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Divergent mineralization of hydrophilic and hydrophobic organic
substrates and their priming effect in soils depending on their
preferential utilization by bacteria and fungi
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Abstract
Hydrophilic and hydrophobic organic compounds extracted from 13C-labelled maize residues were incubated with soils to evaluate their
mineralization and priming effect (PE) caused by their utilization by microbial groups. Two soils with contrasting soil properties were
collected fromwell-drained upland andwater-logged paddy.Mineralization of the 13C-labelled fractions and their PEwere quantified by
monitoring the CO2 efflux and 13C enrichment during a 40-day incubation. The composition of main microbial groups (bacteria and
fungi) involved in the utilization of 13C-labelled fractions was determined based on phospholipid fatty acids (PLFAs) analysis. At the
initial stage (6–24 h), hydrophilic fraction had faster mineralization rate (3.6–70 times) and induced 1.5–10 times stronger PE (positive in
upland soil and negative in paddy soil) than those of hydrophobic fraction. The 13C-PLFAs data showed that the incorporation of
hydrophilic fraction into bacteria was 11.4–16.4 times greater than that into fungi, whereas the hydrophobic fraction incorporated into
fungi was 1.0–1.5 times larger than that into bacteria at day 2. This indicated greater contributions of r-strategists (fast-growing bacteria)
for the uptake of hydrophilic fraction versus K-strategists (slow-growing fungi) for hydrophobic fraction. Compared with K-strategists,
the r-strategists possessed amuch faster metabolism and thus triggered stronger apparent PE by acceleratingmicrobial biomass turnover,
resulting in higher mineralization and stronger PE for the hydrophilic than hydrophobic fraction. The slower and less mineralization of
both fractions in paddy than in upland soils is due to the suppression of microbial activity and substrate utilization under flooding. At the
end of 40-day incubation, the cumulativemineralization of hydrophilic and hydrophobic fractionswas similar. Consequnently,microbial
mechanisms underlying the utilization of organic compounds with contrasting solubility (hydrophilic or hydrophobic) are crucial for
evaluating the stabilization and destabilization (e.g., priming) processes of soil organic matter.
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Introduction

As a byproduct of plant residue decomposition, dissolved or-
ganic matter (DOM) plays a crucial role in sustaining micro-
bial functions in soil (Chen et al. 2018; Fan et al. 2020; Qiu
et al. 2015). Microbial availability of DOM depends on its
chemical recalcitrance, mineral association, and accessibility
to decomposers and consequently determines its biological
cycling in soil (Dungait et al. 2012). Partitioning the DOM
into hydrophilic and hydrophobic compounds, which have
distinct physicochemical properties and microbial availability,
helps to clarify the protection mechanisms of soil organic
matter (SOM) (Baumann et al. 2009). Generally, hydrophilic
organic compounds (e.g., simple sugars, carboxylic acids, and
amino acids) are highly available to soil microorganisms
(Gunina et al. 2014; Gunina and Kuzyakov 2015; Straathof
et al. 2014). That is, partly owing to that microbial transpor-
tation of hydrophilic organic compounds from extracellular to
intracellular space requires less energy than that of hydropho-
bic organic compounds (Brant et al. 2006; Di Lonardo et al.
2017; Kalbitz et al. 2003a). In contrast, hydrophobic com-
pounds (e.g., lignin and lipid) are less available, since that
their hydrophobic property prevents the access by degradation
enzymes and microorganisms (Rouse et al. 1994; Song et al.
2013) as well as passive movement in soil. Besides, the stron-
ger sorption interaction with mineral surfaces (Kleber et al.
2007) makes hydrophobic compounds more resistant to bio-
degradation and consequently contributes to the stable SOM
fractions (Kalbitz et al. 2003b; Song et al. 2013; Spaccini et al.
2002). Therefore, hydrophilicity and hydrophobicity of DOM
are essential to illustrate the mechanisms of SOM stability.

The DOM input in soil via root exudates and plant residues
change the turnover of native SOM, which is termed as prim-
ing effect (PE) (Jenkinson et al. 1985; Kuzyakov et al. 2000).
PE can be positive, when the addition of DOM increases the
mineralization of native SOM, or negative, when the DOM
addition decreases the mineralization of native SOM (Fan
et al. 2020; Kuzyakov 2010). The intensity and direction of
PE vary with the physicochemical properties of inputs, which
relate to C availability for microbes (Di Lonardo et al. 2017;
Wang et al. 2020). The input of fresh organic matter with
higher microbial availability generally induces stronger PE
(Blagodatskaya and Kuzyakov 2008). For instance, a higher
PE was observed with the addition of glucose than cellulose
(Tian et al. 2019). In comparison, an opposite result was de-
tected that hydrophobic compounds (cinnamic acid and stearic
acid) induced stronger positive PE than those of hydrophilic
compounds (glucose and starch) (Jagadamma et al. 2014). As

compared with these single and simple substrates, the hydro-
philic and hydrophobic DOM contains more diverse and com-
plex components (Gregorich et al. 2003; Qiu et al.
2015, 2016). Hence, PEs induced by the hydrophilic and hy-
drophobic DOM cannot be accurately predicted.

