa

7.68±0.24

Aa

7.37±2.12

Aa

6.23±0.68

Ab

7.39±0.29

Aab

7.90±0.66

Aa

Bottom

bulk

4.77±0.57

Aa

5.91±0.19

Ba

6.11±1.99

Aa

5.67±0.44

Aa

6.26±0.92

Aa

6.73±0.58

Aa

Oxic

incubation

Top

bulk

10.48±1.17

#Aa

8.81±1.58

Aa

11.57±1.02

*#Aa

8.68±1.32

Ba

8.06±0.18

#Ba

9.04±0.48

Ba

Rooted
11.65±1.22

#Aa

10.85±1.48

#Aa

13.13±4.63

Aa

10.90±0.49

#Aa

10.14±0.69

#Aa

11.44±0.83

#Aa

Bottom

bulk

9.01±2.12

Aa

8.52±0.91

#Aa

12.21±3.83

Aa

8.32±0.70

#Ba

7.79±0.15

Ba

9.38±0.91

#Ba

Tt (days)

Anoxic

incubation

Top

bulk

8.49±2.21

Aa

7.80±0.66

#Aa

7.66±0.54

#Aa

7.54±0.57

#Aa

7.15±0.67

#Aa

6.20±1.03

Aa

Rooted
8.10±1.41

#Aa

5.98±0.19

#Ba

6.71±1.74

Aa

7.44±0.66

#Aa

6.21±0.25

#Aab

5.84±0.48

#Ab

Bottom

bulk

9.75±1.21

#Aa

7.76±0.25

#Aa

8.28±2.41

Aa

8.14±0.63

#Aa

7.48±1.04

Aa

6.86±0.59

#Aa

Oxic

incubation

Top

bulk

4.43±0.46

Aa

5.37±0.93

Aa

4.00±0.37

AA

5.40±0.83

Aa

5.69±0.13

Aa

5.08±0.26

*Aa

Rooted
3.98±0.39

Aa

4.31±0.64

Aa

3.90±1.16

Aa

4.21±0.19

Aa

4.54±0.30

Ba

4.03±0.29

Ba

Bottom

bulk

5.41±1.37

Aa

5.44±0.57

Aa

4.15±1.31

Aa

5.55±0.44

Aab

5.89±0.11

Aa

4.93±0.45

Ab

Note: The data are shown as the means ± standard deviations (n = 3). * and # represent significant
differences (P < 0.05) between –O2 and +O2 assays of each compartment at each rice growth stage after
oxic or anoxic pre-incubation and between oxic and anoxic pre-incubation of each compartment at each
rice growth stage under a same assay condition, respectively. Different uppercase or lowercase letters
represent significant differences (P < 0.05) among soil compartments at a same rice growth stage or
among rice growth stages at a same compartment after anoxic or oxic pre-incubation under a same
assay condition, respectively.
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Table S5 Mean catalytic efficiency (Ka) and mean turnover time (Tt) of β-glucosidase
of samples after anoxic and oxic pre-incubation in oxic (+O2) and anoxic (–O2) assays

Ka (nmol h-1 μmol-1)

+O2 assay –O2 assay

Seeding Early tillering Late tillering Seeding Early tillering Late tillering

Anoxic

incubation

Top

bulk

1.05±0.11

Aa

1.03±0.20

Aa

1.14±0.03

Aa

1.18±0.11

Aa

1.21±0.25

Aa

1.15±0.06

Aa

Rooted
0.97±0.33

Aa

1.17±0.09

Aa

1.05±0.21

Aa

1.13±0.34

Aa

1.25±0.08

Aa

1.38±0.28

Aa

Bottom

bulk

0.83±0.25

Aa

1.00±0.12

Aa

0.84±0.05

Aa

1.36±0.24

Aa

1.04±0.04

Aa

1.07±0.22

Aa

Oxic

incubation

Top

bulk

1.42±0.08

#Aa

1.36±0.04

Ba

1.24±0.15

Ba

1.36±0.38

Aa

1.31±0.25

Aa

1.19±0.05

ABa

Rooted
1.69±0.31

Aa

1.73±0.16

#Aa

1.69±0.14

#Aa

1.53±0.06

Aa

1.34±0.30

Aa

1.61±0.31

Aa

Bottom

bulk

1.50±0.16

#Aa

1.18±0.07

Ba

1.18±0.16

#Ba

1.40±0.14

Aa

1.09±0.12

Aa

1.09±0.18

Ba

Tt (days)

Anoxic

incubation

Top

bulk

44.17±4.45

#Aa

46.18±8.07

Aa

40.40±1.00

Aa

39.06±3.46

Aa

39.79±8.60

Aa

39.93±2.15

Aa

Rooted
52.64±15.38

Aa

39.34±3.03

#Aa

45.38±8.37

#Aa

45.11±15.6

6Aa

36.91±2.49

Aa

34.62±7.60

Aa

Bottom

bulk

59.73±15.55

Aa

46.78±6.03

Aa

55.09±3.38

#Aa

34.90±6.24

Aa

43.97±1.70

Aa

44.83±9.01

Aa

Oxic

incubation

Top

bulk

32.37±1.79

Aa

33.81±1.04

Ba

37.37±4.53

Aa

35.99±8.44

Aa

36.14±6.32

Aa

38.63±1.69

Aa

Rooted
28.16±5.47

Aa

26.70±2.34

Ca

27.28±2.34

Ba

29.98±1.17

Aa

36.24±9.57

Aa

29.81±6.72

Aa

Bottom

bulk

30.94±3.54

Aa

38.92±2.39

Aa

39.68±5.01

Aa

33.05±3.20

Aa

42.65±4.33

Aa

43.07±6.56

Aa

Note: The data are shown as the means ± standard deviations (n = 3). * and # represent significant
differences (P < 0.05) between –O2 and +O2 assays of each compartment at each rice growth stage after
oxic or anoxic pre-incubation and between oxic and anoxic pre-incubation of each compartment at each
rice growth stage under a same assay condition, respectively. Different uppercase or lowercase letters
represent significant differences (P < 0.05) among soil compartments at a same rice growth stage or
among rice growth stages at a same compartment after anoxic or oxic pre-incubation under a same
assay condition, respectively.
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Table S6 Mean catalytic efficiency (Ka) and mean turnover time (Tt) of leucine
aminopeptidase of samples after anoxic and oxic pre-incubation in oxic (+O2) and
anoxic (–O2) assays

Ka (nmol h-1 μmol-1)

+O2 assay –O2 assay

Seeding Early tillering Late tillering Seeding Early tillering Late tillering

Anoxic

incubation

Top

bulk

14.84±2.68

Aa

14.72±0.76

Aa

13.02±1.85

Aa

16.76±0.63

Aa

17.49±0.77

*ABa

19.35±2.85

Aa

Rooted
12.91±1.22

Aa

15.82±1.41

Aa

17.45±5.20

Aa

16.66±0.81

*Aa

19.65±1.88

Aa

21.44±4.46

Aa

Bottom

bulk

10.07±1.97

Aa

10.79±0.36

Ba

14.28±3.54

Aa

13.08±1.41

Ba

14.23±2.18

Ba

16.50±1.80

Aa

Oxic

incubation

Top

bulk

18.28±1.09

Aa

19.44±4.88

Aa

21.19±3.67

#Aa

17.55±0.98

Aab

16.84±0.99

ABb

19.87±1.40

ABa

Rooted
18.17±0.22

#Ab

23.11±2.88

#Aa

22.97±0.71

Aa

16.74±0.84

Aa

21.75±3.74

Aa

22.29±0.95

Aa

Bottom

bulk

15.38±1.80

#Aa

16.20±1.58

#Aa

18.20±0.61

Aa

14.41±0.89

Ba

14.77±1.16

Ba

16.91±1.02

Ba

Tt (days)

Anoxic

incubation

Top

bulk

3.19±0.55

Aa

3.12±0.17

*Ba

3.59±0.51

*#Aa

2.74±0.10

Ba

2.63±0.12

ABa

2.42±0.37

Aa

Rooted
3.58±0.35

*#Aa

2.92±0.26

#Ba

2.94±1.07

Aa

2.76±0.14

Bb

2.36±0.24

Ba

2.23±0.45

Aa

Bottom

bulk

4.75±1.03

*Aa

4.25±0.14

*#Aa

3.47±1.04

Aa

3.54±0.39

Aa

3.29±0.46

Aa

2.81±0.30

Aa

Oxic

incubation

Top

bulk

2.52±0.16

Aa

2.49±0.54

Aa

2.22±0.35

ABa

2.62±0.14

Bab

2.73±0.16

ABa

2.32±0.16

Bb

Rooted
2.52±0.03

Aa

2.01±0.25

Ab

2.00±0.06

Bb

2.75±0.14

Ba

2.17±0.37

Bb

2.06±0.09

Bb

Bottom

bulk

3.02±0.35

Aa

2.86±0.27

Aa

2.52±0.08

Aa

3.19±0.19

Aa

3.12±0.23

Aa

2.72±0.16

Aa

Note: The data are shown as the means ± standard deviations (n = 3). * and # represent significant
differences (P < 0.05) between –O2 and +O2 assays of each compartment at each rice growth stage after
oxic or anoxic pre-incubation and between oxic and anoxic pre-incubation of each compartment at each
rice growth stage under a same assay condition, respectively. Different uppercase or lowercase letters
represent significant differences (P < 0.05) among soil compartments at a same rice growth stage or
among rice growth stages at a same compartment after anoxic or oxic pre-incubation under a same
assay condition, respectively.
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Fig. S1 The dimensions of a rhizobox with plexiglas cover on top, sealed with rubber
gasket (not visible on photo) and fixed by thumbscrews (A), a portable PVC glovebox
filled with N2 and with rhizoboxes inside (B), sampling of soil from compartments of
a rhizobox, glass bottles for soil suspension preparation and the level of O2 as
indicated by an O2-sensor (C), and the sampling locations of three soil compartments
48 hours after flood water drainage (D). The level of flooded water maintained during
experiment is shown schematically by a dashed line. Shaded spots within each
compartment correspond to the removed soil.
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Fig. S2 Calibrations of 4-methylumbelliferone (MUF, a) and
7-amino-4-methylcoumarin (AMC, b) fluorogenic dyes under anoxic (–O2) and
aerobic (+O2) conditions. The data are the means ± standard deviations (n =
6).

Fig. S3 The kinetics of phosphomonoesterase, β-glucosidase, and leucine
aminopeptidase activities of samples after oxic and anoxic pre-incubation at the top
bulk-, rooted-, and bottom bulk soil compartments of a rhizobox in oxic (+O2) and
anoxic (–O2) assays. The data are the means ± standard deviations (n = 3).
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Abstract: Paddy soils regularly experience redox oscillations during the wetting and
draining stages, yet the effects of short-term presence of oxygen (O2) on in-situ
microbial hotspots and enzyme activities in anoxic ecosystems remain unclear. To fill
this knowledge gap, we applied soil zymography to localize hotspots and activities of
phosphomonoesterase (PME), β-glucosidase (BG), and leucine aminopeptidase (LAP)
in three compartments of rice-planted rhizoboxes (top bulk, rooted, and bottom bulk
paddy soil) under oxic (+O2) and anoxic (–O2) conditions. Short-term (35 min)
aeration decreased PME activity by 13–49%, BG by 4–52%, and LAP by 12–61% as
compared with –O2 in three soil compartments. The percentage of hotspot area was
higher by 3–110% for PME, by 10–60% for BG, and by 12–158% for LAP under +O2

vs. –O2 conditions depending on a rice growth stage. Irrespective of the aeration
conditions, the rhizosphere extent of rice plants for three enzymes was generally
greater under higher moisture conditions and at earlier growth stage. Higher O2

sensitivity for the tested enzymes at bottom bulk soil versus other compartments
suggested that short-term aeration during conventional zymography may lead to
underestimation of nutrient mobilization in subsoil compared to top bulk soil. The
intolerance of anaerobic microorganisms against the toxicity of O2 in the cells and the
shift of microbial metabolic pathways may explain such a short-term suppression by
O2. Our findings, therefore, show that anoxic conditions and soil moisture should be
kept during zymography and probably other in-situ soil imaging methods when
studying anoxic systems.

Keywords: aerobes; anaerobes; fluorogenically labelled substrates; microbial
hotspots; rhizosphere; zymography
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1. Introduction

Microorganisms, the main actors of biogeochemical processes, are unevenly
distributed in the soil due to the high heterogeneity of bioavailable substrates
(Kuzyakov and Blagodatskaya, 2015; Tecon and Or, 2017). Thus, areas with a higher
labile carbon (C) input, such as rhizosphere, become microbial hotspots compared to
bulk soil microzones with scarce substrate resources (Hinsinger et al., 2009). The
spatial heterogeneity of microbial activities has therefore received increased attention
in recent years (Baveye et al., 2018). Soil extracellular enzymes produced by
microorganisms and plants mediate the biogeochemical processes (Alexander 1977;
Cosgrove 1980; Wang et al., 2021a, b) and are commonly used to characterize
microbial activity (Spohn et al., 2013; Tian et al., 2019). Therefore, understanding the
mechanisms controlling the distribution and intensity of the enzymatic hotspots
(Kuzyakov & Blagodatskaya, 2015) is of utmost importance for predicting the
nutrient flows in plant-soil-microorganisms continuum.

Soil zymography, a novel in situ visualizing method, has been applied to reveal
the distribution of enzyme activities in two-dimensional space and to localize hotspots
of enzyme activities (Spohn et al., 2013; Razavi et al., 2019). Soil enzyme activities
are affected by a broad range of environmental factors such as soil moisture
(Sanaullah et al., 2011; Bilyera et al., 2021), pH (Sinsabaugh, 2010; Ma et al., 2021),
nutrient contents (Keuskamp et al., 2015), and elements stoichiometry (Hartman et al.,
2017). Among the abiotic factors, the effect of oxygen (O2) availability on enzyme
activities in situ has not received a considerable attention, despite of the suppressive
effects reported. For instance, short-term (from tens of minutes to several hours)
variations in the availability of O2 in anoxic ecosystems can cause the partial
inactivation of microorganisms (Gonzalez-Flecha and Demple, 1995), which in turn
may decrease enzyme activity. So, short-term aeration (for 2–2.5 h) led to the
suppression of the potential activity (Vmax) of phosphatases, β-glucosidase, and
leucine aminopeptidase in a paddy soil by 5–43% (Wang et al., 2022a, b). Also, the
decrease in phosphatases and β-glucosidase activities in food waste was observed one
day after exposure to atmospheric O2 (Henry et al., 2018). Moreover, ferrous iron
(Fe(II)) oxidation was suggested as a key factor mediating soil organic C
mineralization in wetlands (Wang et al., 2017) and peatlands during change from
anoxic to oxic conditions (Wen et al., 2019). As proposed in the ‘iron gate’ paradigm,
oxidative removal of Fe(II) inactivates phenol oxidase resulting in accumulation of
phenols, which inhibit the activities of hydrolytic enzymes, thus acting as a protector
against C loss (Wang et al., 2017). Despite the important role of O2, previously
applied zymography method to map enzyme activities and microbial hotspots in
anoxic systems including flooded rice paddy soils, was commonly conducted under
oxic conditions (Ge et al., 2017; Wei et al., 2019a, b). Therefore, due to the frequently
reported microbial suppression by the O2 presence in anoxic systems, enzyme
activities in situ measured with such a method may be underestimated. This calls for
measurement of enzyme activities by zymography under natural anoxic conditions for
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paddy soils, which has not been done before.

Microorganisms releasing hydrolytic enzymes and decomposing organic matter
in flooded rice paddy systems can face O2 either via (i) its diffusion belowground
from atmosphere and dissolution in surface water, or (ii) delivery of O2 belowground
into rhizosphere of rice through aerenchima of plants (Larsen et al., 2015). Oxygen
availability is therefore one of the strongest environmental parameters controlling
microbial community structure (Deangelis et al., 2012) and consequently enzyme
activities in the rice paddies. As a consequence of O2 depletion, microaerophilic
microorganisms are abundant in the rhizosphere and top bulk soil in paddy fields (Li
et al., 2016; Bai et al., 2015). The strongest influence of O2 on enzymatic hotspot
distribution in paddy rice soil systems can be expected in top- and rooted soil,
whereas deep bulk soil should experience long-term anoxic conditions. On the
temporal scale, the spatial extent of the aerated zone in the rhizosphere has been
shown to be dynamic with rice growth, as old roots cease to leak O2, while young
roots intensively release O2 into the surrounding soil (Larsen et al., 2015).
Accordingly, it can be expected that the distribution of aerobic or microaerophilic
microorganisms in rhizosphere soil will depend on phenological stages of rice growth.

In this study, we adapted the conventional zymography technique developed
under the ambient laboratory atmosphere (Spohn et al., 2013; Razavi et al. 2016) to
the anoxic conditions by means of a portable glovebox. We mapped the activity of P,
C, and N-acquiring enzymes (phosphomonoesterase (PME), β-glucosidase (BG), and
leucine aminopeptidase (LAP)) under oxic (+O2) and anoxic (–O2) conditions during
30 days of rice growth. We hypothesized that (1) the hotspot area of enzyme activities
measured under conventional oxic conditions will decrease compared to controlled
anoxic conditions because of suppressive effects of the short-term aeration on
hydrolytic enzymes, and (2) short-term aeration will have a higher suppressive impact
on enzyme activities in bottom bulk soil compared to top bulk and rooted soil due to
the natural aeration gradient of flooded rice paddy soils. Similarly, short-term aeration
will have a weaker suppressive effect, especially in rooted soil, with rice growth,
since the expansion of aerenchymatous roots of rice delivers O2 belowground and
causes adaptation of rhizosphere microorganisms to oxic conditions.

2. Mater ials and methods

2.1. Soil properties and experimental setup

The topsoil (0–20 cm) was collected in November–December 2017 from a paddy
rice field located at the Changsha Agricultural and Environmental Monitoring Station,
Hunan Province, China (113°19′52″ E, 28°33′04″ N). The soil was developed from
highly weathered granite and is classified as a typical Stagnic Anthrosol (Gong et al.,
2007). The soil had a pH of 6.2 and contained 13.1 g kg–1 soil organic C, 1.4 g kg–1
total N, 18.0 mg kg–1 available N, 0.3 g kg–1 total P, 3.7 mg kg–1 Olsen-P, and 15.7 g
kg–1 total Fe (Zhu et al., 2018). After sampling, the soil was homogenized, air-dried,
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and sieved < 2 mm prior the transportation to Germany.

Nine rice plants (Oryza sativa L. ‘Two-line hybrid rice Zhongzao 39’) were
grown, each in a separate PVC-rhizobox with inner dimensions of 20.5 × 24.0 × 1.5
cm to obtain three replications for each of three enzymes (PME, BG, and LAP)
measured by zymography. Rhizoboxes were made water-tight with the help of rubber
sealing and screw-holders closed with a transparent removable plexiglas front cover
(see Fig. S1A). One 20-day-old rice seedling was transplanted into the center of a
rhizobox prefilled with 1.0 kg water-saturated soil (600 g air-dry soil 400 ml
deionized water). During the experiment, the rhizoboxes were inclined by 45° so that
the plant roots grew along the front removable cover. A 2–3 cm water layer was kept
above soil surface in rhizoboxes by adding deionized water during the whole period
of rice growth except for soil zymography dates. To prevent the microcosms
destruction by the leaking water after opening, each set of rhizoboxes was
preconditioned prior to the analysis: water above soil surface in the rhizoboxes was
drained two days before soil zymography. Soil redox potential (Eh values) at a 5-cm
soil depth ranged from −178 mV to −164 mV during two days after drainage,
suggesting the effects of water drainage on O2 diffusion from air to soil was negligible.
The difference in soil moisture between stages (Fig. S2) was related to the
intensification of rice plant transpiration. After zymography, all rhizoboxes were
re-sealed and waterlogged until the next measurement. All seedlings were grown in a
climate chamber (KBF-S 720, Binder GmbH, Tüttlingen, Germany) at 28 ± 1 °C day
and 24 ± 1 °C night temperatures, 70% relative humidity, and 12-h photoperiod
(08:00 to 20:00) with light intensity of 350 μmol m−2 s−1 of photosynthetically active
radiation at the top of the rhizobox (LED Grow Light, GrowLED, France). After
transplanting, liquid fertilizer (dissolved in water) containing 30 mg N as urea, and 25
mg K and 20 mg P as KH2PO4 per kg dry soil was added to the surface water in each
rhizobox to maintain sufficient seedlings’ growth.

2.2. Soil zymography

To map enzyme activities at soil-root interface, we applied in situ imaging
method – soil zymography. In contrast to the conventional zymography approach
conducted under the ambient laboratory atmosphere (Spohn et al., 2013; Razavi et al.
2016), the anoxic zymography was performed here for the first time. To keep anoxic
conditions during soil zymography, the rhizoboxes were placed inside a portable PVC
glovebox (Captair® Pyramid Glovebox 3015-00, Erlab DFS, Saint-Maurice, France)
(Fig. S1B) evacuated with a vacuum pump (Ilmvac MP 301 Vp, Ilmvac GmbH,
Ilmenau, Germany) and then back-flushed with nitrogen (N2) to O2 concentrations
below 0.2% as indicated by O2-sensor (Greisinger GOX 100, GHM Messtechnik
GmbH, Remscheid, Germany) (Fig. S1C). Six zymograms were made per rhizobox
(three under –O2 assay and three under +O2 assay) during the experiment. A cross-test
method was adopted to determine the effect of the starting conditions (oxic or anoxic)
on zymography results. Briefly, zymograms from two out of the three rhizoboxes of
each enzyme treatment were taken first under anoxic conditions and then repeated
under oxic conditions with interval of 30 min. This treatment was termed “transition
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from anoxic to oxic conditions” (Fig. S2). In turn, one remaining rhizobox per
enzyme treatment was exposed first to oxic and then to anoxic zymography
(“transition from oxic to anoxic conditions”) (Fig. S2). This scheme was applied for
all enzymes at the seedling and late tillering stages. At the early tillering stage, the
sequence of rhizoboxes was reverse for the oxic and anoxic conditions (Fig. S2). The
effect of transition was evaluated as the mean of three independent measurements (see
section 2.5).

Three enzyme activities (PME, BG, and LAP) were mapped by zymography at a
seedling (with 1 tiller), early- (4 ± 1 tillers), and late (6 ± 1 tillers) tillering stages of
rice growth, which corresponded to 10, 16–20, and 28–31 days after rice
transplantation. The same set of rhizoboxes per enzyme treatment was used to map
activities at three growth stages to exclude a cross-contamination by applied
substrates (Fig. S2). In total, 54 zymograms (3 enzymes × 3 rhizoboxes per enzyme ×
2 assay conditions × 3 rice growth stages) were made during the experiment.
Zymography was performed according to a growth stage of rice for all enzymes at the
same date.

The activities of PME, BG, and LAP were visualized using membranes (0.45 μm
pore size and 100 μm thick, Taoyuan Medical Equipment Company, China) saturated
with substrates of 4-methylumbelliferyl-phosphate (for PME),
4-methylumbelliferyl-β-D-glucoside (for BG), and
L-Leucine-7-amino-4-methylcomarin hydrochloride (for LAP) (all purchased from
Sigma-Aldrich Co. Ltd), respectively, according to the protocol described by Razavi
et al. (2016). 4-methylumbelliferyl-phosphate and
4-methylumbelliferyl-β-D-glucoside were separately dissolved to a concentration of
10 mM in MES buffer (pH 6.5), and L-Leucine-7-amino-4-methylcomarin
hydrochloride was dissolved to a concentration of 10 mM in TRIZMA buffer (pH 7.2)
(both buffers from Sigma-Aldrich Co. Ltd). Each of the substrates and buffer was
prepared in duplicate, one portion was bubbled with N2 for 20 minutes and then used
for soil zymography under anoxic conditions in the glovebox, and the other portion
without any pretreatment was used for soil zymography under oxic conditions. The
saturated membrane with a size 20.5 × 18.0 cm fitting to a rhizobox was placed on the
soil surface, covered with aluminum foil, and slightly pressed by a sand bag to
achieve even attachment (Fig. S1D). A 30-min membrane exposure time (determined
in a pre-experiment according to Guber et al. (2018), data not shown) was used as the
optimal duration for the diffusion of substrate to the soil and/or diffusion of enzymes
and 4-methylumbelliferone (MUF) or 7-amino-4-methylcomarin (AMC) back to a
membrane due to water-saturated conditions. After exposure, the membranes were
carefully lifted from the soil surface with tweezers and immediately photographed
under ultraviolet (UV) illumination with a wavelength of 355 nm in a light-proof
room with a Canon EOS 6D camera. We used the following settings: 50-cm distance
from membranes to the lens of camera to take images at a resolution of 0.74 μm
pixel–1, aperture 5.6, and ISO 12800. To define an optimal camera exposure time, the
membranes were photographed at shutter speeds of 1/20, 1/25, 1/30, 1/40, 1/50, 1/60,
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1/80, and 1/100 s. These speeds corresponded to exposition times of 50, 40, 33.3, 25,
16.7, 12.5, and 10 ms, respectively. We purposely omitted the time-lapse zymography
(Guber et al., 2021) which enables the detection of the dynamics of enzymatic
reactions and their spatial development, because we aimed to minimize the duration
of the contact between enzymes and reaction products (MUF and AMC) on
membranes with the presence of O2 and thus omit any unspecific oxidation.

We conducted calibrations of zymograms under oxic and anoxic conditions.
Briefly, membranes (2 × 2 cm) were uniformly saturated during 30 min either with
MUF solutions at increasing concentrations of 0, 0.01, 0.2, 0.5, 1, 2, 4, 6, 10 mM or
with AMC solutions at increasing concentrations of 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1,
3, 5 mM and were photographed under UV light with the same camera settings as
zymograms. The amount of MUF or AMC on an area basis (nmol cm–2) was
calculated from MUF or AMC solution volume soaked by the membrane and its size.
The calibration relates enzyme activities to the gray value of zymogram fluorescence.
Each of these MUF or AMC solutions was also prepared in triplicate for two sets, one
set was N2-bubbled for 20 min and then used for calibration under anoxic conditions
in the glovebox, and the other set without any pretreatment was used for calibration
under oxic conditions.

