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Abstract

Combined straw and straw-derived biochar input is commonly applied by farmland management in low-fertility
soils. Although straw return increases soil organic matter (SOM) contents, it also primes SOM mineralization. The
mechanisms by which active microorganisms mineralize SOM and the underlying factors remain unclear for such
soils. To address these issues, paddy soil was amended with '*C-labeled straw, with and without biochar (BC) or fer-
rihydrite (Fh), and incubated for 70 days under flooded conditions. Compound-specific '*C analysis of phospholipid
fatty acids ('*C-PLFAs) allowed us to identify active microbial communities utilizing the '3C-labeled straw and specific
groups involved in SOM mineralization. Cumulative SOM mineralization increased by 61% and 27% in soils amended
with Straw +BC and Straw + Fh + BC, respectively, compared to that with straw only. The total PLFA content was inde-
pendent of the straw and biochar input. However, '*C-PLFAs contents increased by 35-82% after biochar addition,
reflecting accelerated microbial turnover. Compared to that in soils without biochar addition, those with biochar had
an altered microbial community composition-increased amounts of '>C-labeled gram-positive bacteria ('*C-Gram +)
and fungi, which were the main active microorganisms mineralizing SOM. Microbial reproduction and growth were
susceptible to nutrient availability. '*C-Gram +and '*C-fungi increased with Olsen P but decreased with dissolved
organic carbon and NO3 contents. In conclusion, biochar acts as an electron shuttle, stimulates iron reduction,

and releases organic carbon from soil minerals, which in turn increases SOM mineralization. Gram +and fungi were
involved in straw decomposition in response to biochar application and responsible for SOM mineralization.

Highlights

- Straw return accelerates microbial mineralization of SOM.

- Combined biochar and straw input raises SOM mineralization by 60%.

- Biochar addition increases '°C incorporation from straw into Gram + bacteria and fungi.

- 13C-Gram + bacteria and '*C-fungi are the dominant active microorganisms that mineralize SOM.

Keywords Soil organic matter, Rice straw return, Biochar application, Soil microbial community, *C phospholipid
fatty acid

Handling editor: Jorg Rinklebe.

*Correspondence:

Tida Ge

getida@nbu.edu.cn

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-024-00312-7&domain=pdf
http://orcid.org/0000-0003-0422-6122

Liu et al. Biochar (2024) 6:18

Page 2 of 13

Graphical Abstract

Biochar and straw input

CO, emission

Straw
decomposmon

Biochar input

<l @ microbial
| community shift

@ electron shuttle

SOM: Soil organic Soil
matter Qaggregates

- Biochar

Straw-derived

Straw-derived . :
. ( : ) Soil organic C
labile C g

recalcitrant C

Fe bound OC .OC derived from Fe-OC /@ r-strategists (Gram-) f K-strategists (Gram+ and Fungi)

1 Introduction

With a global cultivation region of nearly 165 million ha,
rice paddies have the power to sequester large amounts
of soil organic matter (SOM) (Liu et al. 2023; Wei et al.
2022). The increase in SOM storage is essential to main-
tain soil sustainability and crop yield, provide benefits for
agricultural sustainability, and mitigate climate change
(Lal 2004; Lehmann and Kleber 2015). Several effective
measures were recommended more than 50 years ago
to increase carbon (C) stocks in agricultural soils, and
these contain organic fertilizer input and straw return.
Incorporating organic materials into soils, accelerates
SOM mineralization, which may decrease soil C seques-
tration (Wu et al. 2019; Zhou et al. 2023). Thus, it is key
to develop effective measures to raise the share of straw-
derived C in the SOM pool and reduce greenhouse
emissions.

Biochar application to soils is a promising technology
to raise C stocks and decelerate the release of green-
house gases (Nan et al. 2021). For practical manage-
ment, straw return combined with biochar application
has been extensively utilized considering the balance
among plant productivity, soil fertility, and environmen-
tal effects (Chen et al. 2022). Despite abundant studies
on the role of straw return or biochar incorporation on
SOM mineralization in croplands (Jin et al. 2020), details
on the effect of biochar on SOM mineralization in paddy
soils under anaerobic conditions are lacking. Biochar can

function as an electron shuttle owing to the presence
of quinone and aromatic structures (Wu et al. 2020). It
is also involved in microbially-mediated redox reac-
tions, affecting paddy soil biogeochemical cycling (Liu
et al. 2022a). It is imperative to comprehend the micro-
bial mechanisms, by which microbes participate in SOM
mineralization induced by straw with biochar-amended
paddy soils.