As the two main decomposers, bacteria and fungi are char-
acterized by their fast-growing and slow-growing strategies,
and thus considered as r- and K-strategists, respectively
(Jagadamma et al. 2014; Reznick et al. 2002; Rousk and
Bååth 2011). Both r- and K-strategists contribute to the min-
eralization of fresh organic substrates and their evoked PEs
(Chen et al. 2014; Fontaine et al. 2003). According to the
“stoichiometric decomposition” theory, r-strategists benefit
from the utilization of highly available substrates and increase
CO2 efflux by accelerating microbial turnover (Chen et al.
2014; Hessen et al. 2004). Based on the “microbial N mining”
theory, K-strategists have an advantage in utilizing recalcitrant
organics, and thereby enhance SOM mineralization to satisfy
the microbial demand for N (Chen et al. 2014; Kuzyakov et al.
2000). Hence, the intensity of mineralization and PEs in-
volved by r-strategists could be stronger than that caused by
K-strategists. Regarding the input of hydrophilic and hydro-
phobic substrates, nonetheless, clear experimental proof for
the above-mentioned mechanisms that occur in soils is
missing.

In the present study, we aimed to quantify the discrepancies
in the mineralization of hydrophilic and hydrophobic fractions
of DOM and induced PE in soils, and to clarify the underlying
mechanisms driven by bacteria and fungi. 13C-labelled hydro-
philic and hydrophobic fractions extracted from maize plant
residues were added into two typical cropland soils, i.e., well-
drained upland and water-logged paddy soils. Since flooding
inhibits microbial activities, especially for aerobic fungi (Xia
et al. 2019), the contrasting discrepancy of microbial commu-
nity in both soils is an ideal condition to test the functional
groups involved in substrates degradation. Three hypotheses
were evaluated: (1) the mineralization of the hydrophilic frac-
tion and its PE will be faster and stronger than that of the
hydrophobic fraction; (2) the mineralization and PE evoked
by the addition of hydrophilic fraction are dominated by bac-
teria whereas fungi are mainly responsible for those induced
by the hydrophobic fraction, since the r-strategists have a
competitive advantage over K-strategists for highly available
substrates (Blagodatskaya and Kuzyakov 2013; Reznick et al.
2002); (3) the mineralization and PE of both fractions will be
weaker in paddy than in upland soils, owing to the suppression
of microbial activity caused by oxygen limitation (Qiu et al.
2017).
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Materials and methods

Field site and soil collection

Surface soils (0–15 cm depth) were collected from an upland
field (24°56′37.6″N, 108°4′9.8″E) and a paddy field (24°57′
41.2″N, 108°3′1.3″E) in Changde, Hunan Province, China, in
July 2016. These soils are classified as Ultisol. Both croplands
have been continuously cultivated for more than 20 years with
two-season rotation of cotton and canola for upland and double
rice for paddy. After harvest, plant residues were generally
incorporated into the fields. Fresh soils were homogenized
and sieved (< 2 mm); visible roots, plant residues, and rocks
were removed, and samples were stored at 4 °C until use. The
upland and paddy soils had the following properties: pH (H2O)
of 5.4 and 6.7, soil organic C of 14.7 and 19.3 g kg−1, total N of
2.0 and 2.1 g kg−1, and microbial biomass C of 235 and
595 mg kg−1, clay of 13% and 9%, silt of 79% and 72%, and
sand of 8% and 19%. The background δ13C values of the up-
land and paddy soils were − 14.1‰ and − 20.2‰, respectively.

