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Abstract: In this study, Shewanella oneidensis MR-1, an iron (Fe)-reducing bacterium, was inoculated to a red soil,
which was then incubated. Soil samples were taken regularly to analyse the variation of iron oxides and phosphorus (P)
fractions. The results showed that the MR-1 inoculation increased the content of the free iron oxides, but decreased the
activity of the iron oxides in the soil, and had no significant influence on the amorphous iron oxides. The MR-1 inocu-
lation increased the resin-P and residual-P, decreased the NaHCO3-extracted inorganic P (NaHCOs3-P;) and NaOH-ex-
tracted inorganic P (NaOH-P;), but did not significantly influence the diluted HCl-extracted inorganic P (D.HCI-P;) and
concentrated HCl-extracted inorganic P (C.HCI-P;). The presence of MR-1 influenced the correlation between the free
iron oxides and NaOH-P;. In the CK where deactivated MR-1 was applied, there was a significant positive correlation
between the free iron oxides and the NaOH-P;; in the treatment with the live MR-1 inoculation, there was no correlation
between them. In addition, there was a significant positive correlation between the free iron oxides and the C.HCI-P;,
and there was a significant negative correlation between the NaHCOj3-Pj, resin-P, and residual-P. Therefore, the MR-1
inoculation improved the P availability by decreasing the activity of the iron oxides and consequently improved the
P use efficiency in the red soil.
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Phosphorus (P) is an essential nutrient element
for plants. According to the statistical data released
by the National Bureau of Statistics of China, Chi-
na’s annual phosphate fertiliser output in 2015 was
18 572 000 t, and the equivalent P amount of the
applied agricultural phosphate fertiliser was nearly
8 430 600 t. However, the research data show that
P use efficiency is extremely low, with most of the
P applied to soils being immobilised by Mn/Fe oxides
or transformed to unavailable forms through adsorp-

tion and precipitation (Chen et al. 1997). Applying
large quantities of phosphate fertiliser to soils not
only leads to low P use efficiency, but also aggravates
the environmental load (Wang & Liang 2014; Huang
et al. 2017; Van der Salm et al. 2017). Therefore, it
is of significance to improve the P use efficiency.
Due to strong desilication and ferrallitic weather-
ing, red soils have very high contents of iron oxides,
which readily bond with P, resulting in low P avail-
ability (de Mello et al. 1998; Rozan et al. 2002; Lu
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et al. 2014). It is documented that iron (Fe)-P com-
pounds account for 40-80% of the total content of
the different forms of P (Baefan 1963). Therefore, it
would be significant to improve the P availability in
red soils to improve the P use efficiency.

Soil microbes drive geochemical cycling and the
mass and energy exchange between different portions
of the global ecosystem (Song et al. 2013). Moreover,
soil microbes are also referred to as the converters of
biological dark matter in the cycling of soil nutrients
(Jansson 2013). It is estimated that each gram of soil
may contain several tens of thousands of microbial
species and about 10 billion microbes (Song et al.
2013). As these communities perform their respec-
tive functions, they provide and maintain a stable
soil environment. Shewanella oneidensis MR-1 is
a Gram-negative facultative anaerobe capable of
utilising a broad range of electron acceptors and
also the first known Fe-reducing bacterium that
oxidises organic matters via Fe(III) reduction to
obtain energy for growth (Myers & Nealson 1988).
With the reduction of Fe(III) to Fe(II), the P that is
strongly fixed by Fe(III) is expected to be released
and become bioavailable (Maranguit et al. 2017).
For crops that require a flooding period during their
growth such as rice, S. oneidensis MR-1 can play an
important role during the flooding period in provid-
ing available P for crop growth and development. In
fact, anaerobic microenvironments are ubiquitous
in aerobic soils (Kaiser & Bollag 1990). Therefore,
S. oneidensis MR-1 is expected to play a significant
role in the P transformation in aerobic soils as well.
The present research was aimed to investigate the
influence of S. oneidensis MR-1 on the transformation
of Fe and P in a red soil. The findings of this study
are expected to help improve the P use efficiency in
red soils, which is of significant in terms of resource
preservation and environmental protection.