Soil microbes are key drivers of SOM decomposi-
tion and nutrient cycling, and distinct microbial species
have specific tactics for substrate uptake. For example,
gram-negative bacteria (Gram—) preferentially process
labile organic matter (OM) sources, but specific gram-
positive bacteria (Gram+) and Actinomycetes are impor-
tant in the decomposition of more complex compounds
(Creamer et al. 2015). Fungi are effective in depolymer-
izing macromolecules (Boer et al. 2005). The transforma-
tion of the microbial community structure during rice
straw breakdown is influenced by nutrient accessibility
and the capacity of microorganism to use soil resources
(Zhang et al. 2017). The readily degradable C fraction of
substrates might stimulate the growth of Gram —, leading
to co-metabolism and a positive priming impact on SOM
mineralization (Wang et al. 2015).

Under anaerobic conditions, e.g., in paddy soils, straw
addition increased Gram+lipid fatty acid biomarkers by
more than 30%, especially for al5:0 and i15:0, but fun-
gal biomarkers remained stable (Ye et al. 2015). Biochar
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input stimulated the development of Actinobacteria
(Fu et al. 2022), and the incorporation of fresh biochar
increased the content of bacteria (17:1w8c and i17:0),
while aged biochar promoted fungal growth (18:2w6, 9¢)
(Liu et al. 2019). Biochar has a very porous structure and
can, therefore, provide a shelter for microbial coloniza-
tion and growth as well as protection from natural ene-
mies (Dai et al. 2021). Manure-derived biochar favored
the colonization of Actinomycetes by mycelia and spores
(Dai et al. 2017). Further evidence is needed to confirm
the roles of bacteria and fungi in SOM decomposition
under anaerobic paddy conditions in the presence of
straw and straw-derived biochar.

Paddy soils in south China are abundant in iron (hydr)
oxides (>17%) (Yu et al. 2016). Unstable iron miner-
als (especially poorly crystalline Fe oxides) can adsorb
and coprecipitate with OM to form extremely chemi-
cally strong Fe—OM compounds (Chen et al. 2020). Iron
oxides have a greater potential to stabilize SOM in paddy
than in dryland ecosystems owing to the frequent redox
change that leads to the transformation of iron minerals
(Wei et al. 2021), this is particularly true for Fe oxide-
enriched rice soils. In addition, changes in the Fe oxide
content of paddy soils can affect SOM mineralization.
Unstable iron oxides can also alter soil microbial com-
munities through electron exchange processes (Chen
et al. 2020). The Fe oxide content in rice soils can both
(i) reduce the mineralization of maize-straw-derived C
through biotic processes that decrease microbial abun-
dance and activity (such as Actinobacteria and fungi),
and (ii) stabilize maize-straw-derived C through abiotic
processes that form Fe-OM compounds by co-precipita-
tion (Jeewani et al. 2021). Straw-derived biochar can also
serve as an electron shuttle and accelerate iron reduc-
tion in paddy soil. This increases the release of mineral
bound organic carbon (OC) and the accessibility of OC
to microorganisms and their enzymes, which accelerates
SOM mineralization (Liu et al. 2022b; Wu et al. 2020).
However, it is unclear how changes in Fe oxide contents
influence microbial activity and structure in the presence
or absence of biochar.

We aimed to investigate the microbial mechanisms
underlying straw-induced SOM mineralization after bio-
char application in anaerobic paddy soils. We hypoth-
esized that (a) biochar application increases Fe reduction
rates and C availability, which further increases microbial
activity and SOM mineralization, and (b) the abundance
and structure of the microbial community changes with
straw decomposition, which affects SOM mineralization.
To examine these hypotheses, we first used *C-labeled
straw to trace C sources in mineralized CO, and phos-
pholipid fatty acids (PLFAs) of soil microbes. We subse-
quently investigated the active microbial communities
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participating in SOM mineralization as well as the main
influencing factors. Ferrihydrite was applied to imitate
weakly crystalline iron oxides, whereas straw-derived
biochar was applied to mimic biochar derived from straw
burning in paddy soil.

2 Materials and methods

2.1 Research sites and soil sampling

Soils were taken from the surface layer (0-20 cm) of
rice fields in Jinjing Township, Changsha City, Hunan
Province (113°19” 52"" E, 28°33" 04”" N), which were
classified as Stagnic Anthrosols that originated from qua-
ternary red clay. This study area has a humid subtropi-
cal climate with a mean annual temperature of 17 °C and
yearly rainfall of 1300 mm. The sampled soil was moved
to the laboratory, and visible crop debris and rocks were
manually discarded. A portion of the soil samples was
air-dried and sieved (2 mm mesh sieve) for physicochem-
ical analysis. Other portions were submerged and pre-
cultivated for 14 days in a greenhouse. The fundamental
physicochemical characteristics of the soil collected for
the study can be found in Liu et al. (2022a).