Production of 13C-labelled substrates

Maize (Zea mays L.) seedlings were grown to maturity in a
greenhouse labeling chamber with 13CO2 (Ge et al. 2017).
After 60 days, the aboveground plant biomass was harvest-
ed and dried at 60 °C. The maize plant contained 44.9% C
and 1.97% N with δ13C value of 1762‰. The hydrophilic
and hydrophobic fractions were extracted according to the
method described by Miao et al. (2017). In detail, the
maize residue was minced and grounded to approximately
0.2 to 0.5 mm. A portion of the residue was subjected to
extraction with double distilled water (1:20 w/v) at 80 °C
for 5 h, cooled to room temperature, centrifuged at 7104×g
for 10 min, and filtered through glass fiber filters
(Advantec GB-140). This extraction process was per-
formed twice to collect the hydrophilic (Hi) fraction.
Following the same extraction process, another portion
was extracted with hexane instead of double distilled water
for 8 h using the Soxhlet extraction apparatus to collect the
hydrophobic (Ho) fraction. Quartz sand was used as a car-
rier to deliver the extracted organic fractions into soils.
Before use, the quartz sand was treated in a muffle furnace
at 1000 °C for 24 h to remove C. In a fume hood, 160 g
quartz sand (60 mesh) was mixed with 200 mL Hi or Ho
fraction using a spatula in a 500-mL beaker. To ensure a
uniform coating of organic fraction on the sand and remove
hexane, the mixtures were evaporated to dryness with con-
tinuous mixing in a fume hood at room temperature via
stirring for 2 min every half hour.

Total contents of C, N, and δ13C value of the fraction-
coated sands were analyzed using a stable isotope mass
spectrometer (MAT 253; Thermo Scientific, Waltham,

MA, USA). The Hi and Ho fractions in sand had the fol-
lowing properties: total C content of 0.77% and 0.43%, C:N
ratio of 3.75 and 4.54, and δ13C value of 1584‰ and
1357‰, respectively.

The chemical constituents of the Hi and Ho fractions were
measured by gas chromatography-mass spectrometry (GCMS-
QP2010 Shimadzu, Kyoto, Japan) (Zhou et al. 2010). The Hi
and Ho fractions contained 6.3% and 2.8% alcohols, 0.9% and
8.9% aldehydes, 7.7% and 14.5% ethers, and 29.8% and 34.3%
fatty acid methyl esters, respectively. Besides, the Hi fraction
exclusively contained 15.3% alkanes, 7.7% aromatics, 5.1%
amides, 15.0% ecanoic acid methyl ester, 7.2% fatty acids,
2.2% glycosides, and 2.9% miazines, while the Ho fraction
exclusively contained 38.5% alkenes and 1.0% ketones.

Incubation experiment

Moist soil samples were pre-incubated at 25 °C for 14 days.
Three treatments were established for each soil with four
replicates: (1) soil without additions (control); (2) soil
mixed with Hi fraction (Hi); (3) soil mixed with Ho frac-
tion (Ho). Moist soil (50 g dry weight equivalent) was
placed into flat tubes (40 mm, 120 mm height), and mixed
with specific Hi or Ho fraction-coated sand mixtures at
150 mg C kg−1 soil. Additional sand without fraction coat-
ing was added to reach a final soil to sand mass ratio of 5%,
such that equal amounts of sand were added to all treat-
ments. Control soils were prepared in parallel with quartz
sand lacking coated substrates. Samples were placed in 1-L
jars and incubated in the dark at 25 °C for 40 days. All jars
were sealed with a rubber plug. During incubation, upland
soil was maintained under 45% water holding capacity,
and paddy soil under the flooding condition (2 cm depth
of water) with a supplement of distilled water. For each jar,
2 mL of distilled water was added to the bottom to main-
tain the air saturated humidity conditions.

Mineralization of added organic fractions and native SOM
was quantified based on CO2 emissions. To determine the evo-
lution of CO2 and its δ13C, two headspace gas samples were
collected from each jar at 0.25, 1, 2, 3, 5, 10, 15, 20, 25, 30, 35,
and 40 days. The gas was taken using a 30-mL syringe and
injected into separate pre-evacuated 12-mL vacuum bottles
fitted with butyl-rubber lids. After gas sampling, the jars were
opened for aeration for 30 min. Another experiment was con-
ducted with the similar conditions to measure the fraction-
derived C incorporation into microbial biomass. Soil samples
were destructively collected at 2, 7, and 40 days for the analysis
of phospholipid fatty acids (PLFAs).

Analysis and calculation of CO2

The CO2 concentrations were analyzed using a gas chro-
matograph (Agilent 7890A; Agilent Technologies, Santa

67Biol Fertil Soils (2021) 57:65–76



Clara, CA, USA), equipped with a flame ionization detec-
tor for CO2 analyses at 250 °C. The δ13C in CO2 was
determined using an ultra-high-resolution isotope ratio mass
spectrometer (MAT 253; Thermo Scientific, Waltham, MA,
USA) coupled with a Gas Bench system (Thermo
Scientific, Waltham, MA, USA)

The efflux rates of CO2 derived from native SOM (QSOM,
mg kg−1 day−1) and the added fraction (Qfract ion ,
mg kg−1 day−1) at each sampling time were calculated accord-
ing to the following equations (Guenet et al. 2010;Wang et al.
2019):

QSOM ¼ Qtotal �
δfraction−δtotalð Þ
δfraction−δcontrolð Þ ð1Þ

Qfraction ¼ Qtotal−QSOM ð2Þ
where δtotal and δcontrol represent δ

13C values of CO2 produc-
tion from samples with and without fraction addition, respec-
tively; δfraction is the δ

13C value of the added fraction; Qtotal is
the total CO2 flux from soils with fraction addition.