2.3. Image processing and analysis

Zymograms were transformed to 8-bit gray scale images in ImageJ (Schindelin
et al., 2012). Then, gray values were transformed to enzyme activities based on the
calibration curves for MUF or AMC concentrations. Determination and separation of
hotspots and cavities (poor or no attachment areas between soil surface and membrane)
in images were processed according to the method proposed by Bilyera et al. (2020)
in R (version 3.5.1, R development core team, 2014). Briefly, the two Gaussian
component densities were fitted to the histogram of the gray value intensity using the
normalmixEM function in the “mixtools” package (Benaglia et al., 2009) based on the
expectation-maximization (EM) algorithm. We used parameters for the component
with lower mean value to threshold cavities and with higher mean value to threshold
hotspots. Hotspots were mapped in red on the original image by setting the threshold
value using the ImageJ, then their area was calculated. After removal of cavities from
zymograms, three compartments were selected for the analysis of enzyme activities: 1)
top bulk (0–6 cm) – area from the soil surface which is at least 0.5 cm away from
roots, 2) rooted (0–0.4 cm from outer root boundaries), and 3) bottom bulk (12–18 cm)
– the area in the lower part of a rhizobox, which is at least 0.5 cm away from roots.
After selection of each compartment, each pixel except the cavities was assigned to
each compartment, and then the mean activity was calculated as the enzyme activity
of the compartment. The location of every compartment was fixed as selection and
used for paired zymograms under oxic and anoxic conditions. We plotted the profiles
of the enzyme activity distribution as a function of distance from a geometrical root
center on 3–5 visible and randomly selected roots, not overlapping with each other,
and without cavities within 1 cm distance away from them. The geometrical root
center and not a root surface was chosen as a starting point of a profile because of the
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inability to correctly define the exact root diameter due to the low resolution of light
images under high moisture conditions. Importantly, the same roots were always
considered for oxic and anoxic conditions. A total of 9–15 root segments from 3
rhizoboxes were analyzed as replicates for each enzyme type and rice growth stage.
The rhizosphere boundaries were set using a one-way ANOVA, followed by a
Tukey’s HSD test, to assess the differences between independent variables (mean
enzyme activity of five adjacent pixels). Significant differences (p < 0.05) between
two adjacent groups of 5 pixels were then considered as a boundary of rhizosphere
extent (Hoang et al., 2016).

2.5. Statistical analysis

A three-way ANOVA was conducted to test the effects of factors of assay
condition (AC), rice growth stage (RGS), and soil compartment (SC) on enzyme
activities. A one-way ANOVA, followed by a Tukey’s HSD test, was used to evaluate
the significant differences (p < 0.05) for the percentage of hotspot area either between
oxic and anoxic conditions of the same rice growth stage or between rice growth
stages under the same measurement condition. For the elevation of the significant
effect of initial assay conditions (transition from anoxic to oxic conditions or
transition from oxic to anoxic) on the percentage of hotspot area and rhizosphere
extent of the three rice growth stages, the number of replicates of each tested enzyme
varied from n = 5 (rhizoboxes, transition from anoxic to oxic conditions) to n = 4
(rhizoboxes, transition from oxic to anoxic). The significance of the differences (p <
0.05) between –O2 and +O2 assays depending on the initial assay conditions was
tested using a one-way ANOVA. All statistical tests were conducted using SPSS
(Version 21, IBM, Armonk, NY, USA).

3. Results

3.1. Enzyme activities under anoxic and oxic conditions

Enzyme activities were calculated using calibration curves of MUF (Fig. S3a, b)
or AMC (Fig. S3c, d) obtained under –O2 and +O2 conditions followed a power
function (r2~0.946–0.963) with given concentrations. The assay condition, rice growth
stage, and soil compartment had effects on PME activity, while BG activity was
affected by rice growth stage and soil compartment (p < 0.05, Table 1). The activities
of the three tested enzymes were essentially suppressed by the short-term shift from
anoxic to oxic conditions (Fig. 1, S4). Such suppression was the most pronounced for
LAP (12–61%), followed by BG (4–52%) and PME (13–49%) (Fig. 2). The overall
response of enzyme activities in rooted and bottom bulk soil to short-term aeration
was stronger than in top bulk soil (Fig. 2). Such a suppression effect by O2 was better
pronounced at later stages of rice growth for BG, while at seedling and late tillering
stages for PME and LAP (Fig. 2). There was a decreasing trend for the relative
difference in the activities of the three tested enzymes between –O2 and +O2 assays
with the transition from oxic to anoxic vs. the transition from anoxic to oxic
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zymography conditions (Fig. 1).

Table 1 Effects of assay condition (AC), rice growth stage (RGS), soil compartment
(SC), and their interactions on the activities of phosphomonoesterase (PME),
β-glucosidase (BG), and leucine aminopeptidase (LAP) analyzed by three-way
ANOVA

Statistic AC RGS SC
AC ×
RGS

AC ×
SC

RGS ×
SC

AC × RGS
× SC

PME
F 39.741 215.300 17.150 18.180 0.600 11.511 0.450
P < 0.001 < 0.001 < 0.001 < 0.001 0.554 < 0.001 0.772

BG
F 3.700 10.466 10.810 0.555 0.081 1.530 0.073
P 0.062 < 0.001 < 0.001 0.579 0.923 0.214 0.990

LAP
F 2.396 0.734 0.509 0.416 0.087 0.058 0.007
P 0.130 0.487 0.605 0.663 0.917 0.993 1.000

Fig. 1 Examples of zymograms with spatial distribution of phosphomonoesterase
(PME), β-glucosidase (BG), and leucine aminopeptidase (LAP) activities under oxic
(+O2) and anoxic (–O2) conditions at seedling, early-, and late tillering stages of rice
growth. Cavities (poor attachment) are shown as black area. Calibration scale bars on
the right side correspond to 4-methylumbelliferone (MUF) representing PME and BG
activities (top) and to 7-amino-4-methylcomarin (AMC) representing LAP activity
(bottom). Triangles and percentage values below images correspond either to
suppression of enzyme activities due to aeration or activation of enzyme activities due
to removal of O2. For demonstration, one of three replicates and one of rice growth
stages were chosen; the complete set of zymograms is shown on Fig. S3.
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Fig. 2 The zymogram-based activities of phosphomonoesterase (PME), β-glucosidase
(BG), and leucine aminopeptidase (LAP) at three soil compartments (top bulk, rooted,
and bottom bulk soils) under oxic (+O2) and anoxic (–O2) conditions at three stages
(seedling (I), early- (II) and late tillering (III) stage) of rice growth. The data are
shown as the means ± standard deviations (n = 3) of respective zymograms (Fig. 1
and S3). The results of effects of assay condition, rice growth stage, soil compartment,
and their interactions on enzyme activities analyzed by three-way ANOVA can be
found in Table 1. Different uppercase or lowercase letters represent significant
differences (p < 0.05) among three compartments at the same rice growth stage or
among three rice growth stages of each compartment, respectively. Significant
differences (p < 0.05) between +O2 and –O2 assays are indicated by asterisk.

3.2. Hotspot area under anoxic and oxic conditions

The percentage of hotspot area was repeatedly higher for all enzymes under oxic
vs. anoxic assay conditions. The strongest increase in hotspot area was observed for
all three enzymes in +O2 assays at seedling (59–128%) stage of rice growth compared
to –O2 assays, followed by late- (18–67%) and early (3–12%) tillering stages (Fig. 3).
The relative difference in the percentage of hotspot area between –O2 and +O2 assays
of the three tested enzymes tended to be higher with the transition from oxic to anoxic
vs. the transition from anoxic to oxic conditions (Fig. S5).
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Fig. 3 The percentage of hotspot area per rhizobox surface for phosphomoesterase,
β-glucosidase, and leucine aminopeptidase under oxic (+O2) and anoxic (–O2)
conditions at the three rice growth stages. Significant differences (p < 0.05) between
oxic and anoxic assays are indicated by asterisk. Different uppercase or lowercase
letters represent significant differences (p < 0.05) among three rice growth stages
under +O2 or –O2 conditions, respectively.

3.3. Rhizosphere extent under anoxic and oxic conditions

The rhizosphere extent of PME, BG, and LAP activities from the root center
were enzyme- and moisture condition specific (Fig. 4a, b, c). The distribution of
hotspot area of PME as a function of distance from the geometrical root center was
broader (0.9–2.7 mm) compared with that of hotspot BG (1.2–2.6 mm) and LAP
(1.0–1.6 mm) activity (Fig. 4a, b, c). The rhizosphere extent of PME, BG, and LAP
activities from the root center were respectively broader by 8–80%, 19–30%, and
15–32% in –O2 assays than in +O2 assays (Fig. 4a, b, c). With rice growth, the
rhizosphere extent at tillering stage narrowed by 34–40% in +O2 assays and 60–63%
in –O2 assays for PME activities as compared to a seedling stage, by 23–41% and
26–47% for BG, and by 14–20% and 25–30% for LAP, respectively (Fig. 4a, b, c).
The relative difference in the rhizosphere extent of three tested enzymes as a function
of distance from the geometrical root center between –O2 and +O2 assays was
significantly higher with the transition from oxic to anoxic vs. the transition from
anoxic to oxic conditions (Fig. 4d).
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Fig. 4 The rhizosphere gradient and extent of phosphomonoesterase (a), β-glucosidase
(b), and leucine aminopeptidase (c) activities as a function of distance from root
center under oxic (+O2) and anoxic (–O2) conditions, and the difference in
rhizosphere extent (%) between –O2 and +O2 assays depending on initial conditions –
either first –O2 and then +O2 (transition from anoxic to oxic) or vice versa (transition
from oxic to anoxic) (d). Each curve refers to the mean activity of each enzyme
measured at 9-15 roots in the three replicated zymograms. The vertical lines (dashed
for +O2 and solid for –O2) mark the border between rhizosphere and bulk soil as
defined by one-way ANOVA. The differences in rhizosphere extent are shown as the
means ± standard deviations of the three rice growth stages (n = 5 (rhizoboxes)
under the transition from anoxic to oxic conditions and n = 4 (rhizoboxes) under the
transition from oxic to anoxic conditions). Significant differences (p < 0.05) between
the transition from anoxic to oxic conditions and the transition from oxic to anoxic
conditions are indicated by asterisk.

4. Discussion

4.1. Effect of short-term aeration on the spatial distribution of enzyme activities

The systematical decrease in the activities of three studied enzymes was
observed under oxic vs. anoxic conditions during short-term (35 min) aeration (Fig. 2).
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This is in line with the findings that the activities of hydrolytic enzymes in flooded
paddy soils were lower by 5–43% under oxic vs. anoxic conditions (Wang et al.,
2022a, b) and supports our first hypothesis. There are two mechanisms which may
directly or indirectly be responsible for the decreased activities of hydrolytic enzymes
with the increasing O2 concentrations: (i) The directly suppressive effect of O2 may be
explained by O2 toxicity (i.e., the formation of reactive oxygen species (ROS)
including superoxide and peroxide as a result of molecular O2 reduction) for anoxic
microorganisms and reduction/loss of their ability to produce enzymes. Short-term
(2.5 h) aeration increased the activities of peroxidases and phenol oxidases by 2–14
times thereby supporting the concept of increased ROS formation (Wang et al.,
2022a). (ii) The indirect mechanism of the hydrolytic enzyme activities suppression
by O2 can be linked to a shift of microbial metabolic pathways under changing redox
conditions (Megonigal et al., 2004; Sinsabaugh, 2010; Yang et al., 2021).

Short-term aeration increased the percentage of hotspot area for PME and LAP
compared to anoxic treatment (Fig. 3). This difference was significant during the
seedling stage, whereas with rice growth, the aeration did not cause any strong effect
on distribution and intensity of enzyme hotspots. Therefore, the first hypothesis about
a suppressive effect of short-term aeration on enzyme hotspot area was not supported.
We suggest two possible reasons of such observations. (i) Enzymatic hotspots are
mainly attributed to rhizosphere with overall higher microbial abundance and activity
due to continuous input of root exudates as compared to the bulk soil (Kuzyakov and
Blagodatskaya, 2015). Roots of wetland plants including rice are supplied via
aerenchyma with atmospheric O2 which is diffusing into the anoxic environment.
Long-term availability of O2 in the close vicinity to roots of rice should cause an
adaptive effect on rhizosphere microorganisms and enzyme activities. This is why
anoxic bulk soil microbial communities were suppressed by aeration during
zymography, while rhizosphere microbial activities were weakly affected (Fig. 1).
This explains the finding that no differences in the percentage of hotspot area were
observed at a tillering stage of rice growth (Fig. 3). (ii) Another reason which can
explain the increase of hotspot area with aeration is related to the algorithm of
hotspots identification. Thus, we estimated a decreased threshold for the identification
of hotspots by 0–12% mainly due to differences in bulk soil activities between +O2

and –O2 assays. By definition, the hotspot is an area of enzyme activity that is higher
by three times of a standard deviation (SD) than mean enzyme activity estimated for
the whole zymogram (Bilyera et al., 2020). The lower the difference between hotspot
activity and the mean activity of a zymogram, the smaller is the hotspot area. This is
why the difference in hotspot identification rather than actual increase in microbial
metabolic activity or relatively higher concentration of substrates may explain the
higher hotspot area. As a potential outcome, the models of organic matter
transformation and nutrient cycling based on hotspot dynamics in anoxic ecosystems
but measured under oxic conditions may presumably underestimate the enzymatic
reaction rate and overestimate the area with relatively high reaction rate and substrate
availability. Therefore, a systematic study addressing the issue of hotspot
identification in relation to background change will be necessary to answer the
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question.

Short-term aeration resulted in a narrower enzymatic rhizosphere extent as
compared to anoxic assays (Fig. 4). This may have implications for other studies
where the actual rhizosphere extent was most probably underestimated for paddy soils
when measured under oxic conditions (Ge et al., 2017). Accordingly, incorrect
rhizosphere extents will give biased input to the models established for anoxic
ecosystems (Ge et al., 2017) due to the underestimation of the area with a high
reaction rate on the premise that oxygen and hydrolytic enzymes are completely
decoupled at a biochemical level. Generally, phosphomonoesterase and β-glucosidase
had broader rhizosphere extents than leucine aminopeptidase (Fig. 4). Interestingly,
the short-term aeration suppressed phosphomonoesterase and β-glucosidase more
strongly than leucine aminopeptidase. This may suggest that anoxic enzyme systems
of P and C cycling are more sensitive to O2 than the N-acquiring enzymes. Current
methods and models on rhizosphere processes in anoxic ecosystems (Ge et al., 2017;
Wei et al., 2019a, b) did not account for short-term aeration effects on
enzyme-specific activities and rhizosphere extents. Such conditions, however, are
typical for e.g. paddy soils after draining or topsoil of wetlands and peatlands during
drought events. Therefore, we recommend considering the potential bias in
calculations when ignoring the observed short-term aeration effects on established
anoxic systems.

4.2. Effects of rice growth stage and aeration conditions during zymography on
enzyme activity distribution

In line with the second hypothesis, the overall higher enzyme activities were
observed in the rhizosphere as compared to bulk soil under both oxic and anoxic
conditions (Figs 1, 2, S4). Such an increase in enzyme activity was most likely due to
intensive microbial metabolism and root exudation in the rhizosphere (Bradford et al.,
2008; Kuzyakov and Blagodatskaya, 2015; Ge et al., 2017).

The activities of phosphomonoesterase and β-glucosidase decreased with rice
growth, while leucine aminopeptidase activity demonstrated the opposite trend (Fig.
2). The temporal dynamics of hydrolytic enzyme activities were therefore
enzyme-specific. We expected a weaker suppressive effect of the short-term aeration
on the enzyme activities in rooted soil with rice growth as compared with bulk soil
because of the increasing biomass of aerenchimatous roots delivering air belowground
and higher adaption of rhizosphere microorganisms to O2 (Larsen et al., 2015). Our
expectations were supported by phosphomonoesterase activity (Fig. 2, top). The
activities of β-glucosidase and leucine aminopeptidase in rooted soil did not differ
between the tillering and the seedling stages (Fig. 2, middle and bottom). This
demonstrates that the effects of root-released O2 on enzyme activities were
enzyme-specific. It is therefore unlikely that natural O2 gradient with rice growth was
a major factor affecting enzyme activities in this study. Rice plants regulate the
rhizosphere processes as demonstrated by decreased rhizosphere extents with rice
growth (Fig. 4). This contradicts the statement of Kuzyakov and Razavi (2019) about
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the general phenomenon of rhizosphere stationarity with a plant growth that was made
mostly for plants evaluated under oxic conditions. Such a changed pattern indicates
either shift in root exudate quality of rice plants or change in their strategies to acquire
nutrients with growth (Grossmann et al., 2011).

It is important to note that the initial conditions under which the zymography
was performed – oxic or anoxic – had no effects on the enzyme activity and hotspot
area (Fig. 1, S5). Therefore, we can conclude that the short-term suppressive effect of
O2 on enzymatic activities in rice paddy system is reversible. This may imply that the
anoxic microbial community possesses the ability to reestablish from the suppression
by short-term aeration. This is supported by the findings that microbial biomass and
composition in a humid tropical forest soil did not change with short-term redox
fluctuation under alternating flushing with between air and N2 every 12 h (Pett-Ridge
et al., 2006).

4.3. Which other factors do matter for soil zymography under anoxic conditions?

As shown on zymograms (Fig. 1, S4), the cavities lacking proper attachment
between membrane and soil surface resulted in the absence of fluorescent signal (at
355–460 nm). Generally, a membrane attachment to the soil surface is still a
methodological issue for zymography application (Razavi et al., 2019). A relatively
high percentage of cavities, especially at the seedling stage, was related to the
increased water content causing strong stickiness of the soil surface to the rhizoboxes
cover plates. An ultimate need to open a rhizobox for zymography prevents to solve
such a constraint of the method. At least, the combination of laser scanning and soil
zymography could be helpful to identify areas with cavities and clearly differentiate
them from the low activity areas of proper attachment (Guber et al., 2018).

Another critical factor that can affect the spatial distribution of enzyme activities
during zymography is soil moisture (Guber et al., 2018; Ahmadi et al., 2018). The
diffusion of substrates from the membrane to the soil surface through Brownian
motion as well as products of catalysis backwards depends strongly on the soil
moisture during zymography (Razavi et al., 2019). Thus, the higher soil moisture at
the seedling stage could cause the broader rhizosphere extents for the three tested
enzymes (Fig. S2) as compared to both tillering stages (Fig. 3). Moreover, we
observed the same effect of soil moisture on rhizosphere extents for leucine
aminopeptidase activity in one out of three replicates having substantially higher soil
moisture (Fig. S2, S4). Still, it is important to note, that despite the observed
methodological constrains the suppressive effect of O2 on enzyme activities was
generally independent from soil moisture (Fig. 2).

5. Conclusions

Short-term (35 min) aeration strongly suppressed the in-situ activity of anoxic
hydrolytic enzymes by 4–61% in flooded paddy rice microcosms. Thus, applying
zymography in natively low-oxygen systems under anoxic conditions using a
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glovebox is a more accurate method to assess to enzyme activities and microbial
hotspots. In addition to the activity, the enzyme-specific rhizosphere extents
decreased in the presence of O2, indicating that short-term aeration reduced the root’s
capacity to enhance enzyme activities in a large distance to the root, thus diminishing
its capability for an extended rhizosphere area. At the same time, even slight increase
in the enzymatic hotspot area with aeration was observed. Accordingly, the
determination of the enzyme activity and hotspots localization in anoxic systems due
to short-term aeration could cause an underestimation of the reaction rate of the
biochemical processes in bulk soil and an overestimation of the microbial metabolic
hotspot area in the rhizosphere. Given that a short-term aeration generally occurs in
natural anoxic systems and during the measurement of samples taken from anoxic
environments, it is important to consider the suppression of enzyme activities and
overestimation of hotspot area by short-term O2 exposure.
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Supplementary

Fig. S1 The dimensions of a rhizobox with plexiglas cover on top, sealed with rubber
gasket (not visible on photo) and fixed by thumbscrews (A), a portable PVC glovebox
filled with N2 and with rhizoboxes inside (B), a substrate saturated zymography
membrane and the O2 level as indicated by an O2-sensor (C), a saturated membrane
covered with an aluminum foil and pressed by a sand bag (D).
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Fig. S2 Light photos of the rhizoboxes’ soil surface assayed for phomonoesterase, β-glucosidase, and leucine aminopeptidase activities at
seedling, early-, and late tillering stages of rice growth. Arrow on the right side reflects soil moisture decrease with the rice growth stages.
Dashed purple cycles on images indicate relatively higher moisture of soil among rice growth stages and between replicates. Rhizoboxes with
blue frame were first exposed to anoxic and then to oxic zymography (“transition from anoxic to oxic conditions”) during an assay. Rhizoboxes
with red frame were first exposed to oxic and then to anoxic zymography (“transition from oxic to anoxic conditions”). The effect of transition
was tested as the mean among rice growth stages separately for initial oxic (n = 4) or anoxic (n = 5) conditions for each of the enzymes.
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Fig. S3 Calibration curves of 4-methylumbelliferone (MUF, a and b) and
7-amino-4-methylcoumarin (AMC, c and d) gray value under anoxic (–O2) and oxic
(+O2) conditions. There was no significant difference (P < 0.05) between parameters a
and b of the functions under +O2 and –O2 for MUF and AMC.
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Fig. S4 Spatial distribution of phomonoesterase, β-glucosidase, and leucine
aminopeptidase activities in oxic (+O2) and anoxic (–O2) assays at seedling, early-,
and late tillering stages of rice growth. Cavities are shown as black area. Calibration
scale bar on the right side is proportional to phomonoesterase and β-glucosidase
activities and leucine aminopeptidase activity.
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Fig. S5 The difference in the percentage of hotspot area of phosphomonoesterase,
β-glucosidase, and leucine aminopeptidase between anoxic (–O2) and oxic (+O2)
assays with different aeration conditions under which zymography was initially
performed. The data are shown as the means ± standard deviations (n = 5 under the
transition from anoxic to oxic conditions and n = 4 under the transition from oxic to
anoxic conditions).
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Graphical abstract

Conceptual scheme demonstrating the shift from microorganisms outcompeting rice
plants for phosphorus to rice plants outcompeting microorganisms. Red solid line
demonstrates the dynamics of microbially driven Fe(III) reduction. Blue lines show
32P recovery either in rice plants (dashed line) or in microbial biomass (solid line)
with rice plant growth.
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Abstract: Biogeochemical cycles of phosphorus (P) and iron (Fe) are tightly
interlinked, especially in highly weathered acidic subtropical and tropical soils rich in
iron (oxyhydr)oxides (Fe(III)). The quantitative contribution of the reductive
dissolution of Fe(III)-bound inorganic P (Pi) (Fe-P) in low-redox paddy soils may
cover the demands of rice plants (Oryza sativa L.) and microorganisms. We
hypothesized that microbially-driven Fe(III) reduction and dissolution can cover the P
demand of microorganisms but not of the young rice plants when the plants’ P
demand is high but their root systems are not sufficiently developed. We grew
pre-germinated rice plants for 33 days in flooded rhizoboxes filled with a paddy soil
of low P availability. 32P-labeled ferrihydrite (30.8 mg kg–1) was supplied either (1) in
polyamide mesh bags (30 μm mesh size) to prevent roots from directly mobilizing
Fe-P (pellets-in-mesh bag treatment), or (2) in the same pellet form but without a
mesh bag to enable roots accessing the Fe-P (pellets-no-mesh bag treatment).

Without mesh bags, Pi was more available leading to increases in microbial
biomass carbon (MBC) by 18–55% and nitrogen by 4–108% in rooted soil as
compared to Pi pellets not directly available to roots. The maximum enzyme activities
(Vmax) of phosphomonoesterase and β-glucosidase followed this pattern. During rice
root growth, day 10 to day 33, MBC and microbial biomass phosphorus (MBP)
contents in both rooted and bottom bulk (15–18 cm) soil gradually decreased by
28–56% and 47–49%, respectively. In contrast to our hypothesis, the contribution of
Fe-P to MBP remarkably decreased from 4.5% to almost zero from 10 to 33 days after
rice transplantation, while Fe-P compensated up to 16% of the plant P uptake at 33
days after rice transplantation, thus outcompeting microorganisms. Although both
plants and microorganisms obtained Pi released by Fe(III) reductive dissolution, this
mechanism was not sufficient for the demand of either organism groups.

Keywords: phosphorus availability and mobilization; anoxic conditions; redox
potential; Fe and P interactions; plant-microbial competition; enzyme activities
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1. Introduction

Low soil phosphorus (P) contents limit the yield and productivity in many
agroecosystems (Vitousek et al., 1997; Wang et al., 2021). The low P availability is
particularly exacerbated in highly-weathered tropical and subtropical soils, which are
acidic and rich in iron (Fe) and aluminum (Al) (oxyhydr)oxides, as well as free Fe3+
and Al3+ (Elser et al., 2007; Wang et al., 2019). This is because inorganic P (Pi) is
precipitated by Fe and Al in acidic soils, or calcium (Ca) in neutral and alkaline soils
or absorbed to clay mineral surfaces (Hedley et al., 1982; Cross and Schlesinger,
1995). One key strategy to alleviate the deficiency of available Pi is to solubilize the
Pi precipitated on minerals or absorbed Pi, whereas the solubilized Pi must not
re-precipitate with Al or Fe before it is taken up by the plant. The mobility and
equilibrium concentration of Pi in acidic soils mainly depend on redox potential and
pH (Shen et al., 2011).

Generally, the reductive dissolution of ferric Fe, i.e., Fe(III), is a critical factor to
increase the Pi solubility at low-redox conditions after O2 depletion in the course
aerobic organic matter decomposition (Saleque et al., 1996). The Pi release from Fe
minerals is commonly observed in wetland soils when the redox potential (Eh) drop
below −200 mV (Ann et al., 2000). Similarly, the Pi concentration in soil solution
increase when the Eh decrease from ca. +300 mV to −120 mV (Amarawansha et al.,
2015). Not only the Eh, but also the pH controls (maximum) Fe2+/3+ and Al3+
concentrations in soil solution, thereby governing the Pi precipitation if equilibrium
concentrations are exceeded (Devau et al., 2009). As the solubility of Fe and Al
phosphates increases with soil pH until 7.0−7.5 (Hinsinger, 2001), low-redox soils
have a higher potential for Pi release when the pH is close to neutral as compared to
the well-aerated acidic or alkaline soils. However, it is still changing to account for Pi
release from minerals and Pi dynamics under anoxic conditions like paddy soils
(Heinrich et al., 2020) due to (1) the temporal and (micro)spatial variability in redox
potential, (2) the diffusive release of oxygen (O2) by rice roots in the rhizosphere
(Upreti et al., 2015), (3) the presence of alternative electron acceptors (e.g., NO3−) that
maintain high redox potentials even in the absence of O2, (4) various forms of Fe(III)
(oxyhydr)oxides that vary widely in their dissolution kinetics, and (5) the magnitudes
of potential P sources that need to be distinguished.

Concerning Pi uptake by plants, Pi could be bound to Fe(III) in very acidic
solution or following oxidation of ferrous Fe(II) by O2 in the rhizosphere of rice and
co-precipitates with ferrihydrite, goethite, and siderite (Hansel et al., 2001). In turn,
Fe(III) reduction under low redox potentials ranging from −314 mV to +14 mV)
releases bound Pi into soil solution (Weber et al., 2006).