2.2 Preparation of '*C-labeled rice straw, biochar,
and ferrihydrite

The *C-labeled straw was obtained with reference to the
approach elaborated by Zhu et al. (2017). The detailed
preparation process of straw and the measuring appara-
tus are given in Additional file 1: Method S1. Ultimately,
the isotope abundance of *C in straw was on average
2.54-atom%.

Biochar was generated by a company in Shanxi, China,
whose technology focuses on producing bioenergy. It was
formed by pyrolysis of rice straw at 550 °C for 7 h under
anaerobic conditions in a muffler furnace. After 7 h of
heating, the biochar samples were cooled to 18-25 °C.
The biochar had a pH of 9.3 (1:10 w/v), and total C, total
N, and total ash levels of 42, 0.6, 37%, respectively.

Ferrihydrite (Fh) was prepared in accordance with the
procedures described in Das et al. (2011). In summary,
FeCl;-6H,0O was dissolved in double-distilled deionized
(DDI) water to achieve a concentration of 0.4 M and
then titrated with 1 M NaOH to achieve a pH of 7-8. The
supernatant obtained was centrifuged and then cleaned
using deionized water. The stock suspension of ferrihy-
drite was stored in a fridge and applied within 3 days.

2.3 Soil incubation

Each of the four treatments with the addition of labeled
straw was accompanied by a control treatment without
straw, thus this trial totally involved eight amendments
with three replications each. Details of the experimental
design, including information on the used materials and
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isotope abundance of '3C in straw, are shown in Table 1.
Additionally, we set up treatments with unlabeled straw
addition to test the natural abundance of *C. We sepa-
rately poured 150 g of pre-cultured soil (equal to 100 g of
dry soil) into 500 mL serum and plastic bottles for sub-
sequent independent testing of gas and soil samples. The
straw amendment bottles were uniformly treated with
1.5 g C kg™! dry soil of *C-labeled straw (2.54 atom%
13C). Furthermore, BC and Fh amendments were applied
to bottles at rates of 10 g biochar kg™ dry soil and 1.76 g
Fe kg™' dry soil, respectively. To simulate flooding con-
ditions in a paddy field, deionized water (100 mL) was
poured into the bottles to attain a water level of 2-3 cm.
These glass bottles were sealed with a butyl rubber stop-
per and purged with pure N, gas for 20 min, and then
incubated for 70 days in a greenhouse.

2.4 CO, and CH, collection and analysis

Gas production was usually more rapid in the initial 28 days
and subsequently decelerated gradually to the pre-experi-
ment levels. Gas collection was performed at specific inter-
valsof 1, 3, 5,7, 10, 14, 21, 28, 35, 42, 49, 56, 63, and 70 days
of incubation. During each sampling session, air was picked
up using a 30 mL gas-tight syringe and saved in a serum
bottle that had been evacuated and capped with butyl rub-
ber stoppers. Gas samples were determined using an Agi-
lent 7890A gas chromatograph (Agilent Technologies, Palo
Alto, CA, USA). We used an isotope ratio mass spectrome-
ter combined with a Gasbench instrument (Thermo Fisher
Scientific, Waltham, MA, USA) to determine the steady C
isotope components of CO, and CH,.

BC_MBC = [(atom% 1BC 10 — atom% 3Cq,, ula)

x Cgy — (atom% BCnfu, la—atom% BCnfu, ula) X Cnfu]/ (100 x 0.45),
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Table 1 Basic information for each experimental treatment

Treatments Straw (gkg™') '*Catom Ferrihydrite Biochar
% of (gkg™) (gkg™
straw

(1) Soil (control) - - - -

(2) Straw 1.5 254 - -

(3) Soil+BC - - - 10

(4) Straw +BC 15 254 - 10

(5) Soil+Fh - 34 -

(6) Straw + Fh 15 254 34 -

(7) Soil+BC+Fh - - 34 10

(8) Straw+BC+Fh 1.5 254 34 10

CO, and CH, emitted by the straw/initial *C amount
of strawx100%, and mineralization rate of SOM

2.5 Soil chemical and microbial properties analyses

Soil was destructively sampled from individual bot-
tles at 3, 28, and 70 days to analyze soil microbial
properties. Soil microbial biomass C (MBC) and dis-
solved organic carbon (DOC) extracted with 0.5 M
K,SO, were quantified using the chloroform fumiga-
tion extraction approach (Wu et al. 1990). The 3C/12C
values were then determined employing an isotope
ratio mass spectrometer (MAT253), equipped with an
elemental analyzer (FLASH 2000; Thermo Fisher Sci-
entific). Then, we calculated the 8'3C value of MBC as
follows (Ge et al. 2012):

(2)

According to the approach introduced by Phillips
et al. (2005), we used an end-member mixing model to
compute the fraction of SOM-derived C from CO,/CH,
(Csom) as follows:

where fu, nfu, la, and ula represent fumigated, non-fumi-
gated, labeled, and unlabeled soil extracts, respectively.
Cy, and C, 4, separately denote the total OC levels of the
fumigated and non-fumigated soil extracts.