Cumulative production of SOM-derived CO2 (T, mg kg−1)
was calculated by the following equation (Chao et al. 2019):

TSOM ¼ ∑n
i¼1

Qi þ Qiþ1

2
� tiþ1−tið Þ

� �
ð3Þ

where Qi and Qi+ 1 represent the release rate of soil-derived
CO2 efflux at ith and (i + 1)th incubation time, respectively;
ti + 1− ti is the interval between the ith and (i + 1)th incubation
time (d); n is the number of sampling times.

The cumulative PE was calculated according to the follow-
ing equation:

PE ¼ TSOM−T control ð4Þ
where Tcontrol is the cumulative CO2 production (mg kg−1) in
soils without fraction addition.

Analysis and calculation of PLFAs

Soil microbial PLFAs were analyzed according to methods
described by Yuan et al. (2016). Briefly, lipids were ex-
tracted twice from 2 g of finely ground freeze-dried sam-
ples using 22.8 mL one-phase chloroform/methanol/citrate
buffer system (1:2:0.8 v/v/v; pH 4.0) and were separated
using silica acid columns (Supelco, Bellefonte, PA, USA).
The phospholipids were subjected to mild alkaline
methanolysis. Then, fatty acid methyl esters were identi-
fied based on their relative retention times on gas chroma-
tography (Agilent 7890A; Agilent Technologies, Santa
Clara, CA, USA) and were quantified using methyl
nonadecanoate (19:0) as an internal standard. δ13C values
of individual PLFAs were analyzed using a Trace GC Ultra
gas chromatograph (Thermo Electron Corp., Milan, Italy)

with a combustion column attached via GC Combustion III
to a Delta V Advantage isotope ratio mass spectrometer
(IRMS; Thermo Finnigan, Bremen, Germany).

δ13C values of each PLFA molecule were corrected for the
C added during derivatization using the following mass bal-
ance equation:

ncdδ
13Ccd ¼ ncδ

13Cc þ ndδ
13Cd ð5Þ

where n is the number of C atoms, c is the compound of
interest, d is the derivatizing agent (methanol: nd = 1 and
δ13Cd = −29.33‰), and cd is the corresponding derivatized
compound of interest (Dungait et al. 2011; Wang et al. 2014).

Fraction-derived C in individual PLFAs (Pi; μg C kg−1

soil) was quantified using the following equation:

Pi ¼ Ci � δ13Cc−δ13Ccontrol

� �
= δfraction−δcontrolð Þ ð6Þ

where Ci is the C content (μg C kg−1 soil) of the individual
PLFAs. δ13Cc is the corrected δ13C value of each PLFA in
soils with fraction addition and δ13Ccontrol is the corresponding
δ13C value of individual PLFAs without addition.

The fatty acids i15:0, a15:0, i16:0, 16:1ω7c, 10Me16:0,
10Me17:0, 10Me18:0, a17:0, i17:0, cy17:0, 18:1ω7c, and
cy19:0 were used as biomarkers for bacteria (Moore-
Kucera and Dick 2008). The fatty acid of 18:1ω9c was
regarded as indicator of fungi (Bååth and Anderson 2003;
Frostegård et al. 1993). Total fraction-derived C in bacte-
rial or fungal groups (Pt; μg C kg−1 soil) was calculated
according to the following equation:

Pt ¼ ∑Pi ð7Þ

The total PLFAs content was calculated as the sum of bac-
terial and fungal PLFAs. The microbial use efficiency of
fraction-derived C (fraction-CUE) was calculated as the
fraction-derived C incorporated into PLFAs relative to its total
consumption (including respiration and incorporation into mi-
crobial PLFAs) (Hicks et al. 2019). The turnover rate (%
day−1) of the PLFAs at each sampling time was calculated
using the following equation (Schneckenberger and
Kuzyakov 2007):

Turnover rate ¼ −ln 1−ProportionPLFAsð Þ=Time ð8Þ

where ProportionPLFAs represents the proportion of fraction-
derived PLFAs in total PLFAs, and Time represents incuba-
tion time (day).