MATERIAL AND METHODS

Soil and bacterial strain. The experimental soil
samples were acquired from Zhanjiang City (Xuwen
County, Guangdong Province, China). The soil was
naturally air-dried in a well-ventilated place, passed
through a 2-mm nylon sieve, and then sealed for later
use. The basic physicochemical properties were as
follows: pHy,0 5.1, organic matter 1.96% (Lu 1999),
NaHCOs-extractable P 104 mg/kg (Olsen et al. 1965),
alkali-hydrolysable N 69.0 mg/kg (Lu 1999), NH,OAC-
extractable potassium 358 mg/kg (Lu 1999), and
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1 mol/L HNOs-extractable potassium 154 mg/kg (Lu
1999). A liquid culture of S. oneidensis MR-1, which
is a facultative anaerobic bacterium, was used in the
experiment. The microbial culture was provided by
the microbial remediation team at the Guangdong
Institute of Eco-environment Science & Technology.

Experimental design and laboratory analyses.
For the experiment, 50 g of air-dried soil was added
to a 250-mL polyethylene bottle. The bacterial strain
S. oneidensis MR-1 was inoculated at 5 x 10’ CFU/g
soil. Then, the soil-water content was adjusted to
120% of the field water capacity. After the liquid
and soils were mixed thoroughly, the mixture was
cultivated for 35 days in a biochemical incubator at
a constant temperature of 25 °C. Two treatments
were set up for the incubation experiment: One was
CK where S. oneidensis MR-1 autoclaved at 120 °C
for 30 min was added to the soil, and the other was
MR-1 where the live S. oneidensis MR-1 was inocu-
lated to the soil. Each treatment was set up in trip-
licate, with samples collected on day 0, 2, 4, 7, 14,
21, 28, and 35, during the incubation period. Then,
the collected soil samples were air-dried and sieved
through a 10-, 60-, or 100-mesh (i.e., 2.0-, 0.25-, and
0.15-mm, respectively) nylon sieves to determine of
the related properties.

The soil pH and redox potential (Eh) were mea-
sured under the condition that the ratio of soil to
water was 1:2.5. The free iron oxide in the soil was
extracted using the dithionite-citrate-bicarbonate
(DCB) method, and then its concentration was mea-
sured using phenanthroline colorimetry (Lu 1999).
The amorphous iron oxide was extracted using an am-
monium oxalate buffer solution, and its concentration
was also measured using phenanthroline colorimetry
(Lu 1999). The soil P was fractionated into: resin-P,
NaHCOj; extracted inorganic (NaHCO3-P;) and or-
ganic P (NaHCOs;-P,), NaOH extracted inorganic
(NaOH-P;) and organic P (NaOH-P,), concentrated
HCI extracted inorganic (C.HCI-P;) and organic P
(C.HCI-P,), diluted HCl extracted inorganic P (D.HCI-P;),
and residual P according to Tiessen and Moir (1993).
Briefly, dry soil, distilled water, and a strip of anion
exchange resin membrane were put in a centrifuge
tube and shaken. The resin-P was recovered with HCI.
The soil residue was extracted with an NaHCOj3 so-
lution. A portion of the NaHCOj3 extract was used
to determine of NaHCOj3-P; after precipitating the
extracted organic matter. The other portion of the
NaHCOj; extract was digested to determine the to-
tal P, and NaHCO3-P, was calculated as the differ-
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ence between the total P and NaHCOj3-P;. The soil
residue was then extracted with the NaOH solution.
Similarly, NaOH-P; was determined after a portion
of the extract was acidified to precipitate the ex-
tracted organic matter, and NaOH-P, was calculated
as the difference between the total P of the extract
and NaOH-P;. The soil residue was extracted with
diluted HCI (1 mol/L) and D.HCI-P; was determined
using the supernatant. The soil residue was extracted
with concentrated HCI. The supernatant was used
to determine C.HCI-P;, and C.HCI-P, was the differ-
ence between the total P of the extract and C.HCI-P;.
The final soil residue was digested to determine the
residual P. Of the obtained fractions, resin-P, NaH-
COs3-P;, and NaHCO3-P,, are labile P forms, NaOH-P;
and NaOH-P, are moderately stable P forms, and
C.HCI-P;, C.HCI-P,, D.HCI-P;, and residual P are
stable P forms.

Statistical analyses. Statistical analyses were con-
ducted using IBM SPSS Statistics 20, correlations
were determined using Pearson’s correlation analysis,
and the graphs were drawn using Origin (Ver. 8.5.1).

RESULTS

Changes in soil pH and Eh. The soil pH increased
from 5.1 for the first seven days of the incubation and
then continuously decreased to approximately 4.2 in
both the CK and MR-1 treatments (Figure 1). In contrast,
the soil Eh decreased for the first several days and then
continuously increased. During incubation, the soil pH
was significantly higher while the soil Eh was signifi-
cantly lower in the MR-1 treatment than in the CK one.
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Changes in iron oxides. As important minerals
in subtropical soils, iron oxides can determine the
colours and certain properties of the soils, and are
characterised by high activity and a highly variable
range of contents. Of the iron oxides, amorphous iron
oxides are of special interest due to their important
roles in chemical processes.