Csom = Coverall X (atom% 1?)Coverall — atom% 13Cstraw)/ (atom% l?)CSOM — atom% 13Cstraw): (1)

where atom% '*C_ .. atom% Cg,..., and atom% Cgoy,
are the atomic percentages of '>C values in overall CO,/
CH, emitted from the straw-amended groups, overall
CO,/CH, originating from the added straw, and over-
all CO,/CH, emitted from the bulk soil, respectively
(Phillips et al. 2005). The following calculation was then
used: mineralization rate of the straw (%)=amount of

The determination methods of soil nitrate nitrogen
(NHZ), ammonium nitrogen (NOj), available phos-
phorus (Olsen P) and Fe?* concentration are provided
in Liu et al. (2022a). Extracellular hydrolytic enzyme
activities were examined using fluorogenic methylum-
belliferone-based artificial substrates as described in
Additional file 1: Method S2.



Liu et al. Biochar (2024) 6:18

2.6 Soil microbial PLFA analysis

Extraction, fractionation and purification of soil micro-
bial PLFAs were performed according to the protocol
proposed by Yuan et al. (2016). More details are given
in Additional file 1: Method S3.

The following PLFAs biomarkers were used to iden-
tify specific microbial clusters: i14:0, i15:0, al5:0,
i16:0, i17:0, and al7:0 for Gram+, and 16:1 w7c, 17:1
08¢, 18:1 w7¢c, cyl7:0, and cyl19:0 for Gram — (Zelles
1999). Biomarkers for fungi were 18:1 w9c, 18:2 wé6c,
and 16:1 w5c (Baith and Anderson 2003), whereas
10Mel6:0, 10Mel7:0, 10Mel7:1 w7c, 10Mel8:1 w7c,
and 10Mel8:0 PLFAs biomarkers were used as a bio-
marker for Actinomycetes (Act). Non-specific (uni-
versal) PLFAs included 14:0, 15:0, 16:0, 17:0, 18:0, and
20:0, which also contribute to the total PLFA content
(Zhu et al. 2022). Despite accounting for only a little
fraction of the whole biomass, PLFAs can be applied
as an indicator of the active microbial biomass (Zhang
et al. 2019). In this work, we applied PLFA analysis
to measure shifts in microbial biomass and compare
the ingestion of labeled substrates among the various
microbial taxa.

The quantity of '*C integration in various PLFAs (mg
kg™') was calculated utilizing a mass balance method as
follows:
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PLFAs in each particular microbial taxon was calculated
using the following equation (Tian et al. 2013):

B3C% = Cprra - taxon / 213Cprpa x 100, (4)

where ®Cp; ra taxon 18 the value of *C-PLFAs integrated
into each particular microbial taxon and ¥ *Cp; 4, is the
overall value of *C-PLFAs integrated into soil microbes.

2.7 Statistical analyses

All statistical analyses were performed and all figures
generated utilizing the R software (version 4.2.1; http://
www.r-project.org/). One-way analysis of variance
was applied to determine differences between samples
at the same sampling point, followed by the Duncan’s
multiple range test to identify significant differences
between individual treatments. The absolute content
of 13C in PLFAs was computed and subsequently nor-
malized to a variance of 1 to create a correction matrix
for principal component analysis (PCA). Spearman
correlation and regression analyses were conducted
to evaluate the relationship among soil geochemical
attributes, extracellular enzyme activity, and '*C-PLFAs
of soil microbial groups using the “rcorr” package and
“lm” function, respectively. A random forest (RF) model
was then performed to estimate the contribution of soil

BCprra = (atom% BCprra, 12 — atom% *Cprpa, ULa) / 100 x Cprra, 3)

where atom%'Cp s 1, and atom%">Cpy s . represent
the PLFA extracts from the labeled and unlabeled groups,
respectively. The proportion of >C relative to the total
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Fig. 1 Cumulative mineralization of soil organic matter (SOM) (a) and straw (b) in response to biochar (BC) and ferrihydrite (Fh) application
during 70 days of incubation. Error bars indicate the standard deviation (n=3). Asterisk indicate significant differences between amendments

at the end of incubation (*p <0.05)
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evaluated using the “rfPermute” package. We also
performed regression analysis to assess the effects of
13C-PLFAs of soil microbial groups and abiotic indi-
cators on SOM mineralization. The contributions of
biotic and abiotic indicators and the absolute content of
individual 1*C-PLFAs to SOM mineralization were pre-
dicted using RF analysis.