Under Pi deficiency, microorganisms compete with plants for Pi (Marschner et al.,
2011). Therefore, it is important to assess the rate and amount of Pi released from
Fe(III) precipitates under anoxic conditions and unravel its roles for microbial and
plant growth. Plants may increase their Pi competitiveness by (1) escaping microbial
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competition through rapid growth (Watt et al., 2003), (2) reducing microbial
competition by decreasing the amount of exudates and so, limiting the carbon (C)
source for microorganisms (Darrah, 1991), (3) increasing microbial nutrient
mobilization capacity by enhancing the abundance of P-mobilizing microorganisms
and/or their activities (Jorquera et al., 2008), (4) release of organic acids to desorb
mineral-bound Pi and prevent Pi precipitation (Köster et al., 2020), (5) increasing the
uptake of immobilized P (Kong et al., 2008; Siebner-Freibach et al., 2004), (6) release
of acid phosphatase to hydrolyze organic P (Po) (Razavi et al., 2016). Microbial
growth and activity are stimulated by easily available root exudates as they provide C
and energy to microorganisms and enhance microbial competitivity of Pi (Marschner
et al., 2011). At the same time, they stimulate the production of phosphatases to
mobilize P from organic sources (Ge et al., 2017).

Despite low availability, organic P (Po) plays an essential role in P cycling in
soils because of its large pool size (Pistocchi et al., 2018). Phosphatases, such as acid
phosphomonoesterase, alkaline phosphatase, phytase, and phosphodiesterases, mainly
secreted by microorganisms and partly by plant roots (Kunito et al., 2018), are
responsible for Po hydrolysis in soil. An increase in phosphatase production by
microorganisms and plant roots is generally caused by insufficient amounts of
available Pi (Santos-Beneit, 2015; Vershinina and Znamenskaya, 2002) and depends
on Po content (Nannipieri et al., 2011). Given the importance of microbial release of
available Pi, the phosphatase activity may be used to characterize the acceleration of P
cycling mediated by plants and microorganisms. Soil Pi availability also affects C and
nitrogen (N) cycling by changing soil nutrient stoichiometry (Wei et al., 2019) and by
structuring microbial communities (Tang et al., 2016). For example, Pi addition
increased microbial respiration by stimulating microbial activity in P-limited soils
(Reed et al., 2011). Phosphate application also increased the gaseous N losses by
stimulating the growth of denitrifying bacteria in paddies (Wei et al., 2017). Therefore,
activities of β-glucosidase, catalyzing the last step of carbohydrate degradation and
thus providing crucial C sources for microorganisms (Alexander, 1977), and leucine
aminopeptidase, controlling the degradation of amide-linked polypeptides (Hanson
and Frohne, 1976), reflect soil organic C and N turnover in combination with Fe and
P interactions under changing redox conditions.

Based on the above, we hypothesized that (i) the direct access of Fe-P by rice
roots would increase the reductive dissolution of Fe-P, (ii) microbial biomass and
enzyme activities would be higher in rooted soil with more inputs of available C than
in bulk soil, and (iii) microbial biomass and enzyme activities would be modified by
Pi availability during rice growth. To test these hypotheses, we conducted a
microcosm experiment with rice plants grown in continuously flooded paddy soil to
explore the effects of Pi release from the Fe(III)-bound phase on the dynamics of
microbial biomass and activities of three enzymes: phosphomonoesterase (PME),
β-glucosidase (BG), and leucine aminopeptidase (LAP) under low-redox conditions.
The accessibility of Fe-P by rice roots was controlled by using a mesh bag to
distinguish between microbially mediated and rhizomicrobially mediated Fe-P
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dissolution and Pi uptake. We adopted the Michaelis-Menten approach to assay
enzyme kinetics (Marx et al., 2001) under anoxic conditions by means of a portable
glovebox (Wang et al., 2022).

2. Mater ials and methods

2.1. Soil description

The low available Pi soil (available Pi content < 10 mg kg−1 according to the
Chinese soil nutrient classification standard) was collected from 0–20 cm of a paddy
rice field at the Changsha Agricultural and Environmental Monitoring Station, Hunan
Province (113°19′52″ E, 28°33′04″ N), which is located in the subtropical region of
China. The annual average temperature of the region is 17.5°C, and the annual
average precipitation is 1300 mm. The soil is a typical Stagnic Anthrosol developed
from highly weathered granite (Gong et al., 2007), and is under paddy cultivation with
double-cropping rice. The soil was collected with a corer at five locations in the field,
combined, sieved through a 2 mm mesh, air-dried, and homogenized. The soil texture
was 26.7% clay, 29.2% silt, and 44.2% sand. The main soil physico-chemical
properties were as follows: pH 6.2, soil organic C 13.1 g kg−1, total N 1.4 g kg−1,
available N 18.0 mg kg−1, total P 0.3 g kg−1, and Olsen-P 3.7 mg kg−1 (Zhu et al.,
2018).

2.2. Experimental setup

A microcosm experiment with rice was conducted in water-tight
PVC-rhizoboxes with the inner dimensions of 24.0 × 20.5 × 1.5 cm (height × width ×
depth, Fig. S1A). The experimental design included two treatments with four
replicates (eight rhizoboxes for each destructive sampling (three samplings in total)
and 24 rhizoboxes in total, see section 2.3 below). The treatments represented
conditions when phosphate is bound to ferric iron minerals (ferrihydrite), rendering P
not directly available for plant uptake. The first treatment excluded direct contact of
Fe-P by roots: the ferrihydrite pellets loaded with radioactive phosphate were put into
a 30-μm polyamide mesh bag (5.0 × 5.0 cm, height × width) (pellets-in-mesh bag
treatment, Fig. 1, left side). The second treatment allowed roots to access the Fe-P in
the form of pellets without mesh bag (pellets-no-mesh bag treatment, Fig. 1, right side)
(see section 2.3 below). Air-dry soil (420 g) was filled into each rhizobox and
saturated by deionized water for 16−24 h prior the addition of Fe-P (Fig. 1). The Fe-P
pellets either in mesh bags or without were placed in the middle of the surface of the
prefilled soil, and then covered with another 230 g of soil (Fig. 1). This soil was then
saturated with deionized water, trapped air bubbles were removed by knocking, and
one pre-cultivated rice seedling (Oryza sativa L. ‘Two-line hybrid rice Zhongzao 39’)
was planted per rhizobox.
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Fig. 1 Diagram of the experimental design. MicroRhizon® samplers were placed at
the P-rich patch zone, and a platinum electrode for measuring redox potential (Eh)
was installed in each rhizobox. Pre-filled soil corresponds to paddy soil filled into
rhizoboxes 16−24 h prior the addition of ferric iron-bound P. Filled soil is the paddy
soil added during Fe-P placement and rice seedlings transplantation.

All microcosms were filled with additional water to achieve 2 cm of water above
the soil surface and were placed in a climate-controlled chamber (RUMED®

Premium-Line P 1700, Rubarth Apparate GmbH, Germany) with 28 ± 1°C day
temperature and 24 ± 1°C night temperature, 70% relative humidity, and 12-h
photoperiod. The water level above the soil was maintained during the whole period
of rice growth. Immediately after transplanting, 30 mg N kg−1 dry soil in the form of
urea were applied as base fertilization.

The soil redox potential (Eh) was monitored in each rhizobox by a platinum
electrode installed at 10 cm depth (Fig. 1). Eh was measured using an Eh-meter (GMH
3531, GHM Messtechnik GmbH, Germany). To measure released 32P activity from
Fe-P and total Fe concentration in soil solution during rice growth, 30-ml of soil
solution were collected every 2–5 days during the experiment from the areas around
the pellets using MicroRhizon samplers (MicroRhizons, Rhizosphere Research
Products, Netherlands) in evacuated and N2-flushed 30-ml glass bottles (Fig. 1).

2.3. Ferric iron-P pellet preparation and labelling with 32P

The Fe-P pellet was prepared by mixing 10 g of purified quartz sand as matrix
and 0.7 g of synthesized ferrihydrite (Paterson, 2000) per rhizobox. The mixture was
weighed into 100-ml glass centrifuge tubes and 30 ml of 3.75 g l−1 K2HPO4 solution
spiked with 32P-labeled H3PO4 (2 MBq μl−1, Hartmann Analytic GmbH, Brunswick,
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Germany) were added. Additionally, 2 ml of 1 M HCl was pipetted into the centrifuge
tubes to increase the P adsorption efficiency. Tubes were shaken for 2 h on a roller
mixer (200 rpm) and then centrifuged at 3000 × g for 15 min. The activity in the
supernatant was measured on a Liquid Scintillation Analyzer (LSA) (Tri-Carb® 2800
TR, PerkinElmer, Shelton, CT, USA). Briefly, 10 μl supernatant was mixed with 10
ml scintillation cocktail (Rotiszint®eco plus, Carl Roth, Germany), then counting was
conducted for 2 min. To purify the pellets, i.e., remove the non-sorbed phosphates, the
supernatant was discarded, and 30 ml of deionized water were added to the tubes. The
centrifugation and 32P activity determination of the supernatants were repeated three
more times as described.

The total amount of Pi added (20 mg rhizobox–1) was equivalent to a mineral P
fertilization of 80 kg ha–1. The initial 32P activity of the pellet was estimated based on
the duration of rice growth and three destructive samplings (DS, see section 2.4.
below). At the time of pellet application (t0), approx. 5, 9, and 16 MBq of 32P-labeled
H3PO4 were employed per rhizobox to reach 3.2–3.5 MBq of 32P activity at each of
the destructive samplings according to the 32P half-life (14.3 days). Ready pellets
were weighed on an analytical balance and transferred with a spoon either to a mesh
bag or directly into the soil, depending on the treatment.

2.4. Destructive sampling

Destructive samplings were conducted after 10 (DS1), 18 (DS2), and 33 (DS3)
days after rice transplanting, respectively. The age of rice plants roughly
corresponded to tillering stage (with 2–4 tillers) of a vegetative phase of rice growth.
The distribution of rice roots at DS1 was mainly above the mesh bag or pellet, at DS2
roots were in vicinity of the mesh bag or pellet, and at DS3, they reached a depth of
two cm above the bottom of the rhizoboxes. The flooding water was drained
immediately before sampling. To keep anoxic conditions in the moist soil, all
rhizoboxes were opened inside a portable PVC glovebox (Captair® Pyramid Glovebox
3015-00, Erlab DFS, Saint-Maurice, France) (Fig. S1B) evacuated with a vacuum
pump (Ilmvac MP 301 Vp, Ilmvac GmbH, Ilmenau, Germany) and then backflushed
with N2 to achieve a level of O2 lower than 0.4% as indicated by an O2-sensor
(Greisinger GOX 100, GHMMesstechnik GmbH, Remscheid, Germany) (Fig. S1C).

After opening a rhizobox, the soil was collected from three compartments: top
bulk (2–5 cm from soil surface), rooted (5–15 cm), and bottom bulk (15–18 cm) soil.
In each compartment, soil was collected from three random locations. For microbial
biomass measurements, two samples of 7–10 g of moist soil from each compartment
were immediately placed in air-tight plastic bags and the soil was stored at 4°C until
the next day. For enzyme kinetic assays, 0.5 g moist soil per compartment was kept in
100-ml Kimble KIMAX borosilicate laboratory glass bottles (Kimble Chase Life
Science and Research Products, LLC., Meiningen, Germany), prefilled with
N2-degassed (i.e., anoxic), deionized, and sterile water with a soil-water ratio of 1:100
(m/v). Before opening the glovebox, bottles were sealed with thick air-impermeable
butyl rubber septa. Thereafter, bottles were shaken for 30 min on a shaker (200 rpm)
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before enzyme activity assays.

2.5. Measurement of Fe concentration and 32P activity in soil solution

The total Fe concentration in soil solution collected by MicroRhizons was
measured after complete Fe3+ reduction to Fe2+ by 10% ascorbic acid (Elrod et al.,
1991). After a 30-min reaction, 2 ml sample was mixed with 500 μl ammonium
acetate buffer (pH 4.5) and 500 μl phenanthroline solution (0.5%) in a 10-mm
polystyrene cuvette (Th. Geyer GmbH & Co. KG, Renningen, Germany) and then
measured at 512 nm on a spectrophotometer (NanoPhotometer® NP80, Implen GmbH,
Munich, Germany). Calibration was done by external FeCl3 standards ranging from 5
to 300 μM.

The 32P activity in the same extracted soil solution was determined on the LSA
(Tri-Carb® 2800 TR, PerkinElmer, Shelton, CT, US), corrected for isotope radioactive
decay during the experiment, and back-calculated to the reference date. Briefly, 0.75
ml soil solution was mixed with 10 ml scintillation cocktail (Carl Roth GmbH + Co.
KG, Germany) and then counted for 5 min. The percentage of 32P activity in soil
solution derived from applied 32P-labeled ferrihydrite-quartz-sand-pellet (%PmL) was
calculated according to the following equation:

(1)

2.6. 32P recovery in rice plants and microorganisms, soil microbial biomass, and soil
total soluble C, N, and P content

At harvest, rice roots were carefully removed from rhizoboxes and were washed
free of soil with deionized water. Rice shoots were separated from roots at the soil
surface by cutting. The shoot and root samples were dried in an oven at 60°C for 48 h
and then milled to a fine powder in a ball mill (Retsch MM200, Retsch GmbH, Haan,
Germany). To measure total P content and 32P activity in shoots and roots, approx.
100 mg of each sample were digested with 2 ml of 65% HNO3 at 180°C for 8 h in a
PTFE digestion block. Each digested sample was filtered and filled up to 25 ml
volume with MQ water. A subsample (2 ml) was used to measure the total P content
by an inductively coupled plasma-optical emission spectrometry (ICP-OES) (iCAP
7000 series ICP-OES, Thermo Fisher Scientific, Dreieich, Germany). To measure the
32P activity, 1 ml sample was mixed with 10 ml scintillation cocktail (Carl Roth
GmbH + Co. KG, Germany) in a 20-ml scintillation vial, and then counted for 5 min
on the LSA. The proportion of P derived from applied Fe-P (%PShoot/Root) in shoot or
root total P was calculated as:

(2)
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Extractable microbial biomass carbon (MBC) and nitrogen (MBN) were
measured using the chloroform-fumigation-extraction method (Vance et al., 1987)
and were calculated according to the equation:

(3)

where kEC and kEN are equal to 0.45 (Brookes et al., 1985; Vance et al., 1987) and EC

and EN are the difference between the content of organic carbon and the difference
between the content of total nitrogen extracted from the fumigated and non-fumigated
soils, respectively. The organic carbon and total nitrogen concentrations in each
extract were measured by an elemental analyzer (Multi N/C 2100S, Analytik,
Germany).

Microbial biomass phosphorus (MBP) was determined with the anion exchange
resin method by adding hexanol as fumigant according to Kouno et al. (1995). The P
concentration was measured by colorimetry on a spectrophotometer
(NanoPhotometer® NP80, Implen, Munich, Germany). MBP was calculated as the
difference between anion exchange P without hexanol and P extracted after hexanol
extraction and corrected for the recovery of a P spike in each soil sample. To measure
32P activity in MBP, 1 ml sample was mixed with 10 ml cocktail in a scintillation vial
and then measured for 5 min on the LSA. The 32P activity in MBP was also calculated
as the difference in 32P activity between samples extracted without and with hexanol
and corrected for the recovery of a P spike in each soil sample. The proportion of P in
MBP derived from applied Fe-P (%Pmic) in each soil compartment was calculated as:

(4)

We presented the contents of organic C and N extracted from non-fumigated
soils and anion exchange P without hexanol as soil total soluble C, N, and P,
respectively.

2.7. Enzyme kinetic assays

The kinetics of phosphomonoesterase (PME), β-glucosidase (BG), and leucine
aminopeptidase (LAP) were measured using fluorogenically labelled substrates of
4-methylumbelliferyl-phosphate, 4-methylumbelliferyl-β-D-glucoside, and
L-Leucine-7-amino-4-methylcomarin hydrochloride (Sigma-Aldrich, Germany),
respectively, according to Marx et al. (2001). The enzyme kinetics were assayed
under anoxic conditions inside a portable PVC glovebox (Captair® Pyramid
Glovebox 3015-00, Erlab DFS, Saint-Maurice, France) (Wang et al., 2022). PME
activity was measured in soil samples from three destructive samplings, but the
activities of BG and LAP were only measured in soil samples from DS3.

The enzyme kinetics were measured according to a Michaelis-Menten approach
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with the following range of substrate concentrations 0, 5, 10, 20, 50, 100, 150, and
200 μM. Substrate and buffer were bubbled with N2 for 20 minutes and then used for
enzyme determination under anoxic conditions in the glovebox. For assays, 50 μl soil
suspension, 100 μl 4-methylumbelliferone (MUF) or 7-amino-4-methylcomarin
(AMC)-based substrate, and 50 μl MES or TRIZMA buffer were added into a 96-well
black microplate (Brand GmbH, Wertheim, Germany). The fluorescence was
repeatedly measured on a Victor 1420-050 Multi label counter (PerkinElmer, USA)
after incubation of microplates during 30 min under anoxic conditions. To keep
anoxic conditions during incubation, two sets of microplates were prepared with
30-min interval, so after opening of the glovebox all anoxic plates were measured
simultaneously. The duration of the incubation period of substrate with soil
suspension to achieve maximal fluorescence activity was determined in series of
preliminary tests (data not shown). The excitation and emission wavelengths were 355
nm and 460 nm, respectively. Duration of reading per well was 1.0 sec.

Based on MUF or AMC pure substance calibrations, the rate of enzyme activities
was calculated as nmol MUF/AMC per g soil (dry weight) per hour corresponded to
the substrate added (in μmol g−1 dry soil). The Michaelis-Menten equation was used
to calculate the kinetic parameters Vmax and Km:

(5)

where V is the reaction rate (nmol g−1 soil h−1), S is the substrate concentration (μmol
g−1 soil), Vmax is the maximal reaction rate of enzymatic activity at saturating substrate
concentration, and Km is the substrate concentration at half-maximal rate (1/2 Vmax).
Vmax and Km were estimated using non-linear curve fitting in GraphPad Prism 8
(GraphPad Software, Inc., San Diego, USA).

2.8. Statistical analysis

A one-way ANOVA, followed by the Tukey’s HSD post-hoc test, was used to
test for the significant differences (p < 0.05) for Eh, the percentage of 32P recovery,
and Fe content either between soils with pellets in a mesh bag and without a mesh bag
for the same sampling time or among sampling dates within the same treatment. A
two-way ANOVA was used to test the effects of (i) the treatment (Pellets-in-mesh bag
vs. Pellets-no-mesh bag) and (ii) destructive sampling on the proportion of P derived
from applied Fe-P recovered in either shoot or root P, and the ratio of 32P recovery in
MBP in rooted soil to that in root P. A two-way ANOVA with repeated measures
(destructive sampling, n = 3) was used to test the effects of (i) treatment
(Pellets-in-mesh bag vs. Pellets-no-mesh bag) and (ii) soil compartment on MBC,
MBN, MBP, soil total soluble C:N:P ratios, and Vmax and Km of PME. A two-way
ANOVA was used to test the effects of (i) treatment (Pellets-in-mesh bag vs.
Pellets-no-mesh bag) and (ii) soil compartment on Vmax and Km of BG and LAP.
Exponential regression analysis was used to determine the relationships between Eh

values and 32P recovery in soil solution. All statistical tests were conducted using
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SPSS (Version 21, IBM, Armonk, NY, USA).

3. Results

3.1. Soil Eh, total Fe concentration, and 32P recovery in soil solution

Eh decreased in soils with and without mesh bags within six days after rice
transplantation (p < 0.05) and then stabilized between –168 and –233 mV (Fig. 2, top
row). Soil Eh was on higher in Pellets-no-mesh bag rhizoboxes than with mesh bags
(Fig. 2, top row).

Fig. 2 Soil redox potential Eh (top), the recovery of 32P (middle) and total soluble Fe
concentration (bottom) in soil solution during the first (DS1), second (DS2), and third
(DS3) periods of rice growth before destructive sampling. The data are the means ±
standard errors (n = 4). Letters represent significant differences (p < 0.05) among
sampling dates of each period of rice growth under Pellets-in-mesh bag (uppercase) or
Pellets-no-mesh bag (lowercase) treatment, respectively. Significant differences (p <
0.05) between Pellets-in-mesh bag and Pellets-no-mesh bag treatments are indicated
by asterisk.

Dynamics of the total Fe concentration and of the 32P recovered in soil solution
(Fig. 2, d-i) had temporal patterns comparable to rice growth. The 32P proportion in
soil solution (as % from the added 32P activity) was higher when Fe-P pellets were not
excluded from roots by mesh bags at 10 days after seedling transplantation (DS1) and
on 20 out of 33 days (DS3) (Fig. 2, middle row). The 32P dynamics were similar
among the three destructive samplings, especially among DS2 and DS3: there was an
initial smooth slow increase till days 14–19 and then an abrupt decrease (Fig. 2,
middle row). The dynamics of total Fe in soil solution matched well with soil solution
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32P dynamics at DS1 and DS2 (Fig. 2, middle and bottom row). At DS3, the peak of
32P recovery was delayed by about 12 days after the peak of total Fe (Fig. 2, bottom
row). Interestingly, the minute Fe concentration in soil solution at the end of DS3
period (days 24–33) coincided with the lowest 32P recovery in both soils with and
without bags (Fig. 2, bottom row).

32P recovery increased with decreasing redox potential (more negative Eh values)
in soil solution in Pellets-no-mesh bag rhizoboxes during 10 days after rice seedling
transplantation (DS1), for 10 days out of 18 days (DS2), and for 11 days out of 33
days (DS3) (Fig. 3).

Fig. 3 Relationships between redox potential Eh and 32P recovery in soil solution
under Pellets-in-mesh bag and Pellets-no-mesh bag treatments in the first 10 days
after rice transplantation of the 1st destructive sampling (DS1, a), 10 days of the DS2
(b), and 11 days of DS3 (c), respectively. Solid lines indicate significant non-linear
correlations.

3.2. Soil microbial biomass

MBC, MBN, and MBP contents were higher in Pellets-no-mesh bag rhizoboxes
as compared to the rhizoboxes with pellets in mesh bags (Fig. 4, left vs. right). The
soil compartment influenced the microbial biomass contents (Fig. 4, Table S1). After
10 (DS1) and 18 (DS2) days of rice growth, the highest MBC, MBN, and MBP
contents were found in rooted soil as compared to top and bottom bulk soil (Fig. 4,
green vs. blue and red bars). However, the highest MBC, MBN, and MBP contents
were found in top bulk soil as compared to rooted and bottom bulk soil 33 days (DS3)
after rice transplantation (Fig. 4, DS3 of a, b, and c). With rice root growth, the MBC
content in rooted and bottom bulk soil gradually decreased by 30–52% and 28–56%
in the Pellets-in-mesh bag and Pellets-no-mesh bag soils, respectively, whereas in top
bulk soil MBC contents remained stable (Fig. 4a). The highest MBN content was
determined after 18 days of rice growth, but similar MBN content was detected after
10 and 33 days (Fig. 4b). MBP contents in rooted soil generally followed the MBC
content pattern, i.e., with rice growth. The highest MBP content was found in the top
bulk soil in Pellets-no-mesh bag rhizoboxes 33 days after seedling transplantation
(Fig. 4c).
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Fig. 4 Microbial biomass carbon (MBC, a), nitrogen (MBN, b), and phosphorus
(MBP, c) content in the top bulk, rooted, and bottom bulk soil under Pellets-in-mesh
bag (left side) and Pellets-no-mesh bag treatment (right side) of the first (DS1, 10
days), second (DS2, 18 days), and third destructive sampling (DS3, 33 days) after rice
transplantation. The data are the means ± standard errors (n = 4).

3.3. 32P recovery in rice plants and microorganisms

The proportion of P derived from applied Fe-P differed between shoots and roots
(Fig. 5a). Between 10–33 days after rice transplantation, the mobilized P increased in
shoots from 0.3% to 9.3% in Pellets-in-mesh bag rhizoboxes and from 0.6% to 15%
in Pellets-no-mesh bag rhizoboxes, respectively (Fig. 5a, green lines). In roots, the
proportion of P derived from applied Fe-P increased from 2.5% to 16% in
Pellets-no-mesh bag rhizoboxes between 10–33 days after rice transplantation (Fig. 5a,
yellow and dashed line). The proportion of P derived from applied Fe-P increased
from 2.3% to 11% in roots in Pellets-in-mesh bag rhizoboxes between days 10 and 18
after rice transplantation and decreased from 11% to 6.9% between days 10 and 33
(Fig. 5a, yellow and solid line). In contrast, the proportion of P derived from applied
Fe-P in MBP decreased, especially in rooted soil from 4.5% to 0.03% in
Pellets-no-mesh bag rhizoboxes and from 1.8% to 0.05% in Pellets-in-mesh bag
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rhizoboxes (Fig. 5b, green lines). The proportion of P derived from applied Fe-P in
MBP was higher in Pellets-no-mesh bag vs. Pellets-in-mesh bag rhizoboxes (Fig. 5b,
dashed vs. solid line). Irrespective of the availability of the added P, the ratio of 32P
recovery in MBP in rooted soil to that in root P showed an abrupt decrease between
10 and 18 days after rice transplantation (Fig. 5c).

Fig. 5 Proportion of phosphorus (P) derived from applied ferric iron-bound P (Fe-P)
in shoots or roots (a) and microbial biomass P (MBP, b), and the ratio of 32P recovery
in MBP in rooted soil and that in root P (c) under Pellets-in-mesh bag (solid lines) and
Pellets-no-mesh bag treatment (dashed lines) of the first (DS1, 10 days), second (DS2,
18 days), and third destructive sampling (DS3, 33 days) after rice transplantation. The
data are the means ± standard errors (n = 4). Significant differences (p < 0.05)
between Pellets-in-mesh bag and Pellets-no-mesh bag treatments are indicated by
asterisk.