Statistical analyses

The differences of the fraction or SOM-derived CO2 efflux
rate, cumulative fraction-derived CO2 efflux, and cumulative
PE among treatments were tested using ANOVA with
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repeated measurements. Independent-samples t test was used
to evaluate the difference between treatments with Hi and Ho
fractions addition at each sampling time. Homogeneity of var-
iances was tested by Levene’s test; normal distribution of
residues was tested by the Shapiro test. Differences were con-
sidered significant at p < 0.05 followed by Duncan’s test. The
above analyses were conducted for the upland and paddy soils
separately. All statistical analyses were performed using SPSS
Windows version 18.0 (SPSS Inc., Chicago, USA). Principal
component analysis (PCA) was performed based on the
PLFAs data after loge transformation using CANOCO 5.0
for Windows (Microcomputer Power, Ithaca, NY, USA).
Figures were generated using Origin Lab 2017.

Results

Mineralization of hydrophilic and hydrophobic
fractions

Repeated measures ANOVA showed significant effects of
fraction type, time and their interactions on the mineralization
rate and the cumulative mineralization of the added fractions
(p < 0.05; Fig. 1). There is an exception that fraction type in
paddy soil did not significantly affect the cumulative mineral-
ization (Fig. 1d). At the early incubation stage (6–24 h), the
mineralization rates of Hi fraction were 3.6–36 and 3.8–55.3
times faster than those of Ho fraction in upland and paddy

soils, respectively (p < 0.05; Fig. 1a, b). Thereafter, the min-
eralization of Ho fraction was significantly faster than that of
Hi fraction until day 40 and 14 in upland and paddy soils,
respectively (p < 0.05). At the end of incubation, the cumula-
tive mineralization of Hi and Ho fractions was similar in each
soils (p > 0.05). Remarkably, the mineralization rate reached a
maximum sooner for Hi fraction (at 6 and 24 h in upland and
paddy soils, respectively) than that for Ho fraction (at day 3 in
both soils).

During incubation, mineralization of both fractions was
faster in upland than in paddy soil. At the end of incubation,
cumulative fraction-derived CO2 release from the upland
(132.7–143.7 mg kg−1) was larger than that from paddy soil
(49.4–54.5 mg kg−1) (Fig. 1c, d).

Priming effect

Significant effects of fraction type on both SOM-derived CO2

efflux rate and cumulative PE were observed in upland
(p < 0.05) but not in paddy soils (p > 0.05) (Fig. 2).
Incubation time had significant effects on these indices in both
soils (p < 0.05). Significant interaction effects from fraction
type and incubation time were only observed for the SOM-
derived CO2 efflux rate in upland soil (Fig. 2a). At the early
incubation stage (6–24 h), the PEs evoked by Hi fraction were
5.7–10.1 times and 1.5–6.5 times greater than that by Ho
fraction in upland and paddy soils, respectively (p < 0.05,
Fig. 2c, d). At the end of incubation, however, the cumulative

Fig. 1 CO2 efflux rate and
cumulative CO2 derived from
13C-labelled hydrophilic and
hydrophobic fractions in upland
and paddy soils. Hi, hydrophilic
fraction; Ho, hydrophobic
fraction. Data are expressed as
means ± SD (n = 4). *, significant
difference between Hi and Ho
treatments. The y-axis scale in
paddy is smaller than in upland
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PEs induced by Hi and Ho fractions were similar, owing to the
marginally greater PE induced by Ho fraction than Hi fraction
after 24 h (Fig. 2a, b). In upland soil, the addition of both
fractions increased the release rate of SOM-derived CO2 by
2–195% until day 20 as compared with control (Fig. 2a), lead-
ing to a positive PE (Fig. 2c). In paddy soil, however, both
fractions addition decreased SOM-derived CO2 efflux rate by
2–19% at the early stage (Fig. 2b), resulting in a negative PE
within 2 and 10 days for Hi and Ho additions, respectively
(Fig. 2d). At the end of incubation, the PEs evoked by the Hi
and Ho fractions in upland soil were 2.2–2.4 times higher than
those in paddy soil (Fig. 2c, d).

Incorporation of hydrophilic and hydrophobic
fractions-derived C into PLFAs

During incubation, the incorporation of the Hi-derived C into
bacterial PLFA was generally larger than that of the Ho-
derived C in both soils (p < 0.05, Fig. 3a, b). The amount of
fungal PLFAs with C derived from the Ho fraction was greater
than that derived from the Hi fraction (p < 0.05, Fig. 3a, b).
Bacteria accounted for 93–95% and 38–74% of the total mi-
crobial utilization of the Hi and Ho fractions, respectively. The
amount of Hi- and Ho-derived C in total PLFAs in upland soil

Fig. 2 SOM-derived CO2 efflux
rate and cumulative PE with the
addition of hydrophilic and
hydrophobic fractions in upland
and paddy soils. Hi, hydrophilic
fraction; Ho, hydrophobic
fraction. Data are expressed as
means ± SD (n = 4). *, significant
difference between Hi and Ho
treatments. The y-axis scale in
paddy is smaller than in upland

Fig. 3 Incorporation of fraction-
derived 13C into bacterial and
fungal PLFA in upland and paddy
soil. Hi, hydrophilic fraction; Ho,
hydrophobic fraction. Data are
expressed as means ± SD (n = 4).
The percentage of 13C labelled
bacterial PLFAs in total 13C-
PLFAs (%) was presented inside
the bars. *, significant difference
between Hi and Ho fractions-
derived C in a same microbial
PLFA. #, significant difference of
total 13C-PLFA between upland
and paddy. The y-axis scale in
paddy is smaller than in upland
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was 1.4–2.1 and 0.8–1.9 times than that in paddy soil,
respectively.