3 Results

3.1 SOM and straw mineralization

Straw addition accelerated SOM mineralization com-
pared to the amendment without straw (p<0.05,
Fig. 1a). The application of straw combined with bio-
char led to faster SOM mineralization compared to
that with only straw addition (p <0.05). The cumulative
SOM mineralization was 2.5% with only straw, whereas
adding biochar or biochar and ferrihydrite increased
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SOM mineralization by 61 and 27%, respectively. Straw
mineralization was impacted by the incorporation
of biochar or ferrihydrite, and the cumulative straw
mineralization was increased by 18% in the soil with
Straw+ BC and Straw +Fh compared to that with the
straw-only amendment (Fig. 1b).

3.2 Dynamics of straw-derived C incorporated into MBC
and PLFAs

The *C-DOC dynamics were similar for all treatments
during the 70-day incubation, but the incorporation of
straw into DOC sharply decreased from 35 to 3.5 pug C
kg™' (Fig. 2a). The maximum amount of *C-MBC was
obtained in the Straw+Fh+BC group (Fig. 2b). The
microbial turnover rate (based on '3C in MBC) decreased
sharply during the incubation period for all four amend-
ments. Straw+Fh+BC resulted in the fastest microbial
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Fig. 2 Dynamics of "*C-labeled dissolved organic carbon (*C-DOC) (a), the content and turnover rate of '*C-labeled microbial biomass carbon
(3C-MBC) (b, c), the proportion of *C-MBC in total microbial biomass (d), phospholipid fatty acid (PLFA) contents of each microbial group in soil
during incubation (e), and "*C-labeled phospholipid fatty acid ('*C-PLFA) content of each microbial group for 70 days of incubation (f). PLFAs
were defined as non-specific (universal), gram-positive bacteria (Gram +), gram-negative bacteria (Gram —), Actinomycetes (Act), and fungi. Values
suggest the mean + standard error (n=3), Asterisk indicate significant differences between amendments at the same point in time (*p <0.05,
**p<0.01, ***p <0.001); Na indicate no significant difference between treatments at each sampling period. Lowercase letters illustrate significant

differences at p <0.05 among amendments at each sampling period
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turnover rate after 3 days of incubation, followed by
Straw + BC (Fig. 2¢). Biochar increased the proportion of
13C-MBC in total microbial biomass (Fig. 2d).

The total PLFA level ranged from 14 to 19 mg C kg™!
throughout the incubation, which was increased by
an average of 6.1% in biochar-treated soils (17-18 mg
C kg™') compared to that in soils without biochar (16—
17 mg C kg™!) by day 70 (Fig. 2e, p>0.05). The total
13C-PLFA content in the soil with straw and ferrihydrite
(Straw +Fh) remained stable, but the 3C in total PLFAs
increased during the incubation (p<0.01). The total
13C-PLFA content in the Straw+BC and Straw+Fh+BC
groups increased by 82 and 35%, respectively, com-
pared to that in the Straw and Straw+Fh groups after
the 70-day incubation (Fig. 2f). Straw-derived C was
unevenly distributed among microbial groups, indicat-
ing their different capacities for straw utilization. Biochar
addition increased the *C incorporation into PLFAs in
comparison to no biochar addition. Specifically, the abso-
lute levels of *C-Gram+, '3C-Act, and "*C-fungi in the
soils treated with biochar increased by 77-84%, 27-34%,
and 42-790%, respectively, when compared to the soils
without biochar application. Biochar addition affected
the capacity of microorganisms to assimilate nutrients
and regulated microbial activities in soil. The *C-PLFA
content decreased with DOC, *C-DOC, and NOj, but
increased with Olsen P (Fig. 3a—d). Additionally, the
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contents of *C-fungi, >*C-Gram+, and 3C-Act also
decreased with DOC, 1*C-DOC, and NOg, but increased
with Olsen P (Additional file 1: Fig. S1). Random forest
models further showed that the levels of DOC, NOg,
and Olsen P were the most important predictors of
13C_PLFAs (Fig. 3e, p<0.001).