Figure 2A shows the changes in the contents of
the free iron oxides. In the two treatments, the free
iron oxide content increased with time. In the CK
treatment, the free iron oxide content increased
rapidly (by 6 g/kg) in the first four days of the ex-
periment, then decreased, and then increased again.
In the MR-1 treatment, the content of the free iron
oxides decreased in the first four days, but increased
sharply (by 5.6 g/kg) over the next three days, and
then increased slowly. At the end of the incubation,
the free iron oxide content in the CK treatment in-
creased by approximately 10% compared with that
at the beginning of incubation, while that in the
MR-1 treatment increased by approximately 11%.
There were no significant differences in the free iron
oxide content between the two treatments during
the entire incubation period.

Figure 2B shows the changes in the content of the
amorphous iron oxides. After two days of incubation,
the amorphous iron oxide content in both treatments
decreased by close magnitudes. From day 2 to 4, the
amorphous iron oxide content in the CK treatment
decreased further while that in the MR-1 treatment
increased. After 7 days of incubation, the amorphous
iron oxide content in both treatments began to de-
cline again. During the 35-day incubation period,
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Figure 1. Changes in the soil pH and redox potential (Eh) in the CK treatment (deactivated Shewanella oneidensis MR-1
was added) and the MR-1 treatment (alive S. oneidensis MR-1 was inoculated) during incubation; error bars are standard

errors (n = 3)

different letters indicate significant differences between the treatments for the same sampling time
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Figure 2. Changes in the free iron oxide (A) and amorphous iron oxide (B) contents in the CK treatment (deactivated Shewanella
oneidensis MR-1 was added) and the MR-1 treatment (live S. oneidensis MR-1 was inoculated) during incubation
different letters indicate significant differences between the treatments for the same sampling time

the amorphous iron oxide content in the two treat-
ments did not show large changes, but only small
fluctuations. There were no significant differences
in the amorphous iron oxide content between the
two treatments during the entire incubation period.
This indicates that the inoculation of S. oneidensis
MR-1 did not have a significant influence on the
amorphous iron oxide content in the soil.

The activity of iron oxides is quantified as the
ratio (percentage) of the amorphous iron oxide
content to the free iron oxide content in the soil.
Table 1 shows the changes in the iron oxide activ-
ity in the two treatments. The iron oxide activity
decreased slightly during incubation in both treat-
ments. The activity changes indicate the gradual
ageing of the free iron oxides in soils with time,
regardless of whether the soils were inoculated
with S. oneidensis MR-1 or not.

Changes in inorganic P and residual P. The resin-P
is the most bioavailable of the variable P forms in the
soil. In the MR-1 treatment, the resin-P content first
increased and then continuously decreased (Figure 3A).
Similarly, the resin-P content increased and then de-

creased in the CK treatment, but with much smaller
magnitudes. The resin-P content was significantly
higher in the MR-1 treatment than in the CK one
for the entire incubation period, and the maximum
resin-P content in the MR-1 treatment (97.2 mg/kg)
was 35% higher than that in the CK one (71.9 mg/kg),
indicating that the inoculation of S. oneidensis MR-1
increased the resin-P content in the soil.

The NaHCO3-P; content in the MR-1 treatment
decreased rapidly in the first four days and then in-
creased (Figure 3B), while that in the CK treatment
increased with time. It was significantly higher in
the CK treatment than in the MR-1 treatment for
the entire incubation period. The NaOH-P; content
did not change much in the CK treatment during the
incubation period, while that in the MR-1 treatment
first decreased then increased (Figure 3C). In the
first seven days, the NaOH-P; content in the MR-1
treatment decreased by approximately 12 mg/kg,
indicating that part of the NaOH-P; had been trans-
formed into other forms of P due to the presence of
S. oneidensis MR-1. In the subsequent two weeks,
the content of NaOH-P; increased, indicating that

Table 1. Iron oxide activity changes in the CK treatment (deactivated Shewanella oneidensis MR-1 was added) and in
the MR-1 treatment (live S. oneidensis MR-1 was inoculated) during incubation of the red soil

Iron oxide activity (%)