3.4. Enzyme kinetic parameters

Higher PME activities were measured after 18 days of rice growth in
Pellets-no-mesh bag rhizoboxes as compared to the Pellets-in-mesh bag rhizoboxes
(Fig. 6b). Among three compartments, 7–95% higher Vmax values were in rooted soil
vs. bulk soil for three tested enzymes (Fig. 6). With rice root growth, the highest Vmax

value of PME was after 18 days (DS2) from seedlings transplantation (Fig. 6b).
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Fig. 6 Maximum reaction rate (Vmax) and the affinity to a substrate (Km) of
phosphomonoesterase (PME, a, b, c), β-glucosidase (BG, d), and leucine
aminopeptidase (LAP, e) in the top bulk, rooted, and bottom bulk soil under
Pellets-in-mesh bag and Pellets-no-mesh bag treatments of the first (DS1, 10 days for
PME), second (DS2, 18 days for PME), and third destructive sampling (DS3, 33 days
for PME, BG, and LAP) after rice transplantation. The data are the means ± standard
errors (n = 4). Table inside shows p values of the effects of treatment (Pellets-in-mesh
bag vs. Pellets-no-mesh bag), soil compartment, and their interactions on Vmax and Km

of PME, BG, and LAP analyzed by a two-way ANOVA. Additionally, the Vmax and
Km of PME were analyzed by a two-way ANOVA with repeated measures
(destructive sampling, n = 3). The p values in bold in the table inside indicate
significant effects of treatments and their interactions on Vmax or Km.

The higher Km of PME in the rhizoboxes without mesh bags vs. the rhizoboxes
with mesh bags was measured in top- and bottom bulk soils after 18 days (DS2) of
rice growth (Fig. 6b). The Km values of BG and LAP tended to be higher when pellets
were without mesh bags vs. those in mesh bags (Fig. 6e). With rice root growth, the
highest Km of PME was detected in rooted soil 18 days after rice transplantation,
especially in the rhizoboxes without mesh bags. In contrast to rooted soil, the Km of
PME in bulk soil gradually decreased by 27–57% of values in the Pellets-in-mesh bag
rhizoboxes (Fig. 6).

4. Discussion

4.1. Effects of soil redox conditions on Pi release from ferric iron-bound Pi

Eh levels declined rapidly during the first six days after the seedlings were
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planted into the soil, covered with water, and the exchange with atmospheric oxygen
was therefore restricted. The Eh decline was primarily due to microbial respiration,
which consumed O2 faster than it diffused from the air. Starting from days 5–8, Eh

stabilized between −233 and −168 mV (Fig. 2). Such low Eh values can (1) lead to
Fe(III) reduction and Fe(II) dissolution (Weber et al., 2006) and (2) pave the way for
the growth of Fe-reducing microorganisms that require low redox potentials (Lovely
et al., 2004). Iron reducers speed up the process of Fe(III) reduction and subsequent
dissolution via biocatalysis (Lovely et al., 2004). Eh values slightly increased 11–15
days after rice transplantation, which could be attributed to O2 diffusion through
growing rice roots (Larsen et al., 2015). As a result of the decreased redox potential,
ferric iron-bound Pi becomes available for plants and microorganisms when
Fe(III)-oxide undergoes biotic and abiotic reduction (McConnell et al., 2020).
Fe(III)-oxide reduction to Fe(II) occurs at Eh ranging from −314 mV to +14 mV, and
Fe(II) is well soluble at a pH below 7 (Weber et al., 2006). Fe(III) can function as a
terminal electron acceptor under anoxic conditions for iron-reducing microorganisms
catalyzing the reductive Fe dissolution and Pi release. Thus, also phosphates are
released from Fe(III)-bound phases, which increases Pi availability. The availability
of Pi in paddy soils (Wang et al., 2019), as well as in sediments (Xu et al., 2012; Ding
et al., 2016; Wu et al., 2017; Liu et al., 2018) is strongly regulated by the redox
potential and increased with Fe2+ concentrations. This is corroborated by the negative
relationships between Eh values and 32P recovery in soil solution with pellets 11 days
after rice transplantation (Fig. 3).

In agreement with Eh dynamics and the Fe dissolution, the 32P recovery in soil
solution gradually increased in the first 15 days after rice transplantation. However,
the 32P recovery and total Fe concentration in soil solution started to decrease from
day 13 (DS2) and this decrease was especially pronounced in the growth period
following day 19 (DS3) after rice transplantation — although the Eh values remained
constantly low (Fig. 2). This is most likely because rice roots increased the Pi uptake
efficiency through the production of high-affinity transporters to cope with increased
Pi deficiency (Lazali and Bargaz, 2017). As the Fe(III) reduction is predominately a
microbially-driven process (Lovely et al., 2004), biological factors were primarily
responsible for an abrupt decrease of 32P recovery. Indeed, MBC contents gradually
decreased especially in the rooted zone (Fig. 4a), where the Fe in soil solution was
measured. To increase competitiveness, rice roots could exude allelochemicals to
reduce microbial growth in the rhizosphere (Kong et al., 2008). This, in turn, may
explain the slowdown of Fe(III) reduction from the pellet even under low redox
conditions. Moreover, the decreased 32P recovery in soil solution could also be
attributed to the increased uptake of the released Pi by rice plants and microorganisms.
Also, Pi re-adsorption on soil minerals, such as Al (oxyhydr)oxides in paddy soils
(Yan et al., 2017), reduces the concentration of dissolved Pi, thus representing an
important Pi sink also under anoxic conditions (Hinsinger, 2001).

4.2. Effects of Pi release from ferric iron-bound Pi on rice growth and microbial
biomass
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Limited availability of C, N, P, and their combinations can play a crucial role for
microbial biomass growth and activity (Blagodatskaya and Kuzyakov, 2013). The
paddy soil chosen for this experiment was P-limited (Zhu et al., 2018). We therefore
expected an increase of the microbial biomass content after P release from Fe-P
dissolution. This was confirmed by generally higher MBC, MBN, and MBP contents
when Fe-P was root-accessible compared to the soil surrounding pellets in mesh bags
(Fig. 4). Likewise, the accessibility of Fe-P to rice roots may also have facilitated
their colonization with Fe reducers. This supports the first hypothesis that direct root
access to Fe-P increases dissolution and Pi release leading to growth of rhizosphere
microorganisms with positive feedbacks on Pi dissolution. Furthermore, microbial
biomass was higher in rooted soil than in bulk soil during the first 10 to 18 days after
rice transplantation (Fig. 4, DS1, DS2), which supports the second hypothesis that the
inputs of available C by roots stimulate microbial growth and enzyme production but
very likely also ferric iron reduction. Indeed, higher microbial biomass in the
rhizosphere compared to the bulk soil is common because roots exude a great deal of
labile organic substances (Kuzyakov and Blagodatskaya, 2015), such as glucose,
arabinose, glucuronic acid, and amino acids (Bacilio-Jiménez et al., 2003; Wen et al.,
2022). At the same time, these easily accessible C sources fuel the Fe(III) reduction.

In contrast to our expectations, above- and especially belowground rice growth at
the tillering stage resulted in the decrease of MBC and MBP contents in the rooted
soil (Fig. 4a, c, green bars). Such a pattern can be attributed to an increased
competition between rice plants and microorganisms for the available Pi (Fig. 7). This
was also visible by a gradual decrease in the ratio of 32P recovery in MBP in rooted
soil to that in root P (Fig. 5c). To acquire nutrients, roots that grow in
nutrient-deficient soil typically follow a strategy of compensatory responses
(Robinson, 1994; Farrar and Jones, 2000). This strategy entails that under nutrient
limitation, plants invest in the root system to proliferate at an increased rate from
nutrient-poor into nutrient-rich zones. Simultaneously, the nutrient uptake rate per
unit mass of roots becomes higher (Robinson, 1994). The compensatory response may
therefore strengthen the ability of rice roots to compete for the ferric-iron derived P in
P-rich areas to compensate P limitation. Most likely, microbial growth was strictly
limited by the strong competition with rice roots for Pi as evident from the
simultaneous increase in 32P recovery in plants and decreased 32P recovery in MBP
(Fig. 5). Additionally, the decreasing 32P recovery in MBP was probably linked to the
mortality and turnover of microorganisms and their necromass mineralization, thereby
accelerating the release of immobilized Pi and its uptake by plants (Marschner et al.,
2011; Chen et al., 2019; Loeppmann et al., 2020). In contrast to upland soils, where
high rhizodeposition and exudation by roots stimulate microbial growth and biomass
(Gunina and Kuzyakov, 2015; Liu et al., 2019), in low-redox and anoxic flooded soil,
the energy output from anaerobic respiration is much lower (Marchant et al., 2017). In
addition, continuous flooding reduced the ability of the Gram-negative bacteria to use
root exudates as compared to non-flooded conditions (Tian et al., 2013). Therefore,
the short-term increase in Pi availability under Pi deficiency promotes plant uptake
rather than microbial assimilation.



146

In contrast to MBC and MBP dynamics, the MBN was higher in DS2 than in
DS1 and DS3 (Fig. 4). This could be attributed to nutrient stoichiometric imbalances
in soil (Bai et al., 2021). In response to the latter, microbial communities regulate
their biomass C:N:P ratio to adapt to the soil nutrient status. For this, microorganisms
(i) mobilize and acquire nutrients that meet their demands by producing specific
enzymes (Mooshammer et al., 2014), (ii) adjust their element (nutrient) use
efficiencies by efficient recycling (Mooshammer et al., 2014), and (iii) intensively
recycle the limiting nutrients (Chen et al., 2019; Cui et al., 2020). The occurrence of
stoichiometric imbalances was supported by a gradual decrease in soluble C:P ratio
with rice growth and by the lowest ratios of soluble C:N and the highest ratios of N:P
in DS2 (Fig. S2). Accordingly, soil microorganisms were severely limited in C and P,
additionally highlighting that the plant-microbiome interaction was driven by P
limitation in our system.

4.3. Effects of Pi release from iron-bound Pi on hydrolytic enzymes

The activities of the three hydrolytic enzymes were higher in rooted soil
compared to bulk soil (Fig. 6, green vs. red and blue symbols). This, along with the
microbial biomass patterns (Fig. 4) supports the second hypothesis that microbial
biomass and enzyme activities should be higher in rooted soil with more inputs of
labile organic C than in bulk soil. This occurred even during flooding, i.e., the
complete filling of all pores which facilitated the diffusion of the root exudates and
therefore weakened the rhizosphere effect (Ling et al., 2022). The available Pi in soil
solution is mainly controlled by the chemical equilibrium of
co-precipitation/dissolution and sorption/desorption of Pi on minerals such as
(oxyhydr)oxides (Helfenstein et al., 2018), microbial and plant Pi uptake, and
microbial Po mineralization by microorganisms from organic matter (Achat et al.,
2016). The microbially-mediated Pi release from organic matter or from Fe-P depends
on the Pi availability in soil solution, and thus on the necessity of initiating
energy-consuming Po mineralization processes such as the secretion of phosphatases
by microbes (Becquer et al., 2014; Bünemann, 2015). The Pi release from the Fe-P
pool was observed by higher 32P recovery in soil solution (Fig. 2). This coincided with
increased phosphomonoesterase activities especially in soil with restricted root access
to the pellets (Fig. 2, 6). Such nutrient mining, i.e., the promotion of Po mineralization
due to an insufficient amount of Pi released from the added Fe(III)-bound Pi source
—often linked to the priming effect (Kuzyakov and Blagodatskaya, 2015). In our case,
roots eventually outcompeted microorganisms in Pi uptake especially when in direct
access to Pi source (Fig. 7). Therefore, P deficient microbes compensated their
demand from the recent plant-derived deposits and SOM-derived Po sources. The
differences in the Vmax between rhizoboxes with or without mesh bags were more
pronounced after 18 days of rice growth (DS2) than before 10 days (DS1) or after 33
days (DS3) (Fig. 6). Importantly, the rice roots were spatially concentrated around the
Pi-rich patch at DS2, just reaching the Pi-rich patch at DS1, and they had passed the
Pi-rich patch at DS3, respectively. Therefore, competition for pellet-mobilized Pi was
most likely the strongest during this intermediate growth stage, where the
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microorganisms were most P-deficient and plants were growing rapidly.

Fig. 7 Conceptual scheme demonstrating the shift from microorganisms outcompeting
rice plants for phosphorus to rice plants outcompeting microorganisms. Red solid line
demonstrates the dynamics of microbially driven Fe(III) reduction. Blue lines show
32P recovery either in rice plants (dashed line) or in microbial biomass (solid line)
with rice plant growth.

The increase in MBC and MBP contents did not translate to increased enzyme
activities, especially in the rooted soil (Fig. 4, 6). This may be explained by the
difference between the total microbial biomass mainly representing dormant species
and the active microorganisms performing most of the biochemical processes
(Blagodatskaya et al., 2014). The amount of available C is typically higher in rooted
soil than in bulk soil, which results in a much higher fraction of active
microorganisms in a physiologically alert stage (De Nobili et al., 2001).
Microorganisms have adopted strategies in response to P limitation during rice growth
as inferred from the affinity of the measured enzymes to respective substrates (Km

values) (Fig. 6). One of the most likely strategies of microorganisms to cope with P
limitation is the increase of the affinity of their own phosphatase to the substrate
(Lazali and Bargaz, 2017). This may suggest that a selection of microorganisms
featuring high-affinity enzymes thrived and outcompeted those with low-affinity
enzymes during rice growth (Fig. 5c). The Km values in the rooted soil increased by
18−78% at DS2 vs. DS1, but decreased by 46−68% at DS3 vs. DS2 (Fig. 6),
indicating an increase in the affinity of phosphomonoesterase to substrates with
decreasing Pi availability. This confirms an increasing P competition with rice growth.

In summary, microbial biomass and enzyme activities were linked to the rice
growth in this nutrient-limited low-redox environment and their dynamics were
strongly depended on Pi availability. Rice plants eventually outcompeted
microorganisms for Pi uptake from poorly available Fe-P. This stimulated
microorganisms to forage other P sources (i.e., Po sources) in the system where the
roots had direct access to Fe-P. These findings did not only support the third
hypothesis but most notably opened further perspectives for the investigation of the
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contribution of Pi and Po to the nutrition balance and competition between
microorganisms and plants under changing redox conditions.

5. Conclusions

We demonstrated that the establishment of low redox conditions (Eh values
between −160 and −230 mV) drove P release from the ferric iron-bound P into soil
solution. The Fe(III) reduction and subsequent dissolution of Fe-P increased the Pi
availability, which affected microbial biomass and phosphomonoesterase activity in
the P-deficient soils. Although the Eh values corresponded to the conditions of Fe
reduction, the 32P recovery and the total Fe concentration in the soil solution
decreased after 19 days of rice growth. Microbial biomass and enzyme activities were
higher when Fe-P pellets could be accessed directly by the roots as compared to the
soils with Fe-P pellets in mesh bags. This stimulation of microorganisms by the Fe-P
dissolution interacts with the higher availability of easily accessible C released by
roots at the surface of the pellets. This C exudation also increased the production of
phosphomonoesterases leading to increased mineralization of organic P under
P-deficient conditions. The intensively growing rice plants increased the competition
for resources with microorganisms, which resulted in a reduction of microbial
biomass, likely the mineralization of the necromass, and the recycling of P released
by increased phosphomonoesterase activity. Finally, the MBN dynamics contrasted
the MBC and MBP dynamics, revealing a strong C and P co-limitation. Although the
released Pi by ferrihydrite reduction and dissolution is accessible to plants and
microorganisms under low redox conditions, the released Pi amount was not sufficient
to fully meet the P requirements of both rice plants and microorganisms. Once a
threshold of root growth was passed (tillering stage), rice plants outcompeted
microorganisms for the Pi uptake from the soil solution. Given that the Fe(III)
reduction and Fe-P dissolution could compensate the P demand of rice plants,
phosphate fertilization strategies should be adapted considering Pi mobilization from
Fe (oxyhydr)oxides in paddy soils.
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Supplementary

Table S1 The effects of treatment (Pellets-in-mesh bag vs. Pellets-no-mesh bag), soil
compartment, and their interactions on microbial biomass carbon (MBC) and nitrogen
(MBN) analyzed by two-way ANOVA with repeated measures (destructive sampling,
n = 3)

Statistic Treatment Compartment Treatment × Compartment

MBC
F 1.484 14.075 0.334
P 0.263 0.004 0.727

MBN
F 2.771 1.330 1.307
P 0.157 0.344 0.349

Fig. S1 The construction of a rhizobox with plexiglas cover on top, sealed with rubber
gasket (not visible on photo) and fixed by thumbscrews (A), a portable PVC glovebox
filled with N2 and with rhizoboxes inside (B), the level of O2 as indicated by an
O2-sensor (C).
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Fig. S2 Soil total soluble carbon (C):nitrogen (N):phosphorus stoichiometries in the
top bulk, rooted, and bottom bulk soil under the Pellets-in-mesh bag and
Pellets-no-mesh bag treatment in the first (DS1, 10 days), second (DS2, 18 days), and
third destructive sampling (DS3, 33 days) after rice transplantation. The data are the
means ± standard errors (n = 4).
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Graphical abstract

Conceptual scheme demonstrating the shift from P-limitation to C-limitation for
microorganisms during 33 days of rice growth. Blue lines show either microbial
biomass C (MBC) or redox potential Eh dynamics with rice growth. Red dashed line
demonstrates the dynamics of microbially-mediated Fe(III) reduction. Green dashed
line shows 32P recovery in rice plants with rice plant growth.
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Abstract: Limitation of rice growth by low phosphorus (P) availability is a
widespread problem in tropical and subtropical soils because of the high content of
iron (Fe) (oxyhydr)oxides. Ferric iron-bound P (Fe(III)-P) can serve as a P source in
paddies after Fe(III) reduction to Fe(II) and corresponding H2PO4– release. However,
the relevance of reductive dissolution of Fe(III)-P for plant and microbial P uptake is
still an open question. To quantify this, 32P-labeled ferrihydrite (30.8 mg P kg–1) was
added to paddy soil microcosms with rice to trace the P uptake by microorganisms
and plants after Fe(III) reduction. Nearly 2% of 32P was recovered in rice plants,
contributing 12% of the total P content in rice shoots and roots after 33 days. In
contrast, 32P recovery in microbial biomass decreased from 0.5% to 0.08% of 32P
between 10–33 days after rice transplantation. Microbial biomass carbon (MBC) and
dissolved organic C content decreased from day 10 to 33 by 8–54% and 68–77%,
respectively, suggesting that the microbial-mediated Fe(III) reduction was C-limited.
The much faster decrease of MBC in rooted (by 54%) vs. bulk soil (8–36%) reflects
very fast microbial turnover in the rice rhizosphere (high C and oxygen inputs)
resulting in the mineralization of the microbial necromass. In conclusion, Fe(III)-P
can serve as small but a relevant P source for rice production and could partly
compensate plant P demand. Therefore, the P fertilization strategies should consider
the P mobilization from Fe (oxyhydr)oxides in flooded paddy soils during rice growth.
An increase in C availability for microorganisms in the rhizosphere intensifies P
mobilization, which is especially critical at early stages of rice growth.

Keywords: phosphorus isotopes; phosphorus pools and availability; ferric iron
reduction; redox potential; land use in subtropics; plant-microbial competition
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1. Introduction

Low phosphorus (P) availability limits plant production, especially in acidic
tropical and subtropical soils that are strongly weathered and residually enriched in
iron (Fe) and aluminum (Al) (LeBauer et al., 2008; Turner et al., 2018; Hou et al.,
2020; Wang et al., 2021). The application of fertilizers derived from non-renewable
rock phosphates is the most important agricultural strategy to cope with P limitation
for plants (Menezes-Blackburn et al., 2017). However, only 10–25% of applied P is
taken by crops within the growing season (Zhang et al. 2008; Syers et al., 2008); the
remainder is retained mainly by sorption on metal (Fe, Al) (oxyhydr)oxides in acidic
soils (Bindraban et al., 2020). Moreover, the rock phosphate used to produce P
fertilizers is a non-renewable resource and will inevitably be depleted in the future
(Cordell et al., 2009). Therefore, in-depth understanding of the P mobilization and
recycling mechanisms is of significance to prevent the overuse of mineral P fertilizers
and to sustain crop yields.

Rice (Oryza sativa L.) cultivated on flooded paddy fields is one of the
predominant global food sources (Fairhurst and Dobermann, 2002). Inorganic P in
paddy soils largely appears in the form of ferric Fe phosphates (Fe(III)-P), which
accounts for approximately 30% of the total P in the soils where rice has been planted
for more than 20 years (Darilek, 2010). Phosphorus availability increases in flooded
paddy soils with low redox potentials due to the Fe(III) reduction and dissolution
(Rabeharisoa et al., 2012). Understanding the contribution of the reductive dissolution
of Fe(III)-P to compensate for the P limitation in paddy soils is an important strategy
to simultaneously reduce the use of P fertilizers and maintain rice yield. However,
knowledge gaps in tracing the dynamic of P released from Fe(III)-P dissolution in
paddy soils are associated with (1) alternative electron acceptors (e.g., NO3–) that
maintain high redox potentials even in the absence of O2 and (2) various forms of
Fe(III) (oxyhydr)oxides with considerable differences in their dissolution kinetics.

The mobilization and equilibrium of Fe(III)-P depend mainly on the biota, i.e.,
dissimilatory Fe(III)-reducing microorganisms (Lovely et al., 2004), and abiotic
factors including redox potential (Schmidt et al., 2011) as well as pH (Devau et al.,
2009). Under flooded conditions, Fe(III) is the most common terminal electron
acceptor for anaerobic microorganisms to maintain their metabolism, especially in
strongly weathered acidic soils (Weber et al., 2006; Sánchez-Alcalá et al., 2011).
Microbial biomass decrease is one of the main reasons for the slowdown in reductive
dissolution of Fe(III)-P in flooded paddy soils (Wang et al, 2022). However, large
uncertainties exist regarding the compensation of microbially mediated reduction of
Fe(III) for P release during the rice growth due to (1) the disproportionality between
the decrease in soil redox potential and the Fe(III) reduction with the H2PO4– release
and (2) competition for P between microorganisms and rice plants under P deficiency
(Wei et al., 2021b). Microbial-mediated reduction of Fe(III) is strongly affected by
dissolved organic carbon (DOC), which is used as a substrate and an energy source by
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microorganisms in paddy soils (Kögel-Knabner et al., 2010; Liu et al., 2022).
Increased DOC accelerates the reductive dissolution of Fe(III) (oxyhydr)oxides
mediated by microorganisms (Scalenghe et al., 2002; Rakotoson et al., 2015;
Maranguit et al., 2017). Some DOC species carry redox-sensitive functional groups
(Fimmen et al., 2007) and serve as an electron shuttle between bacteria and iron
oxides (Lovley et al., 1998; Yu and Kuzyakov, 2021). Thus, P released by Fe(III)
reduction mediated by microorganisms will be stimulated in soils with high labile C
availability under reducing conditions.

Although many studies have reported the increase in P bioavailability after Fe(III)
reduction in flooded soils, the subsequent P uptake by rice and thus the relevance of P
release for plant growth has not yet been demonstrated. Using microcosms with rice
plants grown in a continuously flooded paddy soil, we traced the dynamics of P
uptake by plants and competition between plants and microorganisms based on
32P-labeling of Fe(III)-P 33 days after rice transplantation. We hypothesized that (1)
reductively dissolving Fe(III)-P contributes to the P nutrition of plants and
microorganisms; (2) the P limitation in highly weathered paddy soils results in fierce
competition between rice plants and microorganisms; and (3) the competitiveness of
microorganisms for P strongly depends on C availability. The results of the study can
be highly relevant for the explanation of soil P cycling mechanisms under anoxic
conditions and should be considered for the development of P fertilization strategies.

2. Mater ials and methods

2.1. Soil description and experimental setup

The soil was collected from a paddy rice field (depth of 0–20 cm) after the
second rice harvest (November–December 2017) at the Changsha Agricultural and
Environmental Monitoring Station, Hunan Province (113°19′52″ E, 28°33′04″ N).
The station is located in an area with typical Stagnic Anthrosols derived from highly
weathered granite in the Subtropical Region of China (Gong et al., 2007). The annual
average temperature is 17.5°C, and the annual average precipitation is 1300 mm. The
main soil physicochemical properties were: pH 6.2, soil organic C 13.1 g kg–1, total N
1.4 g kg–1, available N 18.0 mg kg–1, total P 0.3 g kg–1, Olsen-P 3.7 mg kg–1, and total
Fe 15.7 g kg–1 (Zhu et al., 2018). The soil was sieved through a 2 mm mesh, air-dried,
and homogenized prior to the transportation to Germany.

A microcosm experiment with growing rice was set in water-tight PVC
rhizoboxes (24 in total) with inner dimensions of 24.0 (height) × 20.5 (width) × 1.5
cm (depth) (Fig. S1A). To mimic field conditions when mineral P is bound to Fe(III)
minerals (i.e. ferrihydrite) and thus is not directly available for plant uptake, Fe(III)-P
was placed as pellets into all rhizoboxes (see section 2.2 below). In detail, 420 g of
air-dried soil was prefilled and saturated by deionized water in each rhizobox 16–24 h
prior addition of Fe(III)-P pellets (Fig. S2). The Fe(III)-P pellets were placed at the
center of rhizoboxes on the surface of prefilled soil, then covered with 230 g of
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remaining soil (Fig. S2). This soil was saturated with water, trapped air bubbles were
removed by knocking, and one pre-germinated rice seedling (O. sativa L. ‘Two-line
hybrid rice Zhongzao 39’; seedlings with similar size were selected) was planted at 1
cm depth below the surface. All rhizoboxes with transplanted rice seedlings were
filled with water to a depth of 2 cm above the soil surface and left growing in a
climate chamber (RUMED® Premium-Line P 1700, Rubarth Apparate GmbH,
Germany) with 28 ± 1°C day and 24 ± 1°C night temperatures, 70% relative humidity,
and 12 h photoperiod. A water layer above the soil surface was maintained during the
entire rice growth, except during destructive sampling dates (see section 2.3 below).
Immediately after transplanting, the nutrient solution was applied at a rate of 30 mg N
(as urea) per kg dry soil as background fertilizer.

Soil redox potential (Eh) was monitored in each rhizobox by a platinum electrode
installed at 10 cm depth (Fig. S2). Eh was measured using an Eh-meter (GMH 3531,
GHM Messtechnik GmbH, Germany). A soil solution was collected every 2–5 days
during the experiment from the area of pellet placement using Microrhizon samplers
(MicroRhizons, Rhizosphere Research Products, Netherlands) and pre-evacuated
N2-flushed 30-mL glass bottles (Fig. S2).

