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via  CO2 production, and gross  NH4
+/NO3

− produc-
tion and consumption was assessed using 15N pool 
dilution.
Results Soil acidification (pH from 7.6 to 5.1) 
increased the intact glycine uptake by maize roots 
(from 0.7 to 2.4% of added 15N) but decreased its 
uptake by microorganisms (from 32 to 2.4% of added 
15N). Soil acidification altered the microbial commu-
nity composition: the PLFA of arbuscular mycorrhi-
zal fungi and anaerobes decreased by 6- and 1.5-fold, 
respectively. Soil acidification reduced the decompo-
sition rates of proteins, peptides, and amino acids as 
indicated by the  CO2 release. This corresponded to 
a gross  NH4

+ production increase by 1.3-fold and a 
gross  NO3

− production decrease by 97%, compared 
with soil at pH 7.1.
Conclusions Acidification led to decreased micro-
bial biomass, shift in the microbial community, and 
the strong decrease (10–15-fold) in amino acid uptake 

Abstract 
Purpose Soil acidification influences competi-
tive N uptake between plants and microorganisms. 
The mechanisms by which soil acidification affects 
competition between maize and microorganisms 
for organic N must be determined to understand 
N cycling and adjust the forms and levels of N 
fertilisation.
Methods The uptake of glycine, mineral N after gly-
cine decomposition, and  NH4

+ by maize and micro-
organisms was investigated using 13C and 15N label-
ling. Microbial community composition biomarkers 
were analysed using phospholipid fatty acid (PLFA) 
analysis. Mineralisation of organic N was monitored 
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by microorganisms, and was beneficial to maize 
plants, which assimilated 2.4% of the N added as gly-
cine. However, these quantities of N are insufficient 
for a substantial increase in the N nutrition of the 
plants.

Keywords Glycine transformation · Maize 
rhizosphere · Nutrient cycling · Organic nitrogen 
uptake · Plant–microbial competition · Rhizosphere 
microorganism · Isotopic approach

Introduction

In soil, organic N accounts for 70–95% of the total 
N (Hill and Jones 2019). It comprises mainly amino 
acids, which are the most abundant source of bio-
available N and contain organic monomers derived 
from protein and peptide hydrolysis (Farrell et  al. 
2011a, b).  NH4

+ and  NO3
− are the main N forms 

taken up by plants, uptake of organic N has been 
largely ignored (Fokin et  al. 1993). Organic N is 
also an important N source for plants in cold ecosys-
tems, such as the polar, northern tundra, and northern 
boreal forest regions (Schmidt et  al. 2008; Schmidt 
et al. 2016). Some agricultural plants, such as maize 
(Xu et  al. 2008), rye (Jämtgård et  al. 2008), wheat 
(Ma et al. 2018), and soybeans (Ma et al. 2021a) can 
take up amino acid-N directly, but this uptake is mar-
ginal compared to their mineral N uptake (Biernath 
et  al. 2008; Rasmussen et  al. 2010; Moran-Zuloaga 
et  al. 2015). Despite the minor role of amino acid 
uptake in plant nutrition, some amino acids may act 
as signalling molecules for sensing plant N status 
and are therefore crucial to N metabolism (Guo et al. 
2021). Amino acids also regulate plant growth by 
changing the shapes of roots and shoots, and regulate 
defence responses against biotic and abiotic stressors 
(Zeier 2013; Guo et al. 2021). Many factors such as 
pH, microbial community, and the content and com-
position of soil organic N affect amino acid uptake by 
plants (Ma et al. 2016). However, the mechanisms by 
which these factors affect soil amino acid bioavail-
ability remain uncertain.

Typically, proteins and peptides are hydrolysed by 
exoenzyme proteases to form amino acids (Greenfield 
et al. 2020), and their decomposition rate depends on 
protein characteristics and soil properties (Nannip-
ieri and Eldor 2009; Greenfield et al. 2020). Peptides 

and amino acids can be rapidly decomposed within 
minutes to hours (Jones et al. 2005a, b; Apostel et al. 
2013), while protein decomposition is slower and 
may take days (Jan et  al. 2009). Organic N decom-
position is regulated by various environmental factors 
including soil moisture, temperature, and pH (Zhang 
et  al. 2019). Changes in the soil pH alter microbial 
activity and the adsorption of proteins and peptides in 
the soil (Zhang et  al. 2019; Greenfield et  al. 2020). 
This may further affect amino acid production, and 
ultimately, the competition between plants and micro-
organisms for amino acids.

Nitrogen availability is one of the key factors 
limiting plant growth and productivity in natural 
ecosystems (Mckane et  al. 2002; Jiang et  al. 2018). 
Plant amino acid uptake is an energy-driven pro-
cess, wherein outward-facing membrane  H+ ATPases 
generate a dynamic proton gradient to drive inward-
facing amino acid–H+ cotransport (Owen and 
Jones 2001; Nsholm et al. 2009). Plants can take up 
0.2–21% of intact amino acids within hours (Ma et al. 
2018; Hill and Jones 2019), but microbial uptake 
of amino acids is considerably faster, ranging from 
minutes to hours (Kuzyakov and Xu 2013); hence, 
microorganisms are the main competitors for amino 
acid uptake (Hill and Jones 2019; Moran-Zuloaga 
et al. 2015). Understanding the mechanisms underly-
ing microbial amino acid uptake and determining the 
microbial communities involved in these processes 
can aid in elucidating the constraints faced by plants 
in amino acids uptake.