The fraction type, incubation time, and their interactions
significantly affected microbial CUE in both soils (p < 0.05)
(Fig. 4a, b). The CUE of Ho fraction was 1.0–2.9 times larger
than that of Hi fractions in both soils. As a whole, the differ-
ences of CUE between both fractions reduced with the de-
crease of CUE over the incubation. The microbial CUE of
both factions was greater in paddy than that in upland soil.

At the early stages (2 and 7 days), the turnover rate of
bacterial 13C-PLFAs derived from Hi fraction was 1.7–2.5
times faster than those derived from the Ho fraction. An op-
posite trend was observed for the fungal 13C-PLFAs with 7.4–
13.0 times faster for the Ho fraction than Hi fraction. These
differences in 13C-PLFAs derived from Hi and Ho fractions
decreased by the end of incubation (Fig. 5a, b). The turnover
rates of bacterial and fungal 13C-PLFAs were 1.1–4.1 times
faster in upland than paddy soil (Fig. 5a, b).

In both soils, the composition of microbial PLFAs derived
from the Hi fraction was separated from the Ho fraction along
PC1, which explained 55.3–69.2% of the total variance
(Fig. 6a, b). There was much less separation of PLFA compo-
sitions with incubation time along PC2 (explained 11.2–
14.8%) compared with the separation according to substrate
type (Fig. 6a, b). The PLFA compositions were separated
more along PC2 in upland than paddy soil (Fig. 6a, b).

Discussion

Mineralization of hydrophilic and hydrophobic
organic fractions

The faster mineralization of hydrophilic fraction than hy-
drophobic fraction in both soils supports our first hypoth-
esis, although this phenomenon was only observed at the
early incubation stage. This could be attributed to the fol-
lowing reasons. First, the greatly differed chemical com-
position of the extracted fractions leads to their contrasting

stability. The hydrophilic fraction exclusively contained
the labile nitrogen-containing compounds (e.g., amides,
amino acids, miazines, DAMEs, and FAMEs, accounting
for 26.9% of the total amount), alkanes (15.3%), and gly-
cosides (2.2%) because of their hydrolytic bonds (Dungait
et al. 2012; von Lüetzow et al. 2006). By contrast, the
hydrophobic fraction exclusively contained recalcitrant
compounds (e.g., alkenes, 38.5%) because of their non-
hydrolytic bonds (Lorenz et al. 2007; Xu et al. 2017).
Second, the uptake of hydrophilic fraction was predomi-
nated by bacteria, whereas fungi preferred hydrophobic
fraction. This finding was supported by that at day 2, the
amount of hydrophilic fraction incorporated into bacteria
was 11.4–16.4 times greater than that into fungi, whereas
the amount of hydrophobic fraction incorporated into fungi
was 1.0–1.5 times larger than that into bacteria (Fig. 3a, b).
The microbial CUE of hydrophilic fraction was lower than
that of hydrophobic fraction (Fig. 4a, b) because fungi
have higher biomass ratios of C:N and will allocate more
C to biomass per unit of substrate used than bacteria
(Soares and Rousk 2019). Meanwhile, the consumption
of organic substrates by r-strategists (bacteria) is faster
than that by K-strategists (fungi) (Geyer et al. 2016;
Rousk and Bååth 2011). Therefore, the rate of 13CO2 re-
lease from hydrophilic fraction is greater and faster than
that from hydrophobic fraction (Fig. 1a, b).