2.2. Fe(III)-P pellet preparation and labelling with 32P

To prepare Fe(III)-P pellets, 10 g of purified Quartz-sand (as matrix) and 0.7 g of
synthesized ferrihydrite (Paterson, 2000) per rhizobox were weighed into a 100-mL
glass centrifuge tube and then mixed well by hand. We added 30 ml of 3.75 g L–1

K2HPO4 solution spiked with 32P-labeled H3PO4 (Hartmann Analytic GmbH,
Braunschweig, Germany) to each centrifuge tube. Additionally, 2 ml of 1 M HCl (pH
4) was added to pellets to increase the P absorbance efficiency. All tubes were shaken
for 2 h on a rotator (200 rpm) and then centrifuged at 3000 × g for 15 min. The
activity in the supernatant was measured on a Liquid Scintillation Analyser (LSA)
(Tri-Carb® 2800 TR, PerkinElmer, Shelton, CT, USA). Briefly, 10 μL supernatant
was mixed with 10 mL scintillation cocktail (Rotiszint®eco plus, Carl Roth,
Germany), then counting was conducted for 2 min. To purify pellets, the supernatant
was removed, and 30 mL of deionized water was added to each tube. Thereafter,
centrifugation and 32P activity determination were repeated as described above.
Prepared pellets were weighed on a balance into a petri-dish, then put into rhizoboxes
using a spoon. In total, 20 mg P equivalent to mineral P fertilization of 80 kg ha–1 was
added to each rhizobox. The initial 32P activity of the pellet was estimated based on
the duration of rice growth and planned three destructive samplings (see section 2.3
below). At the time of pellet application (t0), approximately 5, 9, and 16 MBq of 32P
were employed per rhizobox with 2.0, 3.6, and 6.4 μL of H332PO4, respectively, to
reach approximately 3.2–3.5 MBq of activity at each of destructive samplings,
considering the 32P half-life of 14.3 days.

2.3. Destructive soil sampling

Destructive sampling with eight rhizoboxes per sampling was conducted 10, 18,
and 33 days after rice transplantation, respectively. The age of rice plants
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approximately corresponded to tillering stage (with 2–4 tillers) of a vegetative phase
of rice growth. The distribution of rice root systems at the time of three destructive
samplings was as follows: mainly at the upper part of pellets at the 1st sampling, at the
area of the pellet position at the 2nd sampling, and at the very bottom of the rhizobox
at the 3rd sampling. The flooding water was drained before each sampling. To
maintain anoxic conditions in the moist soil, all the rhizoboxes were opened inside a
portable PVC glovebox (Captair® Pyramid Glovebox 3015-00, Erlab DFS,
Saint-Maurice, France) (Fig. S1B) evacuated with a vacuum pump (Ilmvac MP 301
Vp, Ilmvac GmbH, Ilmenau, Germany), then back-flushed with nitrogen to a level of
O2 lower than 0.4% as indicated by an O2-sensor (Greisinger GOX 100, GHM
Messtechnik GmbH, Remscheid, Germany) (Fig. S1C). After the opening of a
rhizobox, the soil was collected from three compartments: top bulk (2–5 cm), rooted
(5–15 cm), and bottom bulk (15–18 cm) (Fig. S1D). In each compartment, soil was
collected from three random locations, placed in an air-tight plastic bag, mixed into
one sample of approximately 30 g moist weight, stored at 4°C for one day, and then
used to measure microbial biomass carbon (MBC), microbial biomass phosphorus
(MBP), and soil total dissolved C, nitrogen (N), and P.

2.4. Measurement of total Fe concentration and 32P activity in soil solution

To measure total Fe concentration in soil solution, 10% ascorbic acid was used to
completely reduce Fe3+ to Fe2+ for 30 min (Elrod et al., 1991). Then, a 2 ml sample
was mixed with 500 μl ammonium acetate buffer (pH 4.5) and 500 μl phenanthroline
solution (0.5%) in a cuvette and measured at 512 nm on a spectrophotometer
(NanoPhotometer® NP80, IMPLEN). Calibration was completed after the same
procedure with FeCl3 at increasing concentrations of 0, 5, 10, 25, 50, 100, 200, and
300 μM.

The 32P activity in soil solution was determined in the Liquid Scintillation
Analyser (LSA) (Tri-Carb® 2800 TR) and corrected for isotope decay. Briefly, 0.75
mL soil solution was mixed with 10 mL cocktail in a scintillation vial, and the activity
was measured for 5 min. The percentage of P per liter soil solution derived from
applied 32P-labeled Fe(III)-P (%P) was calculated as:

%P = (32P activity per liter solution [Bq]/32P activity in Fe(III)-P [Bq])*100 (1)

2.5. Plant 32P uptake, microbial biomass, and soil dissolved C, N, and P

After harvest, shoots and roots were dried in an oven at 60°C for 48 h and then
milled. Approximately 3 mg milled sample was used to measure C and nitrogen (N)
contents in shoots or roots by an N/C analyzer (Multi N/C 2100S, Analytik-Jena,
Germany). To measure total P content and 32P activity in shoots and roots, ca. 100 mg
of each sample was digested with 2 ml of 65% HNO3 at 180°C for 8 h. Each digested
sample was filled up to 25 ml volume with deionized water. We used 2 ml sample to
measure total P content by an inductively coupled plasma-optical emission
spectrometry (ICP-OES) (iCAP 7000 series ICP-OES, Thermo Fisher Scientific,
Dreieich, Germany). 32P activity was measured in 1 mL subsample similarly to the



164

way described above. The proportion of P derived from applied Fe(III)-P (%) in shoot
or root total P was calculated as:

Fe(III)-derived P (%) = (32P activity [Bq]*P mass in pellets [mg Bq-1]/total P in shoots
or roots [mg])*100 (2)

Soil MBC was measured using the chloroform-fumigation-extraction method
(Vance et al., 1987) and was calculated as:

MBC = EC/kEC (3)

Where kEC is equal to 0.45 and EC is the difference between the content of organic C
extracted from the fumigated and non-fumigated soils. The organic C contents in each
extract were measured by an N/C analyzer. Soil MBP was determined with the anion
exchange resin method by adding hexanol as fumigant according to Kouno et al.
(1995). The P concentration was measured with the colorimetric method on a
spectrophotometer (NanoPhotometer® NP80, IMPLEN, Munich, Germany). MBP
was calculated as the difference between anion exchange P without hexanol and P
extracted with hexanol, corrected by the recovery of a P spike in each soil sample.
The 32P in MBP was measured (see above) and calculated as the difference in 32P
activity between samples extracted without and with hexanol, corrected by the
recovery of a P spike in each soil sample. The proportion of P in MBP derived from
applied Fe(III)-P (%) was calculated as:

MBPFe(III)-P (%) = (32P activity [Bq]*P mass in pellets [mg Bq-1]/MBP [mg])*100 (4)

We present the content of organic C extracted from non-fumigated soils and
anion exchange P without hexanol as soil dissolved C and P, respectively. Dissolved
N was extracted with 0.5 M K2SO4 and measured by an N/C analyzer.

2.6. Statistical analysis

One-way ANOVA, followed by the Tukey HSD test, was conducted to evaluate
the significant differences (p < 0.05) for Eh, total Fe concentration, the percentage of
32P recovery in soil solution, the proportion of applied Fe(III)-P in plant and MBP,
and the recovery rate of applied Fe(III)-P in plant and MBP between three sampling
dates. Two-way ANOVA was used to test the effects of rice growth and soil
compartment on dissolved C and P, MBC, MBP, and the proportion of P derived from
applied Fe(III)-P in shoots, roots, and MBP. A linear regression analysis was used to
determine the relationships between soil dissolved C:N:P ratios and shoot or root
C:N:P. All statistical tests, as well as the linear regression analysis, were conducted
using SPSS (Version 21, IBM, Armonk, NY, USA).

3. Results

3.1. Redox potential Eh and 32P recovery in soil solution

Soil Eh decreased within six days after rice transplantation and then stabilized
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between –207 and –218 mV after 10 days (Fig. 1a). Total dissolved Fe concentration
and the 32P recovery in soil solution showed similar dynamics during rice growth (Fig.
1b, c). Total soluble Fe concentration increased from 592 to 1624 μM within six days
after rice transplantation, stabilized between 6–14 days, then abruptly decreased down
to the initial level (Fig. 1b). The 32P recovery reached a maximum of 0.32 % L–1

within 10 days after rice transplantation, generally following similar dynamics to that
of the total Fe in soil solution (Fig. 1c), and 0.01–0.08% applied 32P were released
into soil solution.

Fig. 1 Dynamics of soil redox potential Eh (a), total iron (Fe) concentration (b), and
32P recovery in soil solution (c, based on Eq.1) after rice transplantation. The data are
mean ± standard error (n = 24 during 10 days after rice transplantation, n = 16 during
10–18 days, and n = 8 during 18–32 days). Lowercase letters represent significant
differences (p < 0.05) among the three sampling dates. The orange shaded area in ‘a’
shows the redox potential area where Fe(III) or Fe(II) exists at a soil pH of 6.2.

3.2 Soil dissolved C and P, microbial biomass C and P

Dissolved C decreased abruptly by 61–64% from day 10 to day 18 after rice
transplantation, then slightly decreased by a further 10–40% from day 18 to day 33
(Fig. 2a). Dissolved P decreased by 11–41% from day 10 to day 18 after rice
transplantation, then increased by 24–49% from day 18 to day 33 (Fig. 2b).
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Fig. 2 Dissolved carbon (C; a) and phosphorus (P; b), and microbial biomass carbon
(MBC; c) and phosphorus (MBP; d) at the top bulk-, rooted-, and bottom bulk soil in
rhizoboxes after 10, 18, and 33 days of rice growth. The data are mean ± standard
error (n = 8). The p values show the effects of rice growth or soil compartment on the
respective parameter.

MBC decreased by 8%, 54%, and 36% at top bulk, rooted, and bottom bulk soils
from day 10 to day 33 after rice transplantation, respectively (Fig. 2c). MBP in rooted
soil decreased by 50% with rice growth from day 10 to day 33 (Fig. 2d). MBP in the
top bulk soil decreased by 55% during 10–18 days after rice transplantation, and then
increased by 242% during 18–33 days (Fig. 2d). However, MBP in bottom bulk soil
part of the rhizoboxes increased by 110% during 10–18 days after rice transplantation,
then decreased by 15% during 18–33 days (Fig. 2d).

3.3. 32P recovery from applied Fe(III)-P in plant and microbial biomass

The recovery of 32P from the applied Fe(III)-P in plants increased from 0.1% to
1.9% of the applied 32P between 10–33 days after rice transplantation (Fig. 3, black
solid line). The corresponding 32P uptake rate in plants 33 days after rice
transplantation increased with rice growth and reached 0.06% day–1 of applied 32P
(Fig. 3, red solid line). In contrast, the recovery of applied Fe(III)-32P in MBP
decreased from 0.5% to 0.08% between 10–33 days after rice transplantation (Fig. 3,
black dashed line). Similarly, the recovery rate of applied Fe(III)-32P in MBP
decreased with rice growth and was lower than 0.003% day–1 33 days after rice
transplantation (Fig. 3, red dashed line).
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Fig. 3 32P recovery from applied ferric iron-bound phosphorus (Fe(III)-32P) in plant
(black solid line) and microbial biomass (MBP, black dashed line, left Y-axis) and the
uptake rate of Fe(III)-32P in total plant P (red solid line) and MBP (red dashed line,
right Y-axis). The data are mean ± standard error (n = 8). Uppercase or lowercase
letters represent significant differences (p < 0.05) in the recovery of Fe(III)-32P in total
plant P and MBP or the recovery rate of Fe(III)-32P in total plant P and MBP among
three sampling dates, respectively.

The proportion of P derived from Fe(III)-P in shoots smoothly increased from
0.4% to 12% 33 days after rice transplantation (Fig. 4a). In contrast, the proportion of
P derived from Fe(III)-P in roots strongly increased from 2.5% to 10.9% of applied
32P during 10–18 days after rice transplantation, and then slightly increased from
10.9% to 11.6% during 18–33 days (Fig. 4a). The proportion of P derived from
Fe(III)-P in MBP in rooted and bottom bulk soil decreased from 3.4% to 0.07% and
from 0.08% to 0.004% during 10–33 days after rice transplantation, respectively (Fig.
4b). The proportion of P derived from Fe(III)-P in MBP in top bulk soil increased
from 0.9% to 1.2% during 10–18 days after rice transplantation, and then decreased
from 1.2% to 0.007% during 18–33 days (Fig. 4b).

Fig. 4 Proportion of total phosphorus (P) from the applied ferric iron-bound P
(Fe(III)-P) to total P in plant shoots and roots (a, based on Eq. 2) or total P in
microbial biomass (MBP, b, based on Eq. 3). The data are mean ± standard error (n =
8).
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3.4. Relationships between shoot or root C:N:P and total dissolved C:N:P in soil

Negative relationships were observed between root C:N and total dissolved C:N
and between root C:P and total soluble C:P in rooted soil (Fig. 5a, b). Both shoot and
root N:P ratios increased with the N:P ratio in rooted soil (Fig. 5c).

Fig. 5 Relationships between shoot (green) and root (yellow) C:N, C:P, and N:P ratios
to the respective ratios in dissolved organic matter in rooted soil (n = 24). Solid lines
indicate linear correlations significant at p < 0.05.

4. Discussion

4.1. Contribution of reductive dissolution of Fe(III)-P to P nutrition of rice plants and
microorganisms

Previous studies have shown that less than 20% of the applied P fertilizers are
recovered in rice plants under conventional flooded land use (Yu et al., 2021), and the
rest of the applied P is accumulated in the soil (Sattari et al., 2012). The Fe(III)-P
accounts for approximately 30% of the total P in paddy soils (Darilek, 2010), but the
reductive dissolution of Fe(III)-P under anoxic conditions can increase P
bioavailability. Here, approximately 2% of applied Fe(III)-32P was recovered in rice
plants and microbial biomass after 33 days (Fig. 3, solid line). The proportion of
assimilated phosphate-P derived from Fe(III)-P accounted for 12% of the total P in
shoot and root biomass 33 days after rice transplantation (Fig. 4a). This result
supports our first hypothesis that the reductive dissolution of Fe(III)-P contributes
with a relevant proportion to the P nutrition of rice plants and microorganisms.
Consequently, Fe-bound phosphates serve as an important P source for rice plants
which must be considered in strategies to improve fertilizer management.

The reduction of Fe(III) to Fe(II) occurs via either biotic or abiotic mechanisms
(Li et al., 2012). Biologically, Fe(III)-reducing microorganisms (e.g., Geobacter spp.)
can reduce Fe(III) through direct (Lovley, 1995) or indirect (Lovley, 1998) pathways
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coupling the oxidation of organic matter in paddy soils (Hori et al., 2010; Yu and
Kuzyakov, 2021). To reduce Fe(III), Fe(III)-reducing microorganisms can (1) come
into direct contact with Fe(III) oxides, (2) use actively produced or naturally
occurring electron-shuttling compounds, e.g. quinones or humic acids that permit
electron transfer to Fe(III) oxides which microorganisms cannot directly contact,
and/or (3) use Fe(III) chelators dissolving Fe(III) from minerals and that shuttle Fe(III)
to the microbes. Therefore, considering the primary role of soil Fe(III)-reducing
microorganisms, we expected that P mobilization would correlate with the microbial
biomass content. Such an expectation was supported by similar dynamics of MBC
content, Eh values, and total Fe content in soil solutions (Fig. 1, 2). Indeed, initially
high MBC contents were accompanied by a strong increase in soluble Fe content and
a corresponding sharp decrease in Eh values. Accordingly, the increase in 32P recovery
in soil solution reflects gradual microbial-mediated Fe(III) reduction within the first
10 days after rice transplantation. However, rice growth leads to a decrease of MBC
content (Fig. 2c). Such a decrease can be attributed to (1) increased competition
between rice plants and microorganisms for the available P as confirmed by the
gradual decrease of 32P recovery in MBP (Fig. 3) (Wei et al., 2019), and (2) the shift
from aerobic to anaerobic microbial communities after flooding (Tian et al., 2013).
For example, there is clear evidence that flooding decreases the biomass of aerobes
(Unger et al., 2009) and fungal abundance (Drenovsky et al., 2004; Wei et al., 2022).
With the consumption of dissolved oxygen after flooding, microorganisms capable of
anaerobic respiration shift to alternative electron acceptors, e.g. NO3–, Fe(III), and
Mn(IV), for their metabolic demands (Unger et al., 2009). The increasing Fe(III)
concentrations in soil solution during the initial growth phase of rice indicates an
increasing abundance or activity of Fe-reducing bacteria. However, stabilization of
32P recovery in soil solution 24 days after rice transplantation (Fig. 1c) indicates a
dynamic equilibrium between P release from Fe(III) reduction and P uptake by plants
and microorganisms.

The reductive dissolution of Fe(III)-P depends on the redox potential, since
Fe(III) oxides are redox-sensitive (Li et al., 2012). Reductive dissolution of Fe(III)-P
can occur at Eh values between −314 mV and +14 mV (Weber et al., 2006). Therefore,
we expected that the amount of P released from the Fe(III)-bound phase into the soil
solution would increase with decreasing Eh values. This prediction was partially
supported by the opposite Eh dynamics and the 32P recovery in soil solution within the
first 10 days (Fig. 1a, c). However, thereafter, 32P recovery decreased under steadily
low Eh values (between –207 and –218 mV) 10 days after rice transplantation (Fig. 1a,
c). This indicates most likely that (1) the redox potential per se can only regulate the
sorption surface for P, regardless of the reductive dissolution of Fe oxides as proposed
in the “FeIII-FeII redox wheel” paradigm (Li et al., 2012; Matus et al., 2019), and (2)
the reduction of Fe(III) to Fe(II) was predominately controlled by biotic mechanisms
other than the redox potential 10 days after rice transplantation. Decreased 32P
recovery in soil solution is most likely due to (1) increased P uptake efficiency of rice
plants through high-affinity transporters to cope with increased P deficiency (Lazali
and Bargaz, 2017), (2) the slowdown of Fe(III) reduction due to decreased microbial
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abundance as indicated by the MBC content (Fig. 2c), and (3) P co-precipitation and
re-adsorption on soil minerals (Hinsinger, 2001).

4.2. Competition of rice plants with microorganisms for phosphorus

A strong decrease in microbial biomass during rice growth (Fig. 2c) and the
opposite dynamics of the 32P in plant and microbial biomass (Fig. 3) revealed a strong
competition between plants and microorganisms for P. These findings corroborated
the second hypothesis that the P limitation results in competition between rice plants
and microorganisms. Moreover, microorganisms were strongly limited by C
availability, as indicated by a 3–4 times decrease in dissolved C during rice growth
(Fig. 2a). We speculate that the microbial demand for C was neither covered from
rhizodeposition nor compensated from the soil organic matter (SOM) decomposition.
The C limitation of microbial growth and activity has been widely reported in
P-deficient terrestrial systems (Demoling et al., 2007; Maranguit et al., 2017), as well
as in paddy soils (Rakotoson et al., 2014; 2015). Low redox and anoxic conditions
strongly retard the SOM decomposition especially in paddy soils (Freeman et al.,
2001; Wang et al., 2017; Wei et al., 2021a). Moreover, the decrease in total soluble C
in the rooted soil was similarly strong as in the bulk soil (Fig. 2a, green), but resulted
in the highest decrease of MBC in the rooted vs. bulk soil (Fig. 2c, green). This result
further implies that microbial growth was strictly limited by the strong competition
with roots for nutrients – most likely P, as evident from the simultaneous increased
32P recovery in plants and decreased 32P recovery in microbial biomass (Fig. 4). In
addition, C:N and C:P ratio in roots decreased with the respective increase of those in
soil solution, suggesting the plant but not the microbial nutrient uptake is controlling
the nutrient availability (Fig. 5). The dissolved P increased by the end of the
experiment (Fig. 2b). We speculate that C limitation combined with plant
outcompetition for P are the strongest limiting factors for microorganisms. Therefore,
the data support the third hypothesis that microbial competitiveness strongly depends
on C availability (Fig. 6).

Fig. 6 Conceptual scheme demonstrating the shift from P-limitation to C-limitation
for microorganisms during 33 days of rice growth. Blue lines show either microbial
biomass C (MBC) or redox potential Eh dynamics with rice growth. Red dashed line
demonstrates the dynamics of microbially-mediated Fe(III) reduction. Green dashed
line shows 32P recovery in rice plants with rice plant growth.
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5. Conclusions

The reductive dissolution of Fe(III)-P is an important P source to increase P
availability and contribute to rice plant and microbial P nutrition. The microbially
mediated Fe(III) reduction depends on C availability and O2 consumption rather than
P availability in paddy soils. The shift from aerobic to anaerobic microbial
community after flooding and the decrease in dissolved C content reduced the
microbial biomass and subsequent Fe(III) reduction. Increased P uptake by plants to
cope with increased P deficiency resulted in an abrupt decline in 32P recovery in soil
solution between 14 and 24 days after rice transplantation. The stabilization of 32P
recovery in soil solution 24 days after rice transplantation indicates a dynamic
equilibrium between P release from Fe(III) reduction and P uptake by plants and
microorganisms. Remarkably, the rate of microbial biomass decline was faster in
rooted than in bulk soil, suggesting that rice plants outcompeted microorganisms for P
as well as fast microbial turnover, whereas P and C co-limitation might lead to a
microbial necromass mineralization to reutilize limiting nutrients. In summary, the
reductive dissolution of Fe(III)-P contributed to 12% of the total rice plant P uptake
and is therefore an important P source, which is necessary to consider in fertilization
strategies.
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Supplementary

Fig. S1 The construction of a rhizobox with plexiglas cover on top, sealed with rubber
gasket (not visible on photo) and fixed by thumbscrews (A), a portable PVC glovebox
filled with N2 and with rhizoboxes inside (B), the level of O2 as indicated by an
O2-sensor (C), and the locations of three compartments (top bulk, rooted, and bottom
bulk) in rhizoboxes (D).

Fig. S2 Layout of the experimental design. Microrhizon samplers were placed at the
P-rich patch zone, and a platinum electrode for measuring redox potential Eh was
installed in each rhizobox.



177

Study 6 Reductive dissolution of iron phosphate modifies r ice root

morphology in phosphorus-deficient paddy soils

Chaoqun Wanga,*, Lukas Thielemanna, Michaela A. Dippolda,b, Georg
Guggenbergerc, Yakov Kuzyakovd,e,f, Callum C. Banfieldb, Tida Geg, Stephanie
Guentherc, Maxim Dorodnikova,d,h

a Biogeochemistry of Agroecosystems, University of Goettingen, 37077 Goettingen,
Germany
b Geo-Biosphere Interactions, University of Tuebingen, 72076 Tuebingen, Germany
c Institute of Soil Science, Leibniz University Hannover, 30419 Hannover, Germany
d Agricultural Soil Science, University of Goettingen, 37077 Goettingen, Germany
e Department of Soil Science of Temperate Ecosystems, University of Goettingen,
37077 Goettingen, Germany
f Peoples Friendship University of Russia (RUDN University), 117198 Moscow,
Russia
g State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and
Safety of Agro-products, Institute of Plant Virology, Ningbo University, 315211
Ningbo, Zhejiang, China
h Institute of Landscape Ecology, University of Muenster, 48149 Muenster, Germany

* Correspondence: chaoqun.wang@forst.uni-goettingen.de

Status: Under review in Soil Biology and Biochemistry

mailto:chaoqun.wang@forst.uni-goettingen.de


178

Graphical abstract

A schematic diagram of the effects of direct accessibility of ferric iron-bound
phosphate (Fe-P) by rice roots on root architecture under low phosphate conditions.
With the application of Fe-P directly to the soil, Fe-P pellet re-distribution resulted in
a large area, where roots were directly in contact with Fe-P. When Fe-P was not
restricted by mesh bags, roots could provide carbon to Fe-reducing microorganisms to
boost microbial growth and activity (blue circles).
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Abstract: Root morphology reflects plant adaptations to phosphorus (P) deficiency.
We hypothesized that changes in rice root morphology reflect P deficiency decrease
after ferric iron (Fe(III))-bound phosphate (Fe-P) dissolution in low-redox paddy soils.
We developed a novel in-situ 32P phosphor-imaging approach under flooding to
estimate P uptake by rice roots released from Fe-P dissolution. 32P-labeled ferrihydrite
(31 mg P kg–1) was supplied either (1) in polyamide mesh bags (30 μm mesh size) to
prevent roots but not microorganisms from direct Fe-P mobilization, or (2) directly
mixed with soil to enable roots and microorganisms unrestricted access to the Fe-P.
The establishment of low redox conditions (Eh values between –176 and –224 mV)
drove the reductive dissolution of Fe-P. Rice root-derived organic acids alone were
unable to control Fe-P dissolution, and Fe(III) reduction is predominately a
microbially-mediated process. Direct root access to Fe-P raised both the number and
mean diameter of crown roots and root tips, and increased P uptake by 149–231%.
Crown root elongation rate, 32P activities along roots and root tips were 5–133%
higher when roots directly accessed Fe-P. Plant-derived organic acids alone did not
cause Fe-P dissolution, suggesting Fe(III) reduction is a predominately
microbially-mediated process. Iron accumulation on roots was depended on the rice
growth stage, but not on their access to Fe-P. Roots’ access to Fe-P increased rice
crown roots elongation and branching and increased P accessibility under
P deficiency.

Keywords: 32P imaging; ferric iron reduction; iron accumulation; phosphorus
isotopes; root architecture; root tips
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1 Introduction

Limited crop productivity due to poor soil phosphorus (P) availability is
widespread (Veneklaas et al., 2012), especially in tropical and subtropical regions
where soils are generally strongly weathered, acidic, and rich in free Fe3+ and Al3+,
which tightly binds P in plant-inaccessible forms (Vitousek et al., 2010). Long-term P
fertilizer applications have resulted in a build-up of a soil P ‘bank’, which is retained
mainly by sorption on Fe and Al (oxyhydr)oxides in acidic soils (Hedley et al., 1982).
For example, ferric iron (Fe(III))-bound P (Fe-P) accounts for up to 30% of the total P
in flooded paddy soils, on which rice has been cultivated for more than 20 years
(Darilek, 2010). The reductive dissolution of Fe(III) could be key to increase of the P
solubility at low-redox conditions (Saleque et al., 2004). Importantly, Fe(III)-oxide
reduction to Fe(II) occurs at redox potential (Eh) from −314 mV to +14 mV, and Fe(II)
is well soluble at a pH below 7 (Weber et al., 2006). Thus, Fe mineral dissolution
would in consequence release absorbed and immobilized P, making it accessible to
plants (Wang et al., 2022a, 2022b). Therefore, we aimed to clarify the quantitative
relevance of Fe-P as a P source enabling a more sustainable future rice production in
flooded paddy soils.