3.3 Linking labeled microbial groups, soil geochemical
attributes, and enzyme activities to SOM
mineralization

The *C-PLFAs of microbial groups and abiotic soil prop-
erties affected SOM mineralization. The SOM minerali-
zation increased with the relative content of *C-PLFAs,
13C-Gram +, and '*C-fungi (Fig. 4a—f, p<0.05). Random
forest analysis further demonstrated that the contribu-
tions of *C-fungi and *C-Gram+to SOM mineraliza-
tion were higher than those of *C-Gram —, and the levels
of *C-DOC, NO3, DOC, and Olsen P were the main
variables that predicted SOM mineralization (Fig. 4g,
p<0.001).

A PCA plot was created to examine the impact of the
treatments on the microbial community composition
(Fig. 5a). The first and second principal components
separately contributed 51 and 27% to the entire vari-
ance in the microbial population. The biochar-amended
soils (Straw+BC and Straw+Fh+BC) were unequivo-
cally distinguished from the soil without biochar (Straw
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related to '*C-PLFA based on random forest analysis (e). The blue bars demonstrate significance (*p <0.05, **p <0.01). MSE mean square error
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and Straw + Fh) after the 70-day incubation period. The
Straw+BC and Straw+Fh+BC groups received higher
scores along PC1 than those with the corresponding
amendments without biochar after 3 days of incuba-
tion (Fig. 5a). The factor scores of single PLFAs on PC1
revealed that the 3 C-PLFAs i17:0, i16:0, 16:1 w5c, and
18:2 w6c gathered in the biochar-amended soil after
70 days (Fig. 5b).

Seventeen PLFA biomarkers were identified from the
labeled straw-derived C. The absolute contents of indi-
vidual straw-derived *C-PLFAs in the Straw+Fh soil
remained stable, except for the increase in the individual

13C_PLFAs with other amendments over time (Fig. 6a—c).
Labeled straw-derived C was mainly assimilated into
16:1 w7c, followed by 16:0, al5:0, and i15:0, after 70 days
of incubation. The absolute contents of the '3C-PLFAs
al5:0, i115:0, i16:0, a17:0, and i17:0 (Gram+), and 16:1 w5c
and 18:2 w6c (fungi) were greater in the groups amended
with biochar than in those without biochar (Fig. 6¢c). The
RF models further suggested that the contribution of the
individual '*C-PLFAs i17:0, i16:0, 16:1w5c, 18:1 w9c, 16:1
w7¢, and cy17:0 to SOM mineralization was high (Fig. 6d,
p<0.001).
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4 Discussion
4.1 Effects of ferrihydrite and biochar on SOM
mineralization

SOM mineralization was originally reduced by straw
incorporation during the early phase of incubation
(20 days) but then gradually increased as the labile C
depleted (Fig. 1a). The early phase of fast CO, release
was induced by the decomposition of labile organic sub-
stances from straw. SOM mineralization increased by
61% with biochar addition (Straw + BC) compared to that
with the addition of straw alone (Fig. 1a). The nutrients
(N and P) contained in biochar could increase micro-
bial growth and activity (Mukherjee et al. 2020), thereby
accelerating SOM mineralization (Sheng and Zhu 2018).
Olsen P and NH, " levels were greater in the soil treated
biochar than in soils without biochar input (Additional
file 1: Fig. S2).

The RF analysis also indicated that the levels of DOC,
Olsen P, and NOj3 were the most important predictors of
SOM mineralization (Fig. 4g), suggesting that available
nutrients are key determinants of microbial coloniza-
tion and growth (Marschner et al. 2011). Consequently,
the increase in available nutrient contents due to biochar

inputs raised microbial biomass, which facilitated SOM
utilization. In contrast, the lowest SOM mineralization
in the Fe-rich soils (Straw+Fh) during the first 28 days
of incubation was attributed to ferrihydrite charac-
teristics, including its large surface area and sorption
capacity (Chen et al. 2014). Consequently, ferrihydrite
adsorbed labile C, causing a decline in the available C
pool, which ultimately reduced the microbial utiliza-
tion of SOM (Cooper et al. 2017; Jilling et al. 2021). Bio-
char addition, however, increased SOM mineralization
by 16% compared to that with Straw+Fh group. This is
because biochar acts as an electron shuttle under anaero-
bic conditions (Chen et al. 2016; Yu and Kuzyakov 2021),
which increases the reductive dissolution of ferrihydrite
and diminishes the protective effects of Fe oxides on
SOM (Keiluweit et al. 2015), thus increasing microbial
accessibility of SOM (Pan et al. 2016). This phenom-
enon upholds our hypothesis that biochar application
increases iron reduction and OC availability, in turn facil-
itating microbial activity and SOM mineralization. This
was confirmed by the fact that Fe reduction was more
prevalent in the Straw + Fh+BC group than in the group
without biochar (Straw +Fh) (Additional file 1: Fig. S2e).
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Consequently, SOM mineralization was more intensive
with biochar than with ferrihydrite.