At the end of incubation, the cumulative mineralization
of hydrophilic and hydrophobic fractions, either in upland
or in paddy soils, were similar (Fig. 1c, d). This result is
explained by the opposite trends of mineralization rates of
both fractions between the early and late incubation stages.
That is, the mineralization of hydrophobic fraction was
more rapid than that of hydrophilic fraction after day 2 in
upland soil and from day 3 to 5 in paddy soil (Fig. 1a, b)
because of the shifts of bacteria and fungi (Figs. 3a, b and
6a, b) (Collins et al. 2016). According to the r- and K-
selection theory, fast-growing bacteria predominate the de-
composition of added substrates at the early stage
(Kuzyakov 2010; Reznick et al. 2002). Then, slow-

Fig. 4 Microbial C use efficiency
(13C incorporation in PLFAs
relative to the sum of 13C
incorporation in PLFAs and 13C
released as CO2) of hydrophilic
(Hi) and hydrophobic (Ho) frac-
tions in upland and paddy soils.
Data are expressed as means ± SD
(n = 4). *, significant difference
between Hi and Ho treatments. #,
significant difference between
upland and paddy soils. The y-
axis scale in upland is smaller
than in paddy
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growing fungi gradually prevail because the exhaustion of
available C leads to the death of fast-growing bacteria
(Jagadamma et al. 2014; Shahbaz et al. 2017). Therefore,
the preference for the bacterial uptake of hydrophilic frac-
tion and fungal utilization of hydrophobic fraction resulted
in a greater decrease in the decomposition of hydrophilic
fraction than hydrophobic one in the later stage (Fig. 3a, b),
which finally leads to similar cumulative mineralization.

Hydrophobicity of organic substrates could limit their acces-
sibility tomicroorganisms or enzymes (Dungait et al. 2012; von
Lüetzow et al. 2006). However, our results demonstrate a rapid
uptake of hydrophobic fraction by fungi as indicated by their
initial turnover rates (Fig. 5a, b). It should be noted that the
preferential uptake of hydrophilic and hydrophobic compounds
by bacteria and fungi, respectively (Fig. 3a, b), could lead to
their divergent fates via the various microbial metabolic path-
ways (Ma et al. 2018; Soares andRousk 2019). Specifically, the
longer residence time of fungal biomass (130–150 days) than
that of bacteria (2.3–33 days) (Gunina et al. 2017; Rousk and
Bååth 2007) may lead to a greater contribution from the hydro-
phobic fraction to C accumulation in the form of microbial
residues (Liang et al. 2017; Xia et al. 2019).

Priming effect of hydrophilic and hydrophobic
fractions

PE can be classified as real or apparent based on the origin of
the extra CO2 released from the soil (Blagodatskaya and
Kuzyakov 2011; Di Lonardo et al. 2017). Jenkinson et al.
(1985) suggested that real PE is an increase in the decompo-
sition of recalcitrant SOM, whereas apparent PE is an in-
crease of microbial C turnover, which is not linked with
changes of SOM decomposition. With the input of fresh C,
real and apparent PEs occur simultaneously and cannot be
disentangled in our study (Blagodatskaya and Kuzyakov
2011; Blagodatsky et al. 2010). Since both real and apparent
PEs are governed by microbial activity, the intensity and
direction of PE can be evaluated by the succession of micro-
bial community composition, especially by distinguishing the
bacteria and fungi with contrasting growth strategies
(Blagodatsky et al. 2010).

In the present study, hydrophilic fraction induced stronger
PE than hydrophobic fraction at the initial stage, although
their cumulative PE at the end of incubation was similar
(Fig. 2c, d). The discrepancy in the dynamics of PE caused

Fig. 5 Turnover rate of bacterial
and fungal PLFAs derived from
hydrophilic (Hi) and hydrophobic
(Ho) fractions in upland and pad-
dy soils at 2, 7, and 40 days. Data
are expressed as means ± SD (n =
4). *, significant difference be-
tween Hi and Ho treatments. #,
significant difference between
bacteria and fungi for Hi-added
treatment; $, significant differ-
ence between bacteria and fungi
for Ho-added treatment. The y-
axis scale in paddy is smaller than
in upland

Fig. 6 Principal component
analysis (PCA) of PLFAs com-
positions with 13C derived from
hydrophilic (Hi) and hydrophobic
(Ho) fractions in upland and pad-
dy soils at 2, 7, and 40 days.
Arrows indicate the effect of in-
cubation time
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by hydrophilic and hydrophobic fractions can be linked to the
apparent and real PE dominated by bacteria and fungi, respec-
tively, through the following process chain (Fig. 7):

(1) Most soil microorganisms are dormant due to limited C
availability (Dungait et al. 2011; Farrell et al. 2014;
Mondini et al. 2006). The addition of fresh organic sub-
strates results in shifts in both bacteria and fungi from
dormant to active states (De Nobili et al. 2001), as evi-
denced by the increase in microbial biomass (Figs. 3a, b
and S1) , microbia l growth , and resp i ra t ion
(Blagodatskaya et al. 2014). The activated microbial
community switches to the utilization of the available
specific compounds from added hydrophilic and hydro-
phobic fractions (Blagodatskaya and Kuzyakov 2013;
Kuzyakov et al. 2000).