Plants evolved various adaptions to cope with P limitation including
morphological and physiological modifications (Lynch et al., 2019). Root growth and
development play key roles in the improvement of foraging and exploitation (Walk et
al., 2006; Sun et al., 2018). For soil foraging improvement (i.e. exploring a larger soil
volume more effectively), plants can (1) increase the production of axial roots (Sun et
al., 2018), (2) increase root density (Postma et al., 2014), (3) increase root hair length
and density (Miguel et al., 2015), (4) decrease root diameter to achieve a relatively
higher surface area, thus increasing the exploited soil volume (Gahoonia et al., 2001),
(5) shallow axial root growth angles (Walk et al., 2006), and (6) reduce root metabolic
costs (Barber, 1984). To increase P mobilization, roots concentrate in P-rich areas and
locally increase exudation rates (Lynch, 2011). For example, P adsorbed to soil
particles can be mobilized by organic acids, such as citrate, malate, and oxalate
(Gerke et al., 2000). However, how plant roots under anoxic conditions, such as rice
plants in flooded paddy soils, adopt additional mechanisms to increase the utilization
of Fe-P remains unclear. This is because the Fe-P displays contrasting availabilities
depending on redox potentials, and a magnitude of factors such as O2 release by roots
leading to a high spatio-temporal variability in redox potentials in paddy soils.

Phosphorus deficiency induces the formation of Fe plaques on rice root surfaces
because of the oxidation of Fe(II) to Fe(III) by O2 release by roots and subsequent
precipitation of Fe oxide on the root surface (Armstrong, 1964; Liu et al., 2008). Iron
plaques were induced on root surfaces under low P conditions (13 μM P in
hydroponic culture) for one day (Ding et al., 2018). Importantly, the Fe plaques can
accumulate ions from the medium, thus severing as a nutrient pool and contributing to
P uptake by rice (Zhang et al., 1998; Liu et al., 2004). For example, the increase of Fe
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plaques content raised P concentration in rice plants, suggesting that P in Fe plaques
can be taken by the plant to decrease P deficiency (Wang et al., 2019).

Generally, root tips are more sensitive to P limitation than other root zones,
especially at the early root system development stage (Fletcher et al., 2020). Nutrient
limitations may induce changes in root morphology, such as increased root branching
(Postma et al., 2014), which would result in more root tips. One additional exuding
root tip of wheat increased the citrate-driven P uptake rate by one percent under P
deficiency (Fletcher et al., 2020). The rice root system largely consists of crown roots,
which are nutrient limitation-sensitive (Rose et al., 2013). Crown roots of rice plants
play a key role in P uptake, and rice genotypes with more crown roots often perform
better under low P conditions (Wissuwa et al., 2020). This is because crown roots
have a greater capability of P uptake than other root types due to their density of root
hairs implying a larger surface area per unit root length (Kuppe et al., 2022).
Physiological and molecular responses of crown roots and root tips to P availability
have solely been documented in oxic systems. However, mobilization and
spatio-temporal P dynamics (as induced by reductive Fe(III) dissolution) in anoxic
systems likely differ from the dynamics in oxic systems. Root system responses to
these fluctuating P availabilities are not yet clear.

Innovative imaging methodologies, like phosphor imaging, enable to document
qualitatively and quantitatively the development of root systems in situ (Sakuraba et
al., 2018). This helps to uncover and visualize the response dynamics of roots to low
P availability. However, it has been challenging to image roots at low redox
conditions, as phosphor imaging best requires direct contact imaging plates and the
soil surface. Previous, rhizoboxes had to be opened for imaging, thereby completely
changing the redox state of the soil.

To explore the effects of the reductive dissolution of Fe(III) on rice root growth
and to quantitatively assess the allocation dynamics of P released from Fe-P with root
growth, we developed and applied a novel disturbance-free 32P-imaging method for
low-redox conditions and combined it with mesh-bag approach to distinguish between
direct and indirect root accessibility to Fe-P. We hypothesized that (1) the direct
accessibility of Fe-P by rice roots stimulates crown roots growth due to increased
plant P foraging and uptake, (2) Fe accumulation on roots resulting in Fe plaque
formation is promoted by direct accessibility of Fe-P by rice roots and increases with
rice growth because of the longer period of Fe(II) flux to the root and Fe(III)
precipitation in oxic rhizosphere caused by diffused O2 released from roots.

2 Mater ials and methods

2.1 Soil description

The soil used in this experiment was collected from 0–20 cm of a paddy rice
field at the Changsha Agricultural and Environmental Monitoring Station, Hunan
Province (113°19′52″ E, 28°33′04″ N), which is located in subtropical region of
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China. The mean annual temperature of the region is 17.5 °C, and the mean annual
precipitation is 1300 mm. The soil is a typical Stagnic Anthrosol developed from
highly weathered granite (Gong et al., 2007), and has been under paddy cultivation
with double-cropping rice. According to the Chinese soil nutrient classification
standard, the soil was limited by available P (available P content < 10 mg kg−1). The
soil was collected with an auger from five random locations in the field, combined,
sieved through a 2-mm mesh, air-dried, and homogenized. The main soil
physicochemical properties were as follows: pH 6.2, soil organic C 13.1 g kg−1, total
N 1.4 g kg−1, available N 18.0 mg kg−1, total P 0.3 g kg−1, Olsen-P 3.7 mg kg−1, and
15.7 g kg−1 total Fe (Zhu et al., 2018).

2.2 Experimental setup

A microcosm experiment with rice was conducted in water-tight
PVC-rhizoboxes with inner dimensions of 24.0 (height) × 20.5 (width) × 1.5 cm
(depth) (Fig. S1A). A transparent, colorless, and 0.2-mm thin rigid-PVC film
(Modulor Material Total, Berlin, Germany) was installed approximately 2 mm below
the sturdy plexiglass front cover of the rhizobox (see section 2.4 below) (Fig. S1B).
This 2-mm gap (and the good seal) allowed to insert the moisture-sensitive imaging
plate with minimum scatter.

The experimental design included two treatments with four replicates and three
destructive samplings (8 rhizoboxes for each destructive sampling, 24 rhizoboxes in
total, see section 2.5. below). Radiosotopically-labelled Fe(III)-bound phosphate
(Fe-P) was added to both treatments: (1) To avoid direct contact of the roots and the
labeled Fe-P was first put into a polyamide mesh bag (30 μm mesh size, 5.0 × 5.0 cm,
height × width) (Pellets-in-mesh bag treatment). (2) To allow roots access to the Fe-P,
the Fe-P was added to the soil as pellets, i.e., without mesh bag (Pellets-no-mesh bag
treatment) (see section 2.3. below).

In both treatments, air-dry soil (420 g) was filled into the rhizoboxes and
saturated with deionized water 16–24 h prior addition of Fe-P (Fig. S2). The Fe-P in
mesh bags or pellets were placed in the center of the rhizoboxes on the surface of the
pre-filled soil, and then covered with an additional 230 g of air-dried soil (Fig. S2).
The soil was saturated with water, trapped air bubbles were removed by knocking,
and one pre-germinated rice seedling (Oryza sativa L. ‘Two-line hybrid rice
Zhongzao 39’) was transplanted.

All microcosms were filled with water to 2 cm above the soil surface and left
growing in a climate chamber (RUMED® Premium-Line P 1700, Rubarth Apparate
GmbH, Germany) with 28 ± 1 °C day temperature and 24 ± 1 °C night temperatures,
70% relative humidity, and 12 h photoperiod. The water layer above the soil surface
was maintained throughout except for destructive sampling dates under anoxic
conditions (see section 2.5. below). Immediately after transplanting, 30 mg N as urea
per kg dry soil was applied as background fertilization.

Soil redox potential (Eh) was monitored in each rhizobox by a platinum electrode
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installed at 10 cm depth (Fig. S2) using an Eh-meter (GMH 3531, GHM Messtechnik
GmbH, Germany). Soil solution from the Fe-P area was collected every 2–5 days
using Microrhizon® samplers (MicroRhizons, Rhizosphere Research Products,
Netherlands) (Fig. S2) and pre-evacuated and N2-flushed 30-ml glass bottles.

2.3 Ferric iron-P pellet preparation and labelling with 32P

The Fe-P pellets were each prepared by mixing 10 g of purified quartz sand as
matrix and 0.7 g of synthesized ferrihydrite (Paterson, 2000) per rhizobox. The
mixture was weighed into 100-ml glass centrifuge tubes and 30 ml of 3.75 g l–1
K2HPO4 solution spiked with 32P-labeled H3PO4 (Hartmann Analytic GmbH,
Braunschweig, Germany) were added. Additionally, 2 ml of 1 M HCl were pipetted
into centrifuge tubes to increase the P adsorption efficiency. Tubes were agitated for 2
h on a shaker (200 rpm) and then centrifuged at 3000 × g for 15 min. Then, the
activity in the supernatant was measured on a Liquid Scintillation Analyzer (LSA;
Tri-Carb® 2800 TR, PerkinElmer, Shelton, CT, USA). Briefly, 10 μl supernatant
were mixed with 10 ml scintillation cocktail (Rotiszint®eco plus, Carl Roth,
Germany), then counted for 2 min. To purify pellets and remove the non-adsorbed P,
the supernatant was discarded, and the pellet washed three times by adding 30 ml of
deionized water, shaking for 15 min on a shaker (200 rpm), and centrifugation at 3000
× g for 15 min. The activity of the combined supernatants was subtracted from the
initially applied 32P activity. The ferrihydrite sorbed between 90–97% of the 32P.

The total amount of P added (20 mg rhizobox–1) was equivalent to a mineral-P
fertilization of 80 kg ha–1. The initially applied 32P activities were estimated based on
varying durations of rice growth and the planned three destructive samplings (DS; see
section 2.5. below): At the time of pellet application, the target activities of 32P were 5,
9, and 16 MBq (for DS1, DS2, and DS3, respectively) to achieve 3.2–3.5 MBq of
activity at each of destructive samplings considering the 32P half-life and to achieve
comparable image qualities. Pellets were added with a spoon either to a mesh bag or
directly as pellets depending on a treatment (see above).

2.4 32P imaging

For the imaging of the 32P activity distribution (showing the total P mobilized
from the Fe-P) in rice roots and soil over time, a phosphor imaging plate (20 × 40 cm;
BAS-IP MS 2040 E, Cytiva, Marlborough, MA, USA) was inserted into the gap
between the PVC film and the front cover of each rhizobox (Fig. S1B). Exposure in
the dark was 1 h. The imaging system Fujifilm FLA-5100 (FUJIFILM Life Science,
Stamford, CT, USA) was used to read the plates with a spatial resolution of 100 μm.
The emitted β− radiation from the decay of 32P was stored in 16-bit digital images and
converted (log-linearization) to standardized photo-stimulated luminescence (PSL)
units (Fuji Photo Film Co. Ltd. 2003).

To transform PSL values into 32P activities, we conducted a calibration based on
imaging known 32P activities. Briefly, 3.75 g of the soil used in the experiment were
uniformly saturated with 1.5 ml of 32P-labeled H3PO4 solution and filled into a well of
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a 48-well microplate (Brand GmbH, Wertheim, Germany). The activities of
32P-labeled H3PO4 solutions ranged from 0 to 112 kBq ml–1. The microplate was
covered by the same transparent PVC film used in rhizoboxes. A phosphor imaging
plate was placed on the membrane, exposed in dark for 1 h, and read on the imaging
system FLA-5100 with a resolution of 100 μm.

2.5 Destructive sampling

Destructive sampling of all four replicates of each treatment (8 rhizoboxes in
total) was conducted after 10 (DS1), 18 (DS2), and 33 (DS3) days after rice
transplanting, respectively. These dates of rice plants roughly corresponded to a
tillering stage (with 2–4 tillers) of a vegetative phase of rice growth. Rice roots in
DS1 were distributed above the mesh bag or pellet location, in DS2 were growing
around the mesh bag or pellets, and in DS3 reached the bottom of a rhizobox. To keep
the soil anoxic conditions during sampling, rhizoboxes were drained only just before
sampling and opened inside a portable PVC glovebox (Captair® Pyramid Glovebox
3015-00, Erlab DFS, Saint-Maurice, France) (Fig. S1C), which was repeatedly
evacuated with a vacuum pump (Ilmvac MP 301 Vp, Ilmvac GmbH, Ilmenau,
Germany) and then back-flushed with pure nitrogen (99.999%) to achieve a
concentration of O2 lower than 0.4% as indicated by an O2-sensor (Greisinger GOX
100, GHMMesstechnik GmbH, Remscheid, Germany) (Fig. S1C).

After opening of a rhizobox (by removing the front cover), rice roots were
carefully removed from rhizoboxes and washed free of soil with deionized water.
Rice shoots were separated from roots at the soil surface. The shoot and root samples
were dried in an oven at 60 °C for 48 h and then milled. Then, the soil was collected
from three compartments: top bulk soil (2–5 cm), rooted soil (5–15 cm), and bottom
bulk soil (15–18 cm) (Fig. S1D). In each compartment, soil was collected from three
random locations. For microbial biomass measurements, two samples of 7–10 g moist
soil from each compartment were immediately put in air-tight plastic bags and kept at
4 °C until the next day.

2.6 Measurement of Fe concentration and 32P activity in soil solution

Total Fe concentrations in soil solution collected by Microrhizons® were
measured after complete Fe3+ reduction to Fe2+ by 10% ascorbic acid for 30 min
(Elrod et al., 1991). A 2-ml sample was mixed with 500 μl ammonium acetate buffer
(pH 4.5) and 500 μl phenanthroline solution (0.5%) in a cuvette and then measured at
512 nm on a spectrophotometer (NanoPhotometer® NP80, Implen GmbH, Munich,
Germany). Calibration was done by external FeCl3 standards ranging from 5 to 300
μM.

The 32P activity in soil solution was determined on a LSA (Tri-Carb® 2800 TR,
PerkinElmer, Shelton, CT, US) and corrected for isotope radioactive decay. Briefly,
0.75 ml solution was mixed with 10 ml scintillation cocktail (Rotiszint®eco plus, Carl
Roth, Germany) and then counting was conducted during 5 min. The specific 32P
recovery (%P L–1) in soil solution derived from applied ferrihydrite-quartz-sand-pellet
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was calculated according to the following equation:

(1)

2.7 32P recovery in rice plants and microorganisms, microbial biomass carbon, and
dissolved C content in soil

To measure total P content and 32P activity in shoots and roots, approximately
100 mg of dried and ground sample were digested with 2 ml of 65% HNO3 at 180 °C
for 8 h, then filtered and filled up to 25 ml final volume with deionized water. 2 ml
sample were used to measure total P content by an inductively coupled plasma-optical
emission spectrometry (ICP-OES; iCAP 7000 series ICP-OES, Thermo Fisher
Scientific, Dreieich, Germany). To measure the 32P activity, 1 ml sample was mixed
with 10 ml scintillation cocktail (Rotiszint®eco plus, Carl Roth, Germany) in a 20-ml
scintillation vial, and then was counted for 5 min on a LSA. The proportion of P
derived from applied Fe-P (%PShoot, Root) in shoot or root total P was calculated as:

(2)

Extractable microbial biomass carbon (MBC) was measured using the
chloroform-fumigation-extraction method (Vance et al., 1987) and was calculated
according to the equation:

(3)

where kEC is equal to 0.45 and EC is the difference between the content of
dissolved organic C extracted from the fumigated and non-fumigated soils,
respectively. The organic C concentration in each aqueous extract was measured by
an elemental analyzer (Multi N/C 2100S, Analytik, Germany). We presented the
content of organic C extracted from non-fumigated soils as soil total dissolved C.

Microbial biomass phosphorus (MBP) was determined by the anion exchange
resin method by using 1-hexanol as a fumigant according to Kouno et al. (1995). The
P concentration in the samples was determined colorimetrically (NanoPhotometer®
NP80, Implen, Munich, Germany). MBP was calculated as the difference between
resin-P with and without hexanol fumigation and corrected for the recovery of a P
spike in each soil sample. To measure the Fe-P-derived 32P activity in MBP, 1 ml
sample was mixed with 10 ml scintillation cocktail in a 20-ml scintillation vial and
then measured for 5 min on the LSA. The 32P activity in MBP was also calculated as
the difference in 32P activity between samples extracted with and without hexanol and
corrected by the recovery of a P spike in each soil sample. The proportion of P in
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MBP derived from applied Fe-P (%PMBP) in each soil compartment was calculated as:

(4)

2.8 Image processing

Image processing was performed with an open-source software Fiji (Schindelin
et al., 2012). The PSL values were transformed to 32P activities based on the
calibration and corrected for isotope radioactive decay. All images of each rhizobox
were aligned by defining one image the reference and applying geometric
transformations to other images. The visible roots on the images were counted as
totally available roots number because the rhizoboxes were kept at an angle of 45 °
and all roots have been growing along the front cover of rhizoboxes. The crown root
elongation rate (cm day–1) was calculated from the root length with respect to the
displacement of root apex for the exact duration of root growth. Here and below, three
crown roots not overlapping with each other on an image were randomly selected.
The same crown roots were always considered for all images of each rhizobox. A
total of twelve crown root segments from four rhizoboxes per treatment were
analyzed as replicates. We plotted the profiles of 32P activity as a function of distance
from a geometrical crown root center at a position of 1 cm away from root tips. For
every crown root, the profile of mean 32P activity was presented as a function of
distance from a crown root center determined at given pixels from a root center
(Zarebanadkouki et al., 2016) assuming radial symmetry of a crown root. The
boundaries between root and soil were set using a one-way ANOVA, followed by a
Tukey’s HSD test, to assess the differences between the independent variables (mean
32P activity of five adjacent pixels). Significant differences (p < 0.05) between two
adjacent groups of 5 pixels were considered the boundary between root and soil
(Hoang et al., 2016). To explore 32P activity distribution along the root, we also
plotted the profiles of 32P activity as a function of distance along a crown root through
a root rip to the soil by drawing a segment line. The same segment line was moved
horizontally at a distance of approximately 3 mm from the crown root surface to plot
the profiles of 32P activity as a function of distance with soil depth. Such a 3 mm
distance was chosen to avoid the effect of 32P activity radial distribution and to
minimize the difference in background 32P activity distribution. The 32P activity of
each pixel along a crown root through a root tip to the soil was calculated as the
difference in the 32P activity of each corresponding pixel in two profiles. The
boundaries between root and root tip and between root tip and soil were determined
using a one-way ANOVA as described above. Root tip diameter of each root was
calculated as a distance from the boundary between root and root tip to the boundary
between root tip and soil.

2.9 Statistical analysis

A two-way ANOVA was used to test the effects of (i) the Fe-32P placement
(Pellets-in-mesh bag vs. Pellets-no-mesh bag) and (ii) rice growth (sampling dates) on
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the Eh, 32P recovery in soil solution, total Fe content in soil solution, root number,
crown root diameter, crown root elongation rate, root tip number and diameter, rooted
soil area, 32P recovery in shoots or roots, the ratio of 32P recovery in MBP to that in
roots, and Fe content in shoots or roots. A two-way ANOVA with repeated measures
(destructive sampling, n = 3) was used to test the effects of (i) Fe-32P placement
(Pellets-in-mesh bag vs. Pellets-no-mesh bag) and (ii) soil compartment on 32P
recovery in MBP, MBC, and soil total dissolved C. To determine the increase in root
number, root tip number and diameter, crown root elongation rate, and the increase in
rooted soil area during rice growth, linear regression analysis was used to determine
the relationships between root number, root tip number, or rooted soil area to
sampling dates. Normality and homogeneity of variance of the residuals were verified
by a quantile-quantile (QQ) plot and by a plot of fitted values versus residuals in R
(v.4.0.4), respectively. Exponential non-linear regression analysis was used to
determine the relationships between crown root elongation rate or root tip diameter
and sampling dates. All statistical tests were conducted using SPSS (Version 21, IBM,
Armonk, NY, USA).

3 Results

3.1 Redox potential (Eh), total Fe concentration, and 32P recovery in soil solution

Soil Eh decreased within the first six days after rice transplantation and then
stabilized between –176 and –224 mV (Fig. 1a). Soil Eh was overall higher in the
rhizoboxes, in which pellets were distributed in soil rather than in mesh bags (Fig.
1a).
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Fig. 1 Soil redox potential Eh (a), 32P recovery (b), and total soluble Fe concentration
(c) in soil solution after rice transplantation. The data are the means ± standard errors
(n = 24 during 10 d after rice transplantation, n = 16 during 14–18 d, and n = 8 during
24–32 d) and are modified from Wang et al., 2022. Soil Bio. Biochem., Fig.2. The
orange shaded area in a, b, and c shows the redox potential area where Fe(III) or Fe(II)
exist for the soil pH of 6.2.

The relative 32P recovery in soil solution was higher when Fe-P was applied
directly to the soil as compared to Fe-P pellets excluded from roots in mesh bags (Fig.
1b). The 32P recovery in soil solution initially smoothly increased till days 14–19 and
then dropped abruptly (Fig. 1b). The total Fe concentration in soil solution abruptly
increased from ~500 to ~1900 μM within six days after rice transplantation, stabilized
between 6–14 days, and then decreased down to the initial level (Fig. 1c).

3.2 Responses of roots and root tips to P release from Fe-P

Placing pellets directly into the soil strongly increased the number and diameter
of roots and root tips as compared to when pellets were kept in mesh bags (Fig. 2, 3,
4a, b, d, e). The number and increase rate of crown roots were higher than those of
root tips (Fig. 4f). However, crown root elongation rates exponentially decreased from
15 to 32 days after rice transplantation (Fig. 4c). The crown root diameters strongly
decreased when roots grew through the pellet zone (Fig. 4b, 15–24 days). The root tip
diameter remained constant during the second and the third week of rice growth, but
abruptly decreased 28–32 days after rice transplantation when roots approached the
bottom of rhizoboxes (Fig. 4e).
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Fig. 2 Examples of spatial distribution of 32P activities during 32 days of the
experiment under Pellets-in-mesh bag (top) or Pellets-no-mesh bag (bottom)
treatment. Calibration scale bar on the right side represents 32P activity per mm–2. For
demonstration, one of four replicates of each treatment was chosen.

Fig. 3 Examples of spatial distribution of 32P activities (in Bq per mm–2 of rhizobox
area) under Pellets-in-mesh bag (left side) or Pellets-no-mesh bag (right side)
treatment. Calibration scale bar on the right side represents 32P activity. For
demonstration, one of four replicates of each treatment at 32 d after rice
transplantation was chosen; full set of images of these two rhizoboxes demonstrating
the dynamics of spatial distribution of 32P activities are shown on Fig. 2. Red dashed
lines represent borders of the maximally rooted zone of rice under two treatments. A
or B is an example of root tip under Pellets-in-mesh bag or Pellets-no-mesh bag
treatment, respectively.
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Fig. 4 Detectable root number on the soil surface (a), crown root diameter (b), crown
root elongation rate (c), detectable root tip number on the soil surface (d), root tip
diameter (e), and maximally rooted soil area (f) under Pellets-in-mesh bag (blue lines)
and Pellets-no-mesh bag (yellow lines) treatments calculated from rhizoboxes of the
third destructive sampling (DS3, 33 days) at 15, 19, 24, 28, and 32 d after rice
transplantation. The data are means ± standard errors (n = 4). Solid lines indicate
correlations significant at p < 0.05. The orange shaded area in b and e shows the
period when most of crown roots distributed either in the applied Fe-P patch (b) or
towards the rhizobox bottom (e).

3.3 32P dynamics in rice roots
32P activities along crown roots were 32–133% higher in the rhizoboxes without

mesh bags compared to rhizoboxes with mesh bags (Fig. 2, 3, 5). There was also an
impact of mesh bag placement on 32P activities in root tips (36–89% difference),
which was lower than the differences along the root axis (Fig. 2, 3, 5). Irrespective of
the placement of Fe-P pellets, the 32P activities along the root tips showed a 32P peak
around day 28 (Fig. 5). However, pellets in direct contact with soil delayed the 32P
activity peak along the crown roots by 4 days (Fig. 5). The 32P activities were higher
in root tips than in the rest of the roots. The differences in 32P activities between root
tips and roots decreased gradually from 306% to 87% in the rhizoboxes with mesh
bags, and from 184% to 103% in the rhizoboxes without mesh bags from day 15 to
day 32 (Fig. 5).
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Fig. 5 (a) Examples of the profiles of 32P activity as a function of distance along soil
through a root rip to crown root (see inlet as an example on subFig. a) under
Pellets-in-mesh bag (blue lines) and Pellets-no-mesh bag (yellow lines) treatments
calculated from rhizoboxes for the third destructive sampling (DS3, 33 days) at 24 d
after rice transplantation. (b) Mean 32P activities in soil (0–0.5 cm away from root tip),
root tips, and roots (0–3 cm away from root tip) under Pellets-in-mesh bag (solid lines)
and Pellets-no-mesh bag (dashed lines) treatments calculated from rhizoboxes for the
third destructive sampling (DS3, 33 days) at 15, 19, 24, 28, and 32 d after rice
transplantation. Data are radial means ± standard errors (n = 12).

The radial distribution of 32P activities as a function of distance from the crown
root center was more homogeneous in the rhizoboxes with mesh bags vs. the
rhizoboxes without mesh bags (Fig. 6). 32P activities were higher near the crown root
center and decreased towards the outer root tissues (Fig. 6). The gradient of 32P
activities from root center to outer tissue was most pronounced around day 24
compared to the other dates (Fig. 6).
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Fig. 6 Radial profiles of 32P activities as a function of the distance from the crown
root center at a position of ca. 1 cm away from root tips under Pellets-in-mesh bag
(blue lines) and Pellets-no-mesh bag (yellow lines) treatments calculated from
rhizoboxes for the third destructive sampling (DS3, 33 days) at 15 (a), 19 (b), 24 (c),
28 (d), and 32 (e) d after rice transplantation. Data are the means ± standard errors (n
= 12).

3.4 32P recovery in microorganisms and plants and Fe content in plants

The 32P recovery in microbial biomass P (MBP) was higher in the rhizoboxes,
where Fe-P pellets were distributed in soil as compared to those with mesh bags (Fig.
7a, dashed vs. solid line). 32P recovery in MBP decreased with rice growth, especially
in rooted soil from 0.7% to 0.1% in the Pellets-no-mesh bag rhizoboxes, and from
0.2% to 0.04% in the Pellets-in-mesh bag rhizoboxes from day 10 to day 33 of rice
growth (Fig. 7a, green lines).
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Fig. 7 32P recovery from applied ferric iron-bound phosphate (Fe-32P) in microbial
biomass (MBP, a) and shoots or roots (b), the ratio of 32P recovery in MBP in rooted
soil and that in roots (c), and Fe content in shoots or roots (d) under Pellets-in-mesh
bag and Pellets-no-mesh bag treatments of the first (DS1, 10 d), second (DS2, 18 d),
and third destructive sampling (DS3, 33 d) after rice transplantation. The data are the
means ± standard errors (n = 4).