4.2 Microbial mechanisms of SOM mineralization induced
by straw in response to biochar application

Straw return is a large source of C and energy to stimu-
late microbial maintenance and growth, thus facilitating
microbial diversity and the community modification (Su
et al. 2020). The united incorporation of straw and bio-
char further increased microbial richness and altered the
constitution of the microbial community (Li et al. 2018;
Palansooriya et al. 2019). The overall PLFA level in the
soil with biochar was only 6.1% larger than that without
biochar (Fig. 2e, p>0.05), indicating that biochar was
not a C source for microbial growth and did not have a
direct effect on microbial abundance. Although micro-
organisms cannot utilize biochar due to its recalcitrance,
biochar with a high surface area can adsorb nutrients and
soluble OC, thereby accelerating microbial colonization
(Singh et al. 2022). The adaptive evolution and coloniza-
tion of the microbial population in response to the incor-
porated biochar, in turn, may have further contributed to
the microbial C utilization efficiency of straw. Therefore,
biochar incorporation (Straw+BC and Straw+Fh+BC)
increased 'C incorporation into total PLFAs (Fig. 2f) and
altered the structure of the active microbial community
(Fig. 5). This indicates that biochar stimulated the growth
of active microorganisms and increased microbial utiliza-
tion of straw.

The allocation of *C from straw to bacteria and fungi
differed in the soils with and without biochar during
straw decomposition (Fig. 2f), suggesting that micro-
bial species possess distinct strategies for substrate uti-
lization. K-strategists (mainly Gram+and fungi) mainly
breakdown recalcitrant C compounds, whereas r-strat-
egists (Gram —) mainly utilize labile C sources (Lu et al.
2017). As such, K-strategists are the main consumers
of recalcitrant C in straw after labile C is exhausted; the
input of aromatic C could also further increase the abun-
dance of K-strategists (Liu et al. 2020). This was sup-
ported by the contents of *C-Gram + (a15:0, i15:0, i17:0,
i16:0, and a17:0) and '*C-fungi (16:1 w5c, 18:2 wéc, and
18:1 w9c), which were greater in the biochar-treated
groups than in those without biochar after 28 days of
incubation (Fig. 6b, c). Furthermore, the highest content
of 1*C-fungi (18:1 w9c and 18:2 wéc) was observed in the
Straw+BC group (Fig. 6b, c). Similarly, the abundance
of fungi and their ability to utilize '*C-labeled maize
residues increased in the presence of biochar (Liu et al.
2020). This may be due to the fact that fungal mycelia can
both efficiently transfer nutrients and water and colonize
C sources with low bioavailability (e.g. biochar) and high
C to N ratios (Cui et al. 2020). Thus, biochar input favors
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fungal reproduction and growth. Furthermore, K-strate-
gists are likely responsible for positive priming upon the
depletion of labile C resources (Fontaine et al. 2003). Our
RF model displayed that Gram + (i17:0, i16:0, and a17:0)
and fungi (16:1 w5c and 18:1 w9c) mainly contributed
to SOM mineralization (Figs. 4g and 6d). The regression
analyses also discovered that the levels of Gram+and
fungi decreased with DOC and NOj3, but increased with
Olsen P (Additional file 1: Fig. S1, p<0.05), suggesting
that K-strategists satisfy their own growth by uptake of
available C and N, which subsequently stimulates the
microorganisms to acquire P from SOM, thus increasing
the Olsen P level. Such an increase could fulfill micro-
bial stoichiometric demands and facilitate microbial
growth in typical P-limited rice soils (Heuck et al. 2015;
Liu et al. 2022a). Hence, the alteration of the microbial
population during straw decomposition was explained
by fast-growth r-strategists that were replaced by a slow-
growth K-strategists, which accumulate in recalcitrant
fractions and nutrient-poor environments (Fig. 5). More
specifically, and in line with the utilization preference of
microorganisms, r-strategists preferentially utilized labile
C sources within the straw (Blagodatskaya et al. 2007),
whereas straw mineralization peaked before 28 days
of incubation. In the last stage of straw decomposition,
however, the content of K-strategists increased, and
dominated SOM decomposition after exhaustion of solu-
ble compounds in straw (Fang et al. 2018). This confirms
that K-strategists (Gram+and fungi) are more competi-
tive in the utilization of macromolecular compounds
than r-strategists (Gram —).