(2) Among the activated microorganisms, bacteria
(dominated by r-strategists) feeding on fresh available
substrates growmore quick than fungi (dominated byK-
strategists) feeding on refractory fresh and native organ-
ic matter (Blagodatsky et al. 2010; Fontaine et al. 2003,
2011). This leads to a faster biomass turnover of bacteria
than fungi (Gunina et al. 2017). Therefore, the PE
evoked by bacteria is dominated by apparent PE (occurs
fast but lasts for a short time). By contrast, PE evoked by
fungi is dominated by real PE (occurs slow but lasts for a
long time) (Blagodatsky et al. 2010; Kuzyakov 2010). In
the present study, hydrophilic and hydrophobic fractions
were utilized by both bacteria and fungi (Fig. 3a, b).
However, incorporation of hydrophilic fraction into bac-
teria was greater than that integrated into fungi, especial-
ly at the initial stage, while the opposite trend was

observed for hydrophobic fraction (Fig. 3a, b). Hence,
the preferential uptake of hydrophilic fraction by bacte-
ria triggers stronger apparent PE than the preferential
uptake of hydrophobic fractions by fungi (Fig. 7).

(3) After the consumption of easily available substrates (the
13CO2 efflux rate decreased sharply, Fig. 1a, b), the r-
strategists die, as evidenced by the decrease of bacterial
13C-PLFAs from day 7 to 40 (Fig. 3a, b). Thus, the ap-
parent PE mainly derived from bacteria will decrease
during the incubation and the real PE mainly induced
by fungi will increase (Kuzyakov 2010; Qiao et al.
2019; Shahbaz et al. 2018). This will reduce the gap in
cumulative PE between hydrophilic and hydrophobic
fractions (Figs. 2c, d and 7) and the divergence of their
effects on the composition of main microbial group and
SOM turnover.

Comparisons between upland and paddy soils

The delay in the maximum mineralization rate of hydrophilic
and hydrophobic fractions in paddy than in upland soils (Fig.
1a, b) reflects the slower C transformation due to oxygen
limitation (Sun et al. 2015). Although the microbial biomass
pool is larger in paddy soil, the low oxygen condition caused
by flooding limits the activity of aerobic microorganisms, es-
pecially for fungi (Xia et al. 2019). This was evidenced by the
higher amount of fungal PLFA but lower fungal 13C-PLFA in
paddy soil as compared to upland soil (Figs. 3a, b and S1).
Besides, the flooding condition may obligemicroorganisms to
divert C resources from reproduction to survival (Qiu et al.
2017), resulting in slower mineralization.

Less mineralization from native SOM in soil with substrate
addition compared to control soil, i.e., negative PE, is gener-
ally attributed to the fact that most soil microbes preferentially
utilize fresh labile substrates relative to old native SOM (Fan
et al. 2020; Fontaine et al. 2003). However, the negative PE
was only detected in paddy soil but not in upland soil (Fig.
2c, d). This is attributed to the fact that the first sampling time
was 6 h after substrate addition. By that time, the negative PE
may be missed because the response of microbes to the addi-
tion of easily utilizable substrates is very quick and persists for
less than a few hours (Stenström et al. 2001). The negative PE
was observed in flooding paddy soil, owing to the slower
response of microbes to fresh substrates under anaerobic con-
ditions (Kögel-Knabner et al. 2010).

Conclusions

Our findings demonstrated that the processes of the minerali-
zation and PE of hydrophilic and hydrophobic dissolved

Fig. 7 A conceptual overview of the priming effect (PE) evoked by
bacteria and fungi in soils with the addition of hydrophilic and hydropho-
bic fractions. The dash or solid lines represent the total PE (including both
apparent and real PE) induced by bacteria or fungi, respectively. The blue
or red lines represent the hydrophilic or hydrophobic additions, respec-
tively. The rectangle at the top was divided into green and yellow parts to
represent the apparent PE or real PE induced by both bacteria and fungi,
respectively. Time points in this figure represented the example in upland
soil. PE is slower in paddy soil than in upland soil
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organic matter are divergent in soils and are driven by specific
groups of microbial community. In the initial stage, the hydro-
philic fraction of plant residues had faster mineralization rate
and induced stronger PE compared with hydrophobic fraction.
The higher mineralization of hydrophilic fraction than hydro-
phobic one was attributed to the preferences of r-strategists
(fast-growing bacteria) for the uptake of hydrophilic fraction
and K-strategists (slow-growing fungi) for utilizing hydropho-
bic fraction. As compared with K-strategists, the r-strategists
triggered stronger apparent PE by accelerating microbial bio-
mass turnover, resulting in the stronger PE for hydrophilic
fraction than hydrophobic one. This specific uptake of hydro-
philic and hydrophobic compounds will ultimately affect the
long-term formation, stabilization, and destabilization (e.g.,
by priming) of soil organic matter.
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