Treatment

day 0 day 2 day 4 day 7 day 14 day 21 day 28 day 35
CK 6.0 5.5 5.3 5.8 5.4 5.3 5.2 5.3
MR-1 5.7 5.5 59 5.5 5.4 5.2 5.1 5.2

Values are means (# = 3)
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other forms of P had been transformed into NaOH-P;. Figure 3E shows the variation in the C.HCI-P; content
In the later stage of the experiment, the NaOH-P; (also referred to as stable inorganic P). The C.HCI-P;
content remained stable. As can be seen from Fig- content decreased by approximately 70 mg/kg
ure 3D, the D.HCI-P; content remained almost un- in the first four days in both treatments and then
changed regardless of whether S. oneidensis MR-1  did not change much for the rest of the incubation
was inoculated or not. period, indicating that the inoculation of S. onei-
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Figure 3. Changes in the resin-P (A), NaHCOs3-P; (B), NaOH-P; (C), D.HCI-P; (D), C.HCI-P; (E), and residual-P (F) contents
in the CK treatment (deactivated Shewanella oneidensis MR-1 was added) and the MR-1 treatment (live S. oneidensis
MR-1 was inoculated) during incubation

different letters indicate significant differences between the treatments for the same sampling time; NaHCO3-P; — NaHCO3
extracted inorganic P; NaOH-P; — NaOH extracted inorganic P; D.HCI-P; — diluted HCI extracted inorganic P; C.HCI-P; —

concentrated HCl extracted inorganic P
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Figure 4. Changes in the NaHCOs-P, (A) and NaOH-P, (B) contents in the CK treatment (deactivated Shewanella onei-
densis MR-1 was added) and the MR-1 treatment (live S. oneidensis MR-1 was inoculated) during incubation

different letters indicate significant differences between the treatments for a same sampling time; NaHCO3-P, — NaHCO3

extracted organic P; NaOH-P, — NaOH extracted organic P

densis MR-1 only influenced the C.HCI-P; content
for a short time. The residual-P is the most stable
P fraction in the soil, and can hardly be utilised by
plants. There were no significant differences in the
residual-P between the two treatments, and it tended
to increase with time in both treatments (Figure 3F).
Of the six inorganic P fractions, the C.HCI-P; content
was the highest (> 550 mg/kg), while the D.HCI-P;
content was the lowest (< 20 mg/kg).

Changes in organophosphorus. The NaHCOs-P,
content was very low (10-25 mg/kg) in the soil (Fig-
ure 4A). In the CK treatment, the NaHCOj3-P, content
increased slightly with time. In the MR-1 treatment,
the NaHCO3-P, content decreased by 41.5% in the
first 14 days, increased over the next seven days,
and did not change much afterwards. The NaOH-P,
content decreased by 9 mg/kg in the CK treatment
and by 22 mg/kg in the MR-1 treatment in the first
four days of incubation (Figure 4B), indicating that
the inoculation of S. oneidensis MR-1 to the red soil
may have driven the transformation of NaOH-P,
into other forms of P.

Correlation between the iron oxides and P frac-
tions. In both the CK and MR-1 treatment, the pH
was significantly and negatively correlated with
the Eh, with both correlation coefficients being —0.99
(P <0.01), and the pH was significantly and negatively
correlated with the NaHCO3-P;, with correlation
coefficients of —0.86 (P < 0.01) and -0.90 (P < 0.01),
respectively (Tables 2 and 3). In contrast, the Eh
was significantly and positively correlated with the
NaHCOs3-P;, with correlation coefficients of 0.88
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(P < 0.01) and 0.90 (P < 0.01) for the CK and MR-1
treatments, respectively. For the CK treatment, the
pH was significantly and negatively correlated with
the NaHCOs-P,, (P < 0.05), whereas the Eh was signifi-
cantly and positively correlated with the NaHCO3-P,
(P < 0.05). For the MR-1 treatment, the pH was sig-
nificantly and negatively correlated with the free
iron oxide (P < 0.01), but significantly and positively
correlated with the resin-P (P < 0.05); the Eh was
significantly and positively correlated with the free
iron oxide (P < 0.01), but significantly and negatively
correlated with the resin-P (P < 0.05). There was no
significant correlation between the pH and the free
iron oxide and resin-P in the CK treatment, and there
was no significant correlation between the Eh and
the free iron oxide and resin-P in the CK treatment
either. In both the CK and MR-1 treatments, the
resin-P was significantly and negatively correlated
with the NaHCO3-P;, with a correlation coefficient
0of —0.79 (P < 0.05) and -0.81 (P < 0.01), respectively.
This indicates that the increase in the resin-P con-
tent may be primarily due to the transformation of
NaHCO3-P;. In the CK treatment, the free iron oxide
was significantly and negatively correlated with the
NaOH-P;. However, such a correlation was not ob-
served in the MR-1 treatment. In both the CK and
MR-1 treatments, the residual-P was significantly and
negatively correlated with the C.HCI-P;, indicating
that the increase in the residual-P may be primarily
due to the transformation of C.HCI-P;. There was
also a significant positive correlation between the
NaOH-P, and NaHCO3-P;.
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DISCUSSION