During straw decomposition, a transition occurred
among the microorganisms, shifting from r-strategists to
K-strategists as available C sources depleted. The incor-
poration of biochar further influenced this microbial shift
by improving the soil structure and nutrient content.
Consequently, this fostered the colonization of K-strate-
gists and expedited the mineralization of SOM. Biochar
serves also as an electron shuttle in iron-rich flooded
soils. The introduction of straw increases electron supply
and thus facilitated electron transfer among microorgan-
isms. This, in turn, promotes the reductive dissolution
of unstable iron oxides, which accelerated the release of
OC and nutrients from Fe-bound OC complexes. Conse-
quently, this stimulation in the growth of active microor-
ganisms accelerates SOM mineralization.

Overall, we investigated microbial mechanisms under-
lying straw-induced SOM mineralization after biochar
application in flooded paddy soils by applying PLFA-SIP
tools. We experimentally confirmed the role of K-strate-
gists in SOM mineralization under simultaneous applica-
tion of biochar and straw. We emphasize the importance
of active microbial taxa, particularly Gram+ bacteria
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and fungi, in anaerobic iron-enriched soils mixed with
biochar and straw and their contribution to SOM min-
eralization. Identifying key functional species specifically
responding to the mixed incorporation of straw and bio-
char in anaerobic, iron-rich paddy soils should thus be
prioritized. Such endeavors could greatly benefit from
the utilization of isotope labeling and high-throughput
sequencing techniques. Addition of substances in soil
can directly or indirectly affect microorganisms. Straw
inputs provide sufficient C sources for soil microorgan-
ism and increase microbial growth and activity. Straw
inputs can indirectly affect microorganisms by improving
soil aggregate structure and quality (Chen et al. 2022; Hu
et al. 2021). Biochar application also directly modulates
soil microbial activity and community structure through
serving as a habitat or indirectly by altering soil redox
processes and physico-chemical properties (e.g., bio-
char adsorptive characteristics can increase soil porosity
and water-holding capacity) (Jaafar et al. 2014; Azeem
et al. 2022). Indirect biochar or straw effects on micro-
organisms also depend on their feedstock and formation
conditions (Deshoux et al. 2023; Luo et al. 2013). Conse-
quently, the indirect effects of substances on microorgan-
isms should be considered.

5 Conclusions

The intensity of SOM mineralization boosted by straw
was dependent on biochar application. Straw provided
sufficient C sources for microbial growth and activity,
which greatly increased SOM mineralization. Biochar
serves as a potential porous habitat for the growth of cer-
tain microbial groups (e.g., Gram+and fungi) that are
associated with nutrient acquisition. In the Fe-rich paddy
soil, biochar also acted as an electron shuttle, accelerating
Fe reduction and promoting the release of OC and nutri-
ents from Fe (oxyhdr)oxides. Microbial activity increased
with Olsen P but decreased with DOC and NOj con-
tents. Microbial composition was also dependent on
biochar application. Therefore, in the late stage of straw
decomposition, fungi and Gram+bacteria dominated
the decomposition of recalcitrant compounds in straw,
whereas biochar addition further increased the abun-
dance of fungi and Gram +, which subsequently acceler-
ated SOM mineralization.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/s42773-024-00312-7.

Additional file 1: Method S1. Preparation of '*C-labeled rice straw.
Method S2. Soil enzyme activities analysis. Method S3. Soil microbial
phospholipid fatty acids (PLFA) extraction. Figure S1. Spearman correla-
tion analysis of microbial biomarkers with soil properties and enzyme
activities. Gram+, Gram-positive bacteria; Gram-, Gram-negative bacteria;
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Act, Actinomycetes; Universal, non-specific microbial group. DOC, dis-
solved organic carbon; MBC, soil microbial biomass carbon. *p < 0.05, **p
<0.01,**p < 0.001. Figure S2. Dynamics of key nutrients in response to
ferrihydrite (Fh) and biochar (BC) addition to anaerobic paddy soil over a
70-day incubation period: (a) K,SO,-extracted dissolved organic carbon
(DOC) from soil; (b) NH,*; (c) NO5; (d) Olsen P; (e) Fe reduction; (f) soil
pH. Straw, paddy soil with "*C-labeled straw; Straw+BC, paddy soil mixed
with '*C-labeled straw and biochar; Straw+Fh, paddy soil mixed with
13C-labeled straw and ferrihydrite; Straw+Fh+BC, paddy soil mixed with
13C-labeled straw, ferrihydrite, and biochar. Values represent the means +
standard errors (n = 3), * indicate significant differences between amend-
ments at the same point in time (*p < 0.05, **p<0.01, ***p<0.001); Na
indicate no significant difference between treatments at each sampling
period.
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