32P recoveries in shoots and roots were 149% and 231% higher in the rhizoboxes
without mesh bags vs. the rhizoboxes with mesh bags 33 days after rice
transplantation, respectively (Fig. 7b). With rice growth, 32P recovery in shoots
increased by 8-fold from day 10 to day 18 and 3-fold from day 18 to day 33 in the
rhizoboxes with mesh bags (Fig. 7b). In contrast, 32P recovery in shoots constantly
increased from up to 37 times from day 10 to day 33 in the rhizoboxes without mesh
bags (Fig. 7b). Compared to shoots, 32P recovery in roots peaked around day 18 in the
rhizoboxes with mesh bags but gradually increased by 12 times in the rhizoboxes
without mesh bags (Fig. 7b).

Irrespective of the accessibility of the added P, the ratio of 32P in MBP in rooted
soil to 32P in roots showed a marked drop between 10 and 18 days after rice
transplantation (Fig. 7c). No differences in Fe content either in shoots or roots were
observed between the two treatments (Fig. 7d).

4 Discussion

4.1 Redox- and microbially-driven Fe-P reductive dissolution

The Fe redox cycle (“Fe(III)−Fe(II) redox wheel”) linking Fe(III) reduction and
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Fe(II) oxidation, is governed by ambient Eh/pH, microbial activity (Li et al., 2012),
and availability of alternative electron acceptors (Fan et al., 2021). This is confirmed
in our experiment from a rapid Eh decrease accompanied by a strong increase in
soluble Fe in the first six days after rice transplantation (Fig. 1a, c). The Eh decrease
during the first ten days after the soil was submerged was due to microbial respiration,
which depleted O2 faster than it diffused back from the air. In agreement with the Eh

dynamics, the Fe(III) reductive dissolution led to a release of sorbed labeled P into
soil solution as observed a gradual increase of 32P recovery in soil solution within
15−18 days of rice transplantation (Fig. 1b). Although the Eh values remained
constantly low 15 days after rice transplantation, the 32P recovery and Fe
concentration in soil solution started to decrease (Fig. 1). This is most likely due to (1)
an increased P uptake by rice roots through high-affinity transporters to cope with
increased P deficiency (Lazali and Bargaz, 2017), and (2) P re-adsorption on soil
minerals such as aluminum (oxyhydr)oxides providing additional redox-independent
binding sites for P (Hinsinger, 2001). Additionally, the decrease of MBC especially in
the rooted zone with rice growth (Fig. S3a) may result in a slowdown of Fe-P
reductive dissolution. A decrease in MBC is likely accompanied by a decrease in the
abundance of dissimilatory Fe(III)-reducing microorganisms using Fe(III) as an
electron acceptor (Lovely et al., 2004; Fan et al., 2021). The MBC decreased because
of (1) the shift from aerobic to anaerobic microbial communities after flooding (Tian
et al., 2013), (2) increased competition between plants and microorganisms for the
available P (Wei et al., 2019) as observed by the gradual decrease in the ratio of 32P
recovery in MBP (Fig. 7a, c), and (3) C limitation of microbial growth and activity as
the dissolved organic C strongly decreased from day 10 to day 18 after rice
transplantation (Fig. S3b). However, why does the dissolved organic C (and by that
MBC) decrease with root development?

4.2 Effects of P release from Fe-P on roots and root tips

Phosphate availability can impact rice root architecture (Shimizu et al., 2004;
Yang and Finnegan, 2010). We expected an increase in the crown root growth with P
release after the reductive dissolution of Fe(III) since the selected paddy soil was
strongly P-limited. This was confirmed by the higher number of roots and root tips
and faster crown root elongation, when Fe-P was root-accessible compared to the
Fe-P pellets in mesh bags (Fig. 2, 3, 4). 32P activities along the crown roots and the
root tips were higher in the rhizoboxes without mesh bags compared to the rhizoboxes
with mesh bags (Fig. 5, 6). These results support the first hypothesis that direct root
accessibility of Fe-P stimulates crown root growth and P uptake. The reductive
dissolution of Fe-P increased root foraging by increasing the soil volume exploited by
the root system without mesh bag vs. with mesh bags (Fig. 4f). In turn, a higher
number of crown roots indicates more intensive root foraging. This was also shown in
P-limited upland soils, when a greater number of roots and higher root density
increased P acquisition by maize (Zea mays) phenotypes (Jia et al., 2018).
Remarkably, the crown root elongation rate strongly decreased between 15–24 days
after rice transplantation and then slowly decreased from days 24 to 32 (Fig. 4c). This
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is contrasting previous findings that P deficiency increased root elongation rates with
rice growth (Shimizu et al., 2004; Wissuwa et al., 2005; Panigrahy et al., 2009; Ding
et al., 2018). Moreover, the crown root diameter was lower on day 19 than on other
dates (Fig. 4b). Notably, the roots were spatially concentrated in the vicinity of the
Fe-P pellets 15–19 days after rice transplantation (Fig. 2). Therefore, rice roots may
indirectly increase P foraging from soil by slowing down the downward root growth,
where there are lower P contents, and by increasing the surface area in contact with
the soil by decreasing the root diameter once a P hotspot in soils. In agreement to this
hypothesis, the mean crown root diameter was lower on day 19 than on other dates
(Fig. 4b).

Plant roots exude P-solubilizing agents to mobilize P adsorbed to soil particles
(Hinsinger, 2001; Richardson et al., 2011; Koester et al., 2021). Organic acid anions,
such as citrate, malate, and oxalate, can lower the soil pH, thus increasing P
solubilization (Oburger et al., 2011). However, the P solubilization may only be
affected when the content of organic acids is higher than 10 μmol g–1 soil (Gerke et al.,
2000). The typical exudation rate of organic acids for rice roots at the tillering stage is
reported to be approximately 2.4 µmol h–1 g–1 of dry root biomass (Aulakh et al.,
2001). At this rate, rice roots may only exude 0.015 µmol organic acids g–1 soil
considering 5 h half-life time of these compounds (Kirk et al., 1999) and an average
0.4 g dry root biomass 33 days after rice transplantation in our experiment. Therefore,
microbial oxidization of organic acids exuded by rice roots is unlikely to be a major
factor in maintaining Fe(III) as the primary electron acceptor. This is in line with the
findings that a rate of 0.73 μmol cm–1 of root h–1 of organic acid exudation is needed
to increase P uptake (McKay Fletcher et al., 2021).

In a parallel experiment, we have assessed the potential of organic acids to
desorb P bound to the ferrihydrite without any microbial contribution by increasing
concentrations of the mixture of most abundant organic acids released by rice roots
within 3 h (Fig. S4a). Less than 0.2% P was released from Fe-P by 200 μM organic
acids, the maximal reported acid concentration in soil solution induced by rice roots at
a tillering stage (Kirk et al., 1999; Aulakh et al., 2001). While, this maximal organic
acid mixture of 200 μM resulted in a sharp decline in pH, the acids only desorbed
approximately 1.1% of P (Fig. S4). This further suggests that plant-derived organic
acids alone may not control Fe-P dissolution and that Fe(III) reduction is
predominately a microbially-mediated process (Lovely et al., 2004). Therefore, the
higher 32P recovery in roots in the soil without mesh bags may be mostly attributed to
the increased colonization of rice roots with Fe reducers compared to the pellets
isolated in mesh bags (Fig. 8). This interpretation, however, needs further
experimental confirmation by microbiological measurements.
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Fig. 8 A schematic diagram of the effects of direct accessibility of ferric iron-bound
phosphate (Fe-P) by rice roots on root architecture under low phosphate conditions.
With the application of Fe-P directly to the soil, Fe-P pellet re-distribution resulted in
a large area, where roots were directly in contact with Fe-P. When Fe-P was not
restricted by mesh bags, roots could provide carbon to Fe-reducing microorganisms to
boost microbial growth and activity (blue circles).

Direct accessibility of Fe-P by rice roots increased the number of root tips,
suggesting an increase in crown root density. Root growth slows down dramatically
when root tips reach low P patches (Linkohr et al., 2002). Such a response of root tips
to low P contents was confirmed by an abrupt decrease of root tip diameter during
28−32 days after rice transplantation when crown roots reached the very bottom of
rhizoboxes (Fig. 4e). These findings can be explained by local responses of roots to P
limitation leading to root growth reduction and higher root density (Sánchez-Calderón
et al., 2005). Although P uptake by slow-growing root tips decreased (Fig. 4e, 5b),
roots were still growing 32 days after rice transplantation at a rate of 4.6−5.1 cm d−1
(Fig. 4c). Therefore, the reductive dissolution of Fe-P induced rice crown roots
mainly grown and distributed in localized Fe-P patches. This implies that localized



197

phosphate fertilization will increase P uptake efficiency, decrease P fixation by soil
particles and so, and reduce the P fertilizer demand in rice production.

4.3 Effects of Fe accumulation on P uptake by roots

Iron availability plays an important role in root growth under low P availabilities
(Ward et al., 2008; Onaga et al., 2016). Low P conditions induced the expression of
the ferritin gene AtFER1 in roots (Misson et al., 2005) as a result of increased Fe(II)
availability (Hirsch et al., 2006). One adaptive strategy of plants to P deficiency is to
increase the uptake of P-complexation metals that sequester P in soils (Mission et al.,
2005), thus increasing Fe accumulation on the surface of rice roots as iron plaques
because of aerenchym O2 diffusion (Liu et al., 2008; Fu et al., 2014). Ferric iron
precipitation on the root surface because of Fe(II) oxidation by diffused O2 in the
rhizosphere is also one of the main reasons for Fe accumulation on the rhizoplane (Fu
et al., 2014). Moreover, Fe accumulation coincides with deposition sites of callose
regulating root development (Zavaliev et al., 2011). Therefore, root growth is
controlled by such antagonistic interactions of P and Fe availability. The toxic effect
of Fe, even at low concentrations as 10 μM of Fe2+ (Péret et al., 2011), could decrease
the root growth rate under low P conditions (Ward et al., 2008). In contrast, when the
medium contained Fe under high P (Müller et al., 2015) or did not contain Fe under
low P (Svistoonoff et al., 2007), the root growth rate was not reduced. However,
underlying mechanisms how Fe regulates root growth under low P conditions remain
unclear. No differences in Fe content either in shoots or in roots would not support the
second hypothesis that direct accessibility of Fe-P by rice roots may stimulate Fe
accumulation in roots. This is supported by the findings that Fe plays only a small role
in rice root architecture under low P conditions (Ding et al., 2018). Irrespective of the
form of Fe-P application, Fe contents in roots increased with rice growth, thus
supporting the hypothesis that Fe accumulation depends on the rice growth stage. This
can be attributed to the formation of Fe plaque that contributes to the uptake of P and
the accumulation of Fe on the rice root surface (Liu et al., 2008; Fu et al., 2014).

5 Conclusions

Direct accessibility of Fe-P by rice roots changed root morphology of rice plants.
The application of Fe-P pellets directly to the soil increased crown root elongation
and P uptake by roots as compared to the soils with Fe-P pellets kept in mesh bags.
Thus, the reductive dissolution of Fe-P can mitigate P limitation and thereby increase
the P uptake by rice plants. Placement of pellets directly into the soil induced rice
roots’ adaptation by increasing the number of crown roots, expanding crown root
distribution, and decreasing crown root elongation rates and diameters. All these
increased P acquisition by roots from this extended hotspot of P availability. Organic
acids exuded by rice roots were unable to control the reductive dissolution of Fe-P,
and Fe(III) reduction is primarily a microbially-mediated process. Iron accumulation
on root surface was independent of the accessibility of Fe-P by rice roots but
depended on the growth stage, most probably as a result of the Fe plaque formation on
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root surface. Increased root tip numbers raised P uptake by roots from soil with the
application of Fe-P pellets without mesh bags. Very low P uptake by the growing tips
when they reached the bottom of the rhizobox reduced the elongation rate of crown
roots. In conclusion, the reductive dissolution of ferrihydrite-bound P under low redox
conditions can not only serve as a P source to increase P uptake by rice roots, but also
increased rice root growth and induced root morphological changes. Therefore, rice
varieties with extended crown root densities will increase P uptake when P is limiting
in paddy soils.
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Supplementary

Exper iment: Effects of organic acids on phosphate release from fer r ic
iron-bound phosphates (Fe-P)

1. Ferric iron-Pi pellet preparation and labelling with 33P

We replaced 32P-labeled H3PO4 with 33P-labeled H3PO4 (Hartmann Analytic
GmbH, Braunschweig, Germany) to prepare Fe-33P pellets. The Fe-33P pellets were
prepared as described for the preparation of Fe-32P pellets (see section 2.3 in
Manuscript). To mimic the rhizobox microcosms, the experiment was downscaled to
the 50-ml falcon tubes. Therefore, 15 g soil, 0.4 g Fe-P pellets, and 15 ml deionized
water per falcon were filled into each falcon tube (three replicates). At the time of
pellet application, ca. 42 kBq 33P were employed to each falcon tube.

2. Organic acid mixture preparation

The composition and proportion of organic acids (shown in Table S1) released
by rice roots at a tillering stage were derived from Kirk et al. (1999) and Aulakh et al.
(2011). Thus, 200 μM as 100% of organic acid mixture were assumed to be produced
by each rice plant per day. Organic acid mixtures were prepared at increasing
concentrations of 100, 200, 400, and 2000 μM.

3. 33P recovery in soil solution

1.5 ml of each organic acid mixture were pipetted into each falcon tube
containing 33P-labeled Fe-P pellets and soil. Falcon tubes were shaken on a rotator
(200 rpm) for 45, 90, and 180 min, respectively. Then, the activity in the soil solution
was measured on a Liquid Scintillation Analyzer (LSA) (Tri-Carb® 2800 TR,
PerkinElmer, Shelton, CT, USA). Briefly, 30 μl supernatant was mixed with 10 ml
scintillation cocktail (Rotiszint®eco plus, Carl Roth, Germany), then counting was
conducted for 2 min.

Table S1 Composition and proportion of organic acids used for the preparation of
organic acid mixture

Composition Malic acid Tataric acid Succinic acid Citric acid Lactic acid
Concentration

(μmol plant–1 d–1)
42.51 5.03 5.42 4.15 2.13

Proportion (%) 71.75 8.49 9.15 7.01 3.60
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Fig. S1 The construction of a rhizobox with plexiglas cover on top, sealed with rubber
gasket (not visible on photo) and fixed by thumbscrews (A), a transparent colorless
rigid-PVC membrane (0.2 mm) installed below the front cover of the rhizobox to
enable insertion of an imaging plate (B), the level of O2 inside a portable PVC
glovebox filled with N2 during destructive sampling of rhizoboxes (level of O2 is
indicated by an O2-sensor) (C), and the locations of three compartments (top bulk,
rooted, and bottom bulk) in rhizoboxes from where soil samples were collected (D).

Fig. S2 Diagram of the experimental design. Microrhizon® samplers were placed at
the Pi-rich patch zone, and a platinum electrode for measuring redox potential (Eh)
was installed in each rhizobox.
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Fig. S3 Microbial biomass carbon (MBC, a) and dissolved carbon (b) at the top bulk-,
rooted-, and bottom bulk soil in rhizoboxes after 10, 18, and 33 d of rice growth. The
data are the means ± standard errors (n = 4).

Fig. S4 33P recovery in the solution with increasing concentrations of organic acids
during a 3-h incubation (a) and pH dynamics in the solution with increasing
concentrations of organic acids (b).
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Abstract: The quantitative contributions of the reductive dissolution of ferric iron
(Fe(III))-bound phosphate (Fe-P) (inorganic phosphorus (Pi)) and organic P (Po)
mineralization to the P nutrition of rice plants (Oryza sativa L.) and microorganisms
under continuous flooding (CF) vs. alternate wetting and drying (AWD) regime in
paddy soils are urgent research questions. To address them, we grew pre-germinated
rice plants in rhizoboxes filled with a paddy soil of poor P availability under CF and
AWD water regimes for 40 days. 32P-labeled ferrihydrite (30 mg P kg–1) and
33P-labeled wheat straw (10 g straw kg–1) to trace the preferential Pi-Po uptake by
plants and microorganisms depending on a water regime. Compared to AWD, CF
strongly increased Fe(III) reduction- and wheat straw mineralization-derived P which
released P to the soil solution. The proportions of P derived from Fe-P and wheat
straw in rice plants were 43–64% higher under CF vs. AWD regime. The proportion
of P derived from Fe-P to microbial biomass P (MBP) was 5–45% higher but the
contribution of wheat straw to MBP was 6–18% lower under CF vs. AWD regime.
The effects of water regimes were most pronounced in top bulk soil where microbial
biomass and phosphomonoesterase activities were 9–56% higher under CF vs. AWD
regime. The contribution of Fe-P was 72–78% lower but wheat straw contribution to
MBP was 16–42% higher in rooted soil than in bulk soil, suggesting a strong
competition between plants and microorganisms for P. The Fe-P and wheat straw
compensated up to 36% and 40% of the plant and microbial P uptake at day 40 after
rice transplantation, respectively. Relatively high contribution of Po to the total P
nutrition of plants and microorganisms calls for the adaptation of the P fertilization
strategies in paddy soils to avoid excess chemical P fertilizer inputs especially under
continuous water flooding.

Keywords: Fe and P interactions; phosphorus availability and mobilization;
phosphorus isotopes; plant-microbial competition; redox potential; enzyme activities
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1. Introduction

Finite and dwindling phosphate rock reserves, the main source of phosphorus (P)
fertilizer, becomes increasingly a threat to crop yield and productivity of
agroecosystems (Cordell et al., 2009; Sattari et al., 2012; Yu et al., 2021). Although P
fertilizer decreases P deficiency, only 10–25% of applied P is taken by crops within
the growing season (Syers et al., 2008); most of the rest is retained mainly by sorption
on iron (Fe) and aluminum (Al) (oxyhydr)oxides in acidic soils or on calcium in
alkaline soils (Bindraban et al., 2020). Retention of P is most pronounced in
well-weathered tropical and subtropical soils because of the presence of abundant Fe3+
and Al3+ and strong acidic conditions (Saleque et al., 2004). For example, ferric Fe
(Fe(III))-bound phosphates (Fe-P) in paddy soils can account for approximately 30%
of the total P in these soils where rice has been cultivated for more than 20 years
(Darilek, 2010). One key strategy to meet long-term P demand is to solubilize
inorganic P (Pi) precipitated or absorbed on minerals. Despite the increasing
accumulation of Pi in soils with P fertilizer application, we still lack the knowledge to
what extent and under what conditions Pi retained by soil particles can contribute to
the P nutrition of plants and microorganisms.

Rice (Oryza sativa L.) is one of the predominant food sources and is mainly
cultivated on flooded paddy soils (Fairhurst and Dobermann, 2002). The P deficiency
is lower in flooded paddy soils because Fe(III) reduction increases the Pi solubility at
low-redox conditions (redox potential ranging from −314 mV to +14 mV) (Saleque et
al., 1996; Weber et al., 2006). Thus, the Fe–P compensated 16% of the rice plant P
uptake 33 days after rice transplantation in a continuous flooding (CF) paddy soil
(Wang et al., 2022c). However, rice cultivation faces the challenge of freshwater
limitation because of population growth, climate change, and water pollution (Belder
et al., 2005; Wu et al., 2017). Alternate wetting and drying (AWD) regime as a
water-saving technique has been adopted for rice cultivation on paddy soils (Bouman
and Tuong, 2001; Chen et al., 2021). The release of Pi from the reductive dissolution
of Fe-P may potentially be retarded by the AWD regime as oxygen (O2) diffusion
from air to soil will maintatin Fe-P in drying periods (Olsen and Court, 1982; Forber
et al., 2018). However, the dynamics of P availability caused by AWD regime,
especially the duration of drying and wetting phases, are not yet clearly conclusive.

The reductive dissolution of Fe-P is predominately a microbial process and
depends on the carbon (C) availability for microorganisms (Maranguit et al., 2017;
Wang et al., 2022d). Generally, crop straw is an important source of both organic C
and P (Po) (Gupta et al., 2007). Accordingly, straw incorporation is expected to not
only improve C availability for microorganisms but also accelerate Fe(III) reduction
and Po mineralization in soil under low O2 conditions. Indeed, rice straw incorporation
improved Fe(III) reduction and P availability in flooded paddy soils (Rakotoson et al.,
2014). The Fe-P dissolution increased phosphomonoesterase activities in a P-deficient
flooded paddy soil (Wang et al., 2022c), suggesting microorganisms compensate for
their P demand from Po sources. However, contrasting effects of the AWD regime on
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phosphatase activities have been documented (Zornoza et al., 2006; Chen et al., 2021).
Thus, the AWD regime increased P availability through accelerated release of
immobilized P as a result of microbial necromass mineralization (Blackwell et al.,
2010). In contrast, the increased C availability for microorganisms under the AWD
regime stimulated microbial biomass and accelerated the microbial immobilization of
P from the soil solution (Butterly et al., 2009). Together, attempts have been made to
explore the effects of different water regimes on the rates of Po mineralization and
Fe-P dissolution. However, to the best of knowledge, there are no quantitative
estimations available of the contribution of Fe(III) reduction and Po (i.e. crop straw)
mineralization to the P uptake by plants and microorganisms under CF and AWD
water regimes.

To fill these apparent knowledge gaps, we conducted a mesocosm experiment
with rice plants grown either in continuous flooding or alternate wetting and drying
paddy soils to explore the effects of such water regimes on the dynamics of P release
from the Fe-P and wheat straw. We applied double labeling approach to quantify
contribution of 32Pi and 33Po to the total P uptake. We hypothesized that (i) the AWD
regime decreases mineral P availability because of increasing P sorption capacity of
soils after drying, (ii) the AWD regime increases the contribution of Po to P nutrition
of microorganisms and rice plants, and (iii) the contribution of Po to P demand of
microorganisms will be higher in rooted soil than in bulk soil because of a strong
plant-microorganism competition. The ultimate novelty of the study is the quantitative
estimation of the contributions of P derived from different sources to microbial and
plant P nutrition which is useful for the development of fertilization strategies in rice
crop production.

2. Mater ials and methods

2.1. Soil description

The low available Pi soil (available Pi content < 10 mg kg−1 according to the
Chinese soil nutrient classification standard) was collected from 0–20 cm of a paddy
rice field at the Changsha Agricultural and Environmental Monitoring Station, Hunan
Province, China (113°19′52″ E, 28°33′04″ N). This region is characterized by a
subtropical monsoon climate with an annual average temperature of 17.5°C and an
annual average precipitation of 1300 mm. The soil is a typical Stagnic Anthrosol
developed from highly weathered granite (Gong et al., 2007), and is under paddy
cultivation with double-cropping rice. The soil was collected with a corer at five
locations in the field, combined, sieved through a 2 mm mesh, air-dried, and
homogenized. The soil texture was 26.7% clay, 29.2% silt, and 44.2% sand. The main
soil physico-chemical properties were as follows: pH 6.2, soil organic C 13.1 g kg−1,
total N 1.4 g kg−1, available N 18.0 mg kg−1, total P 0.3 g kg−1, Olsen-P 3.7 mg kg−1,
and total Fe 15.7 g kg−1 (Zhu et al., 2018).
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2.2. Experimental setup

A microcosm experiment was conducted in water-tight PVC-rhizoboxes with
inner dimensions of 24.0 (height) × 20.5 (width) × 1.5 cm (depth) (Fig. 1). The
experimental design included two water regimes with four replicates (eight
rhizoboxes in total). Air-dry soil (600 g) was filled into each rhizobox and saturated
with deionized water. Two water regimes included: (i) continuous flooding (CF), the
rhizoboxes were filled with water to a depth of 2−3 cm from the soil surface for the
entire experimental period 40 days, and (ii) alternate wetting and drying (AWD), the
rhizoboxes were flooded for 10 days as described above for CF, then drained the
surface water and left drying for 10 days, two wetting and drying cycles were
employed over 40 days.

Fig. 1 Diagram of the experimental design. 32P-labeled ferrihydrite (Fe-P) and
33P-labeled wheat straw were evenly mixed with the soil. The rhizoboxes were filled
with water to a depth of 2−3 cm from soil surface from day 1 to day 40 under
continuous flooding and at wetting phase from day 11 to day 20 and from day 31 to
day 40 under alternate wetting and drying regime. Microrhizon samplers were placed
at the middle of rhizoboxes, and a platinum electrode for measuring redox potential
(Eh) was installed in each rhizobox.

All mesocosms were kept in a climate chamber (RUMED® Premium-Line P
1700, Rubarth Apparate GmbH, Germany) with 28 ± 1°C day temperature and 24 ±
1°C night temperature, 70% relative humidity within the first 10 days, 35% relative
humidity from day 11 to day 40 to mimic gradually drier climate conditions, and 12-h
photoperiod. Immediately after rhizobox establishing, 30 mg N kg−1 dry soil as urea
were applied as background fertilization.
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The soil redox potential (Eh) was monitored in each rhizobox by a platinum
electrode installed at 10 cm depth (Fig. 1). Eh was measured using an Eh-meter (GMH
3531, GHM Messtechnik GmbH, Germany). To measure the activities of 32P and 33P,
the concentrations of Fe(II) and Fe(III), and the concentrations of dissolved C, N, and
P in soil solution with rice growth, 10-ml soil solution was collected every 3−4 days
during the experiment from the middle areas of rhizoboxes using MicroRhizon
samplers (MicroRhizons, Rhizosphere Research Products, Netherlands) in
prevacuated and N2-flushed 10-ml glass bottles (Fig. 1).

2.3. Ferric iron bound-P (Fe-P) preparation and labeling with 32P

The Fe-P pellet was prepared by mixing 10 g of purified quartz sand as a matrix
and 0.7 g of synthesized ferrihydrite (Paterson, 2000) per rhizobox. The mixture was
weighed into 100-ml glass centrifuge tubes, and 30 ml of 3.75 g l−1 K2HPO4 solution
spiked with 32P-labeled H3PO4 (2 MBq ul−1, Hartmann Analytic GmbH,
Braunschweig, Germany) were added. Additionally, 2 ml of 1 M HCl were pipetted
into the centrifuge tubes to increase the P adsorption efficiency. Tubes were
homogenized for 2 h on a roller mixer (200 rpm) and then centrifuged at 3000 × g for
15 min. The activity in the supernatant was measured on a Liquid Scintillation
Analyzer (LSA) (Tri-Carb® 2800 TR, PerkinElmer, Shelton, CT, USA). Briefly, 10
μl supernatant were mixed with 10 ml scintillation cocktail (Rotiszint®eco plus, Carl
Roth, Germany), then counting was conducted for 2 min. To purify the pellets, i.e.,
remove the non-adsorbed phosphates, the supernatant was discarded, and 30 ml of
deionized water were added to the tubes. The centrifugation and 32P activity
determination of the supernatants were repeated three more times as described.

The total amount of Pi added (20 mg rhizobox–1) was equivalent to a mineral P
fertilization of 85 kg ha–1. The initial 32P activity of the pellet was estimated based on
the duration of rice growth. At the time of pellet application (t0), approximately 20
MBq of 32P-labeled H3PO4 were employed per rhizobox to reach ca. 2.5 MBq of 32P
activity at the destructive sampling according to the 32P half-life (14.3 days).