It is known that red soils have high contents of
iron oxides, and iron oxides influence the transfor-
mation of soil nutrients. For example, iron oxides
together with oxyacid roots (e.g., HoPOg) are able
to change such soil physicochemical processes as
absorption, desorption, sedimentation, and dis-
solution, thus influencing the availability of soil
nutrients (Parfitt 1989, Borggaard et al. 1990). Due
to the special water management regimes, the redox
potential in red paddy soils changes periodically,
affecting the redox transformation of Fe. Previous
studies have mainly been focused on the relation-
ship between the iron oxides and P fractions in
lowland paddy soils (Sun et al. 2008; Tang et al.
2014). Few studies have been conducted on their
relationship in upland soils. In the present research,
S. oneidensis MR-1, an Fe-reducing bacterium, was
inoculated to an upland red soil. It was found that
the free iron oxide content in the soil inoculated
with S. oneidensis MR-1 was higher than that in the
CK treatment, and that the activity of iron oxides
decreased during incubation. The research data
show that waterlogging increases the activity of
iron oxides because the soil Eh decreases under
waterlogging conditions, which is favourable for
the transformation of Fe(III) to Fe(II) (Sah et al.
1989; Krairapanond et al. 1993; Su et al. 2001). In
the present research, the soil Eh increased with
time during the incubation without waterlogging.
Therefore, the iron oxide activity did not increase.

The content of various P fractions in the soil is in-
fluenced by a variety of factors (Negassa & Leinweber
2009). According to the P fractionation method used
in the present research, resin-P is the most bioavail-
able fraction among all P fractions. When the P in soil
solution is depleted due to plant uptake, this fraction
of P will replenish the soil solution quickly. In terms of
availability, NaHCOs3-P; is second only to the resin-P
(Zhang et al. 2009). Our results show that when the
soil was inoculated with S. oneidensis MR-1, the
resin-P increased, while the NaHCO3-P; decreased.
There was a significant negative correlation between
the resin-P and NaHCOs3-P; (correlation coefficient
of —0.81 and P < 0.05), indicating that the increase
in the resin-P may be due to the transformative use
of NaHCOs-P; by S. oneidensis MR-1.

In red soils, P readily complexes with Fe and be-
comes unavailable (Mozaffari & Sims 1994, Nash &
Halliwell 1999). The higher the content of free iron

oxides in the soil, the more P is fixed (Guo et al. 2012).
In this study, the NaOH-P; and residual-P were the
prevalent P fractions, accounting for 40—-45% of the
total P. The free iron oxide content was positively
correlated with that of NaOH-P;. Such a relationship
was also reported by Guo et al. (2012). Phosphorite is
the major component of D.HCI-P in red soils (Zhang
et al. 2009). In the present work, the D.HCI-P con-
tent was extremely low and remained stable during
the incubation, which may be because the soil was
acidic (Linghu et al. 2016). Of the P fractions, resin-P
and NaHCOjs-P; changed greatly during the entire
incubation period while the other fractions obvi-
ously changed at the early stage of the incubation,
but were relatively stable in the later stages. The
bacterial strain S. oneidensis MR-1 influenced the
P availability by driving the transformation of Fe. In
addition, when S. oneidensis MR-1 absorbs P from
the available forms, the P becomes unavailable and
organic.

CONCLUSION

S. oneidensis MR-1 inoculation increased the free
iron oxide content in the soil and decreased the iron
oxide activity. In addition, the S. oneidensis MR-1
inoculation increased the resin-P and residual-P,
reduced the NaHCOj3-P;, C.HCI-P;, NaHCO3-P, and
NaOH-P,, and had no significant influence on the
D.HCI-P; in the soil. The increase in the resin-P was
mainly due to the transformation of NaHCO3-P;,
while the increase in the residual-P was mainly due
to the transformation of C.HCI-P;. Inoculation of
S. oneidensis MR-1 to red soils can increase the
P bioavailability.
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