2.4. Wheat straw preparation and labeling with 33P

Twenty pre-cultivated wheat seedlings (Triticum turgidum L.) were grown in 5-l
PVC buckets filled with 2 l nutrient solution culture containing 1.4 mM NH4NO3, 0.5
mM K2SO4, 1 mM CaCl2, 1.6 mM MgSO4·7H2O, 0.04 mM NaH2PO4, 0.15 μM MnCl2,
0.5 μM (NH4)6Mo7O24, 20 μM H3BO3, 0.15 μM ZnSO4·7H2O, 0.15 μM CuSO4·5H2O,
35 μM FeCl3 (Kim et al., 2005). To uniformly label the different organs of wheat
plants with 33P, phosphorus as NaH2PO4 was applied at a rate of 0.04 and 0.08 mM in
the solution during 1−13 and 14−20 days after wheat transplanting, respectively. The
nutrient solution was amended with 33P-labeled H3PO4 (370 kBq ul−1, Hartmann
Analytic GmbH, Braunschweig, Germany) on days 1, 7, and 14. The nutrient solution
was fully removed and refilled on days 7 and 14. This labeling method minimized the
immediate uptake and storage of 33P as Pi only in plant leaves (Siebers et al., 2019).
The time interval for the labeling was set as a 5% threshold of 33P activity remaining
in the nutrient solution. To obtain sufficient wheat plant biomass with required 33P
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activity, plants were harvested 20 days after transplanting. Wheat plants were dried at
60°C for 48 h and cut into < 1 mm. Approximately 3 mg wheat straw were used to
measure C and nitrogen (N) contents by an N/C analyzer (Multi N/C 2100S,
Analytik-Jena, Germany). To measure element concentrations and 33P activity in
wheat straw, 6 samples each approximately 100 mg straw were digested with 2 ml of
65% HNO3 at 180°C for 8 h. Each digested sample was filtered and filled up to 25 ml
volume with deionized water. To measure 33P activity, 1 ml sample was mixed with
10 ml scintillation cocktail (Carl Roth GmbH + Co. KG, Germany) in a 20-ml
scintillation vial, and then counted for 2 min on a Liquid Scintillation Analyzer (LSA)
(Tri-Carb® 2800 TR, PerkinElmer, Shelton, CT, USA). A subsample (2 ml) was used
to measure element concentrations by an inductively coupled plasma-optical emission
spectrometry (ICP-OES) (iCAP 7000 series ICP-OES, Thermo Fisher Scientific,
Dreieich, Germany). Total C, N, and P contents in wheat straw were 363.3 mg g−1,
33.3 mg g−1, and 3.5 mg g−1, respectively.

2.5. Destructive sampling

Soil samples were collected from three compartments: top bulk (0–4 cm from
soil surface), rooted (4–12 cm), and bottom bulk (12–16 cm) soil (Fig. S1). In each
compartment, soil was collected from three random locations. For microbial biomass
measurements, two samples of 7–10 g of moist soil from each compartment were
immediately placed in air-tight plastic bags and the soil was stored at 4°C until the
next day. For phosphomonoesterase (PME) kinetic assays, approximately 0.5 g moist
soil was kept in 100-ml Kimble KIMAX borosilicate laboratory glass bottles (Kimble
Chase Life Science and Research Products, LLC., Meiningen, Germany) filled with
deionized and sterile water with a soil-water ratio of 1:100 (m/v). Thereafter, bottles
were shaken for 30 min on a shaker (200 rpm) before enzyme activity assays.

2.5. Measurement of Fe(II) and Fe(III) concentrations and 32P and 33P activities in
soil solution

To measure Fe(II) concentration in soil solution, 2 ml of a sample were mixed
with 500 μl ammonium acetate buffer (pH 4.5) and 500 μl phenanthroline solution
(0.5%) in a 10-mm polystyrene cuvette (Th. Geyer GmbH & Co. KG, Renningen,
Germany) and then measured at 512 nm on a spectrophotometer (NanoPhotometer®
NP80, Implen GmbH, Munich, Germany). Then, 200 μl 10% ascorbic acid were
added to each cuvette to completely reduce Fe(III) to Fe(II) after a 30-min reaction.
Total Fe concentration was measured as Fe(II) as above (Elrod et al., 1991). Fe(III)
concentration was calculated as the difference between total Fe and Fe(II)
concentrations. Calibration was done by external FeCl3 standards ranging from 5 to
300 μM.

The 32P and 33P activities in extracted soil solution were determined using a
dual-labeling (32P/33P) counting procedure on the LSA (Tri-Carb® 2800 TR,
PerkinElmer, Shelton, CT, US), corrected for respective isotope radioactive decays,
and back-calculated to the reference date. Briefly, 1 ml soil solution was mixed with
10 ml scintillation cocktail (Carl Roth GmbH + Co. KG, Germany) and then counted
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for 10 min. The percentage of 32P or 33P activity in soil solution derived from applied
32P-labeled ferrihydrite-quartz-sand-pellet or 33P-labelled wheat straw (%P per
rhizobox) was calculated according to the following equation:

(1)

where soil solution volume was estimated by soil moisture.

2.6. Soil microbial biomass measurement

Extractable microbial biomass carbon (MBC) and nitrogen (MBN) were
measured using the chloroform-fumigation-extraction method (Vance et al., 1987)
and were calculated according to the equation:

(2)

where kEC and kEN are equal to 0.45 (Brookes et al., 1985; Vance et al., 1987) and EC

and EN are the difference between the content of organic C and the difference between
the content of total N extracted from the fumigated and non-fumigated soils,
respectively. The organic C and total N contents in each extract were measured by an
elemental analyzer (Multi N/C 2100S, Analytik, Germany).

Microbial biomass phosphorus (MBP) was measured according to Brookes et al.
(1984). Phosphorus was extracted with 0.5 M NaHCO3 solution and was measured
with the colorimetric method on a spectrophotometer (NanoPhotometer® NP80,
Implen, Munich, Germany). A conversion factor of 0.40 and the recovery of a P spike
in each soil sample were used to calculate MBP by calculating the difference between
the content of P extracted from the fumigated and non-fumigated soils.

2.7. Enzyme kinetic assays

The PME kinetic was measured using fluorogenically labelled substrate of
4-methylumbelliferyl-phosphate (Sigma-Aldrich Co. Ltd) according to Marx et al.
(2001). The PME kinetic was measured according to a Michaelis-Menten approach
with the following range of substrate concentrations 0, 5, 10, 20, 50, 100, 150, and
200 μM. For assays, 50 μl soil suspension, 100 μl 4-methylumbelliferyl-phosphate,
and 50 μl MES (2-(N-morpholino) ethanesulfonic acid) buffer (pH 6.5) were added
into a 96-well black microplate (Brand GmbH, Wertheim, Germany). The
fluorescence was repeatedly measured on a Victor 1420-050 Multi label counter
(PerkinElmer, USA) at 0, 30, 60, 90, 120 min after incubation of microplates. The
excitation and emission wavelengths were 355 nm and 460 nm, respectively. Duration
of reading per well was 0.1 s.

Based on 4-methylumbelliferyl (MUF) pure substance calibration, the rate of
PME activities was calculated as nmol MUF per g soil (dry weight) per hour
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corresponded to the substrate added (in μmol g−1 soil). The Michaelis-Menten
equation was used to calculate the kinetic parameters Vmax and Km:

(3)

where V is the reaction rate (nmol g−1 soil h−1), S is the substrate concentration (μmol
g−1 soil), Vmax is the maximal reaction rate of enzymatic activity at saturating substrate
concentration, and Km is the substrate concentration at half-maximal rate (1/2 Vmax).
Vmax and Km were estimated using non-linear curve fitting in GraphPad Prism 8
(GraphPad Software, Inc., San Diego, USA).

2.8. 32P and 33P recovery in rice plants and microorganisms

At harvest, rice roots were carefully removed from rhizoboxes and were washed
free of soil with deionized water. Rice shoots were separated from roots at the soil
surface. The shoot and root samples were dried in an oven at 60°C for 48 h and then
milled in a ball mill (Retsch MM200, Retsch GmbH, Haan, Germany). To measure
total P content and the activities of 32P and 33P in shoots and roots, approximately 100
mg of each sample was digested with 2 ml of 65% HNO3 at 180°C for 8 h. Each
digested sample was filtered and filled up to 50 ml volume with deionized water.
Subsample (2 ml) was used to measure the total P content by an inductively coupled
plasma-optical emission spectrometry (ICP-OES) (iCAP 7000 series ICP-OES,
Thermo Fisher Scientific, Dreieich, Germany). To measure 32P and 33P activities, 1 ml
sample was mixed with 10 ml scintillation cocktail (Carl Roth GmbH + Co. KG,
Germany) in a 20-ml scintillation vial, and then counted for 10 min on the LSA. The
measured 32P and 33P activities were corrected for respective isotope radioactive
decays and back-calculated to the reference date. The proportion of P derived from
applied Fe-P or wheat straw (%PShoot/Root) in shoot or root total P was calculated as:

(4)

where Total 32P/33P activity in shoots/roots is the activity (Bq) at the reference date,
and P mass in pellets/straw is the specific mass of labeled P in pellets/straw and
calculated by dividing total P by total 32P/33P activity in pellets/straw (mg Bq–1).

To measure 32P and 33P activities in MBP, 1 ml P extraction sample (see above
2.6) was mixed with 10 ml cocktail in a scintillation vial and then measured for 5 min
on the LSA. The measured 32P and 33P activities were corrected for respective isotope
radioactive decays and back-calculated to the reference date. The 32P and 33P activities
in MBP were calculated as the differences in 32P and 33P activities between samples
extracted without and with fumigation and corrected by the recovery of a P spike in
each soil sample. The proportion of P in MBP derived from applied Fe-P or wheat
straw (%PMBP) in each soil compartment was calculated as:
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(5)

where 32P/33P activity is the activity (Bq) in MBP at the reference date, and P mass in
pellets/straw is the specific mass of labeled P in pellets/straw and calculated by
dividing total P by total 32P/33P activity in pellets/straw (mg Bq–1).

2.9. Statistical analysis

A one-way ANOVA, followed by the Tukey’s HSD post-hoc test, was used to
test the significance of differences (p < 0.05) of the Vmax and Km values of PME
between water regimes (CF vs. AWD) or between soil compartments under each
water regime and for the proportion of P derived from applied Fe-P and wheat straw
in shoots and roots P between water regimes. A two-way ANOVA was used to test
the effects of (i) water regime and (ii) rice growth on the Eh values, the percentage of
32P and 33P recovery, the concentrations of Fe(II) and Fe(III), and the concentrations
of dissolved C, N, and P in soil solution. A two-way ANOVA was used to test the
effects of (i) water regime (CF vs. AWD) and (ii) soil compartment on the contents of
MBC, MBN, and MBP and the proportions of P derived from applied Fe-P and wheat
straw in MBP. Exponential regression analysis was used to determine the
relationships between Eh values and 32P recovery and between Eh values and 33P
recovery in soil solution. All statistical tests were conducted using SPSS (Version 21,
IBM, Armonk, NY, USA).

3. Results

3.1. Soil Eh, the recovery of 32P and 32P, and the concentrations of Fe(II) and Fe(III)
in soil solution

Soil Eh decreased under both CF and AWD regimes within ten days after rice
transplantation (Fig. 2a). Soil Eh stabilized between –151 and –195 mV from day 10
to day 40 under CF regime (Fig. 2a). Alternate wetting and drying regime strongly
increased soil Eh at drying phases (during 11–20 and 31–40 days) and decreased soil
Eh after flooding (during 1–10 and 21–30 days) (Fig. 2a).
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Fig. 2 Soil redox potential Eh (a), the recovery of 32P (b) and 33P (c), and the
concentrations of Fe(II) (solid lines) and Fe(III) (dash lines) (d) in soil solution under
continuous flooding (CF) (blue lines) and alternate wetting and drying (AWD)
(yellow lines) regimes. The blue and orange shaded areas show the wetting and drying
phases under AWD regime, respectively. Under AWD regime, the absence of data on
day 40 indicates failure of soil solution collection due to increased evaporation and
rice plant transpiration. The data are the means ± standard errors (n = 4). Two-way
ANOVA revealed significant effects (p < 0.001) of water regimes and rice growth on
Eh values, the proportions of 32P and 33P, and the concentrations of Fe(II) and Fe(III)
in soil solution.

Alternate wetting and drying regime decreased the 32P and 33P proportions in soil
solution (as % from the added 32P and 33P activities) compared to continuous flooding
regime (Fig. 2b, c). Under CF, the 32P proportion abruptly decreased from day 16 to
day 30, and the 33P proportion smoothly decreased after day 10 (Fig. 2c). Under AWD,
the peaks of 32P and 33P proportions in soil solution coincided with the onset of soil
drainage (day 10 and day 30) (Fig. 2b, c).

Alternate wetting and drying decreased Fe(II) and Fe(III) concentrations
compared to continuous flooding (Fig. 2d). Under CF, the peaks of Fe(II) and Fe(III)
were only observed on day 10 (Fig. 2d, blue lines). In contrast, the peaks of Fe(II)
under AWD were observed on day 10 and day 30 (Fig. 2d, yellow lines).

The 32P and 33P proportions in soil solution increased with decreasing redox
potential (more negative Eh values) under two water regimes (Fig. 3).
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Fig. 3 Relationships between redox potential (Eh values) and either 32P (a) or 33P (b)
proportions in soil solution under continuous flooding (CF) and alternate wetting and
drying (AWD) regimes.

3.2. Soil microbial biomass and phosphomonoesterase kinetic parameters

Alternate wetting and drying pronouncedly decreased MBC and MBN contents
in top bulk soil as compared to continuous flooding (Fig. 4a, b). However, water
regimes had no effects on MBP content (Fig. 4c). The highest MBC, MBN, and MBP
contents were found in rooted soil as compared to bulk soils (Fig. 4).

Fig. 4 Microbial biomass carbon (MBC, a), nitrogen (MBN, b), and phosphorus
(MBP, c) contents in the top bulk, rooted, and bottom bulk soils under continuous
flooding (CF) and alternate wetting and drying (AWD) regimes. The data are the
means ± standard errors (n = 4). The p values show the effects of water regime or rice
growth on the respective parameter.

The PME activity was 9% higher in top bulk soil but was 14–18% lower in
rooted and bottom bulk soil under CF vs. AWD regime (Fig. 5). Among three
compartments, 15–50% higher Vmax values were found in rooted soil vs. bulk soil (Fig.
5). The affinity of PME to substrates (Km values) was 4–28% lower under CF vs.
AWD regime (Fig. 5). The Km values of PME were 22–76% higher in rooted soil as
compared to bulk soil (Fig. 5).
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Fig. 5 Maximum reaction rate (Vmax) and the affinity to a substrate (Km) of
phosphomonoesterase (PME) in the top bulk, rooted, and bottom bulk soil under
continuous flooding (CF) (filled symbols) and alternate wetting and drying (AWD)
(open symbols) regimes. The data are the means ± standard errors (n = 4). Uppercase
and lowercase letters represent significant differences (p < 0.05) in Vmax and Km

between CF and AWD regimes, respectively. Significant differences (p < 0.05) in
Vmax and Km values among the soil compartments were observed.

3.3. 32P and 33P recovery in rice plants and microorganisms

The Fe-P dissolution and wheat straw mineralization contributed up to 16% and
20% of the plant P uptake and up to 15% and 35% of microbial P uptake at day 40
after rice transplantation, respectively (Fig. 6). The proportions of P derived from
applied Fe-P and wheat straw in shoots and roots were 43–64% higher under CF vs.
AWD regime (Fig. 6a, b). Similarly, the proportion of P derived from applied Fe-P in
MBP was 5–45% higher under CF vs. AWD regime (Fig. 6c). In contrast, the
proportion of P derived from applied wheat straw in MBP was 6–18% higher under
AWD vs. CF regime (Fig. 6d). Among three soil compartments, the proportion of P
derived from applied Fe-P in MBP was 72–78% higher in bulk soil than in rooted soil
(Fig. 6c). In contrast, the proportion of P derived from applied wheat straw in MBP
was 16–42% higher in rooted soil than in bulk soil (Fig. 6d).



223

Fig. 6 Proportions of phosphorus (P) derived from applied ferric iron-bound P (Fe-P)
and wheat straw in shoots or roots (a, b) and microbial biomass P (MBP, c, d) under
continuous flooding (CF) and alternate wetting and drying (AWD) regimes. The data
are the means ± standard errors (n = 4). Uppercase or lowercase letters represent
significant differences (p < 0.05) in the proportions of P derived from applied Fe-P
and wheat straw in shoots or roots between CF and AWD regimes, respectively. The p
values show the effects of water regime or rice growth on the respective parameter.

4. Discussion

4.1. Effects of water regimes on Fe-P dissolution and wheat straw mineralization

The 32P proportion in soil solution was higher under CF vs. AWD regime (Fig.
2b), supporting the first hypothesis that AWD decreases mineral P solubilization (Fig.
S2c). The rate of P release from the reductive dissolution of Fe-P depends on the
activities of Fe reducers (Lovley et al., 2004; Wang et al., 2022c, d), redox potential
(Schmidt et al., 2011; Wang et al., 2022c, d), and soil pH (Devau et al., 2009). Soil
flooding expelled most of O2 and restricted the exchange with atmospheric O2, thus
decreasing rapidly Eh values during the first 10 days under both water regimes and
from day 20 to day 23 under AWD regime (Fig. 2a). Low redox potentials (Eh values
ranging from −314 mV to +14 mV) reflect the conditions for abiotic Fe-P dissolution
(Weber et al., 2006) which pave the way for the growth of Fe reducers (Lovely et al.,
2004). This is confirmed by the negative relationships between Eh values and 32P
proportions in the soil solution (Fig. 3a). Despite Eh values under CF regime were
ranging from −195 mV to −151 mV from day 10 to day 40 (Fig. 2a), the 32P and 33P
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proportions in soil solution started to decrease from day 16 and day 10 after rice
transplantation, respectively (Fig. 2b, c). This can be attributed to several co-running
processes: (i) increased P uptake by rice plants and microorganisms (Lazali and
Bargaz, 2017), (ii) decreased microbial biomass because of the shift from aerobic to
anaerobic microbial communities after flooding (Tian et al., 2013), and (iii) P
co-precipitation and re-adsorption on soil minerals (Hinsinger, 2001).

Under AWD, the dynamics of 32P proportion in soil solution showed an opposite
pattern to Eh dynamics (Fig. 2a, b). This is because the reductive dissolution of Fe-P is
redox-sensitive (Li et al., 2012). A rapid shift to oxidative conditions (high redox
potentials) may decrease Fe-P dissolution and increase Pi re-adsorption on soil
minerals during drying periods (Yan et al., 2017), thus decreasing P solubility and
availability. The 33P proportion in soil solution depended on the wheat straw
mineralization by microorganisms, microbial and plant P uptake, and chemical
processes of sorption/desorption of P on soil particles. The rate of Po transformation
from wheat straw is generally controlled by phosphatases (Cosgrove, 1980). Higher
phosphomonoesterase activities in rooted soil where soil solution was collected were
observed under AWD vs. CF regime (Fig. 5). Therefore, P release from Po
mineralization was expected to be increased under AWD vs. CF regime. However, the
AWD decreased the 33P proportion in soil solution compared to CF regime (Fig. 2c).
Moreover, the 33P proportions in soil solution were negatively related to Eh values
(Fig. 3b), and contrasting patterns of the dynamics of Eh values and 33P proportions
were observed under AWD regime (Fig. 2a, c). This suggests that a significant
fraction of the released P after wheat straw mineralization during AWD was mainly
bound to the soil solid phase because of the increased P sorption capacity of soils after
drying (Olsen and Court, 1982). Accordingly, soil water status is more important as a
control of the release of P from Po mineralization, and straw addition is unlikely to
fully overcome P deficiency, especially under AWD regime.

4.2. Effects of water regimes on microbial biomass and phosphomonoesterase
activities

Contrasting effects of water regimes on microbial biomass have been
documented for the variety of soils (Mondini et al., 2002; Nandi, 2020). Our results
showed that the effects of water regimes on microbial biomass were soil
depth-dependent (Fig. 4). The decrease of microbial biomass in top bulk soil under
AWD is most likely because microorganisms have not yet adapted to the AWD stress
(Sawada et al., 2019; Bagheri-Novair, et al., 2020). Only the microorganisms with
adaption strategies such as production of spores or cysts can survive drought stress
(Blackwell et al., 2010). This is why AWD reduced microbial biomass in top bulk soil.
However, AWD had less effects on microbial biomass in rooted and bottom bulk soil
compared to top bulk soil (Fig. 4). This is because the soil experiences less swings in
soil moisture with increasing depth (Brady and Weil, 2002). Nutrient availability
plays a key role for the growth and activity of microorganisms. We found that
dissolved C and N concentrations in soil solution were no longer different from day
23 to day 36 despite of contrasting water regimes (Fig. S2a, b). This is most likely due
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to the provision of labile C by wheat straw decomposition which ultimately governed
the microbial biomass (Yuan and Yue, 2012).

Phosphomonoesterase activities in top bulk soil were higher under CF vs. AWD
regime (Fig. 5), thus following microbial biomass patterns (Fig. 4). Alternate wetting
and drying regime increased phosphomonoesterase activities in rooted and bottom
bulk soils (Fig. 5), although no differences in MBP were observed between two water
regimes (Fig. 4c). This was coinciding with decreased 32P and 33P proportions in soil
solution under AWD vs. CF regime (Fig. 2b, c). The contribution of P derived from
Fe-P dissolution to MBP was lower in rooted soil than in bulk soil (Fig. 4c),
suggesting a strong competition between rice plants and microorganisms for the
available P. Accordingly, P-deficient microorganisms may increase the secretion of
phosphomonoesterase mobilizing Po to compensate for their P demand. This is
supported by 18% higher phosphomonoesterase activities (Vmax) in rooted soil under
AWD vs. CF regime (Fig. 5). Microbial biomass and phosphomonoesterase activities
were higher in rooted soil than in bulk soil (Fig. 3, 5), suggesting that microbial
growth and activity were promoted by root exudates that provide easily available C
sources (Marschner et al., 2011 ).

One strategy adopted by microorganisms to cope with P deficiency is increasing
the affinity of their own phosphatases to the substrate (i.e., decreasing Km values)
(Lazali and Bargaz, 2017). The Km values of PME was 4–28% higher under CF vs.
AWD regime (Fig. 5), suggesting that a selection of microorganisms producing
high-affinity phosphatases thrived and outcompeted those with low-affinity
phosphatases under fluctuating redox potentials. Thus, the adaptation of microbial
metabolism to AWD is a potential mechanism for regulating Po transformation when
soil moisture fluctuates (Wang et al., 2022a, b).

4.3. Effects of water regimes on the contributions of Fe-P and wheat straw to P
demands of rice plants and microorganisms

Continuous flooding increased the contribution of Fe-P to rice plant and
microbial P uptake (Fig. 6a, c) because of the increased rates of the reductive
dissolution of Fe-P under low-redox conditions after flooding (Fig. 2a, b). In contrast
to our expectations, AWD regime decreased the contribution of wheat straw-derived P
to the P nutrition of rice plants compared to CF regime (Fig. 6b). Thus, our second
hypothesis that AWD regime induces higher contributions of Po to rice plant P
demand was not confirmed. However, the hypothesis that AWD regime increases the
contribution of Po to microbial P nutrition was supported by 5–64% higher 33P
proportions in MBP under AWD vs. CF regime (Fig. 6d). This means that
microorganisms immobilized most P derived from wheat straw mineralization to their
biomass, thus decreasing P availability to plants (Fig. 7). Phosphorus uptake by rice
plants is controlled not only by the P availability in soil solution, but also by the
processes of P transport to the roots (Jungk and Claasen, 1989). Apparently,
continuous flooding increased plant available P by the improved P diffusion
compared to alternate wetting and drying regime (Fig. 7).
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Fig. 7 Conceptual scheme demonstrating the effects of water regimes on mineral
phosphorus (P) availability and the contributions of ferric iron-bound P (Fe-P) and
wheat straw-driven P to P uptake by rice plants and microorganisms. Trapezoids with
color gradients demonstrate either the relative P availability in soil solution or the
relative contributions of Fe-P and wheat straw to microbial biomass P from high (dark)
to low (light).

72–78% lower contributions of Fe-P and 16–42% higher contributions of wheat
straw-driven P to MBP were observed in rooted soil vs. bulk soil (Fig. 6c, d). Thus,
the third hypothesis that microorganisms compensate for their P demand from Po
sources under a strong plant-microorganism competition was supported.
Microorganisms appear to be more competitive for Po than rice plants, and rice plants
are more competitive than microorganisms for P released from the reductive
dissolution of Fe-P (Fig. 7). Finally, these findings opened further perspectives for
estimating the contributions of Fe-P and Po to rice grains under different water
regimes.

5. Conclusions

Continuous flooding increased the release of P from both Fe-P and wheat straw
into the soil solution. The effects of water regimes on microbial biomass and
phosphomonoesterase activities were soil depth-dependent. Alternate wetting and
drying induced drought stress on microorganisms in top bulk soil, thus reducing
microbial biomass and phosphomonoesterase activities. Despite water regimes had no
effects on MBP contents, AWD increased phosphomonoesterase activities in rooted
and bottom bulk soil. This can be attributed to decreased P availability caused by
higher P sorption on mineral phases of soils after drying and increased competition
between rice plants and microorganisms for P. Continuous flooding promoted the
contributions of P released from Fe-P dissolution and wheat straw decomposition to P
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nutrition. Rice plants outcompeted microorganisms for P released from the reductive
dissolution of Fe-P, and microorganisms increased the immobilization of wheat
straw-derived P to their biomass. The released P amount by Fe-P dissolution and
wheat straw decomposition contributed up to 36% and 40% of the plant and microbial
P demand, respectively. Thus, phosphate fertilization strategies should be adapted
considering the rates of P mobilization from Fe (oxyhydr)oxides and straw under
different water regimes in paddy soils.
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Supplementary

Fig. S1 Sampling locations in three soil compartments including top bulk, rooted, and
bottom bulk soils

Fig. S2 Dynamics of dissolved carbon (C; a), nitrogen (N; b) and phosphorus (P; c)
concentrations in soil solution under continuous flooding (CF; blue and solid line) and
alternate wetting and drying (AWD; yellow and dashed line) regimes. Under AWD
regime, the absence of data on day 40 indicates failure of soil solution collection due
to increased evaporation and rice plant transpiration. The data are mean ± standard
error (n = 4). The p values show the effects of water regime or rice growth on the
respective parameter.
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