Soil pH is a primary factor that affects nutrient 
availability, microbial community composition, and 
plant growth. Excess  NH4

+-based fertilisation induces 
severe soil acidification (Guo et  al. 2010; Zamanian 
et al. 2018). Soil acidification affects root cell plasma 
membranes, root membrane transporter activity, and 
the Km associated with the transport system, thereby 
decreasing the amino acid uptake of plants (Reid and 
Hayes 2003). Soil pH also affects microbial N use 
by altering the soil microbial biomass (Pietri and 
Brookes 2009) or community composition (Pietri and 
Brookes 2009; Rousk et al. 2010). The dynamic equi-
librium of the amino acid pool is regulated by amino 
acid production and mineralisation (Jones and Kiel-
land 2012), which are both influenced by several fac-
tors including microbial activity and soil pH. Soil pH 
modifies 1) microbial biomass and community struc-
ture (Zhang et  al. 2019); 2) mineralisation of amino 
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acids (Rousk et al. 2010; Malik et al. 2018); 3) activi-
ties of proteases, peptidases (Jérémy et al. 2019), and 
other enzymes; and 4) binding of proteins and pep-
tides by soil particles (Greenfield et al. 2020), which 
affects their mineralisation and ultimately amino acid 
production. Thus, determining N cycling processes 
is key to explain how environmental changes affect 
amino acid utilisation by microbes, and how roots 
compete with microbes for amino acids under soil 
acidification.

This study investigated plant–microorganism com-
petition for N depending on soil pH, using a staple 
crop, maize, cultivated with a mixture of 13C,15N 
dual-labelled glycine and 15NH4

+. We tested the fol-
lowing hypotheses: 1) Soil acidification decreases 
glycine uptake but increases  NH4

+ uptake by both 
maize and microorganisms; 2) soil acidification 
decreases the microbial biomass and alters the micro-
bial community, causing Gram-negative bacteria  (G−) 
numbers to increase and those of arbuscular mycor-
rhizal fungi to decrease; 3) soil acidification reduces 
the decomposition rates of proteins, peptides, and 
amino acids, thereby decreasing the gross mineralisa-
tion rate and limiting soil N cycling.

Materials and methods

Soil

The soil samples were collected from Jinhua City, 
Zhejiang Province, China (29°19′09″ N, 119°43′43″ 
E, 72.8 m a.s.l.) and classified as Haplic Acrisol soil 
(Food and Agriculture Organisation; FAO). The ini-
tial physico-chemical characteristics of soil are listed 
in Table S1. Soil pH was measured using 1:2.5 (w/v) 
soil:distilled water extracts. Soil organic C was deter-
mined using  K2Cr2O7 redox titration (Yeomans and 
Bremner 1988). Total N content was determined fol-
lowing semi-automatic Kjeldahl digestion with 5 mL 
concentrated  H2SO4 (Bao 2000). Alkali-hydrolysed N 
content was determined using the alkaline diffusion 
method (Mulvaney and Khan 2001). Soil available 
P was detected in ammonium fluoride hydrochloride 
(pH < 7) and sodium bicarbonate (pH > 7) extracts 
using the molybdenum blue method (Hylander et al. 
1996). The soil available K  (K+), Mg  (Mg2+), and 
Ca  (Ca2+) contents were measured in 1:10 (w/v) 
soil:CH3COONH4 (ammonium acetate) extracts 

by performing inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) (Thermo Fisher 
Scientific, Waltham, MA, USA). Soil available Al 
III  (Al3+) was detected in 1:10 (v/v) soil:1  M KCl 
extracts using graphite furnace atomic absorption 
spectrometry (GFAAS) (AA 800; PerkinElmer, 
Waltham, MA, USA). To test the contents of  NH4

+ 
and  NO3

−, 5 g of soil was first extracted with 25 mL 
of 1 M KCl and shaken at 220 rpm for 1 h. Then, the 
contents of  NH4

+ and  NO3
− in the soil extracts were 

colorimetrically detected using the salicylic acid and 
vanadate methods, respectively, with a PowerWave 
HT microplate spectrophotometer (BioTek Instru-
ments Inc., Winooski, VT, USA) (Mariano et  al. 
2016).

Soil pH adjustment

Soil samples with four different pH values were 
produced using the electrokinetic method (Xiao 
et  al. 2013). The electrokinetic device consisted of 
a direct current (DC) power supply, a plastic basin 
(450 × 250 × 100  mm soil reaction chamber), and 
anode and cathode chambers (Fig.  S1) (Xiao et  al. 
2013). The DC power supply had an adjustable volt-
age (0–220 V) and each electrode chamber contained 
two graphite electrodes (100 × 120 × 5  mm). Two 
electrodes were inserted into the soil on either side of 
the reaction chamber to induce a DC electrical field 
and allow the electrode surfaces to initiate water elec-
trolysis. The anode was placed into the leftmost soil 
sample in the reaction chamber, and the cathode was 
placed into the rightmost soil sample (Fig. S1). Oxi-
dation occurred at the anode and reduction occurred 
at the cathode (Saichek and Reddy 2003). The 
 OH− and  H+ ions moved to the cathode and anode, 
respectively, via electromigration, electroosmosis, 
and diffusion. This caused the pH of the soil near 
the cathode and anode to rise and fall, respectively 
(Saichek and Reddy 2003). This technique resembles 
natural acidification because it alters the contents of 
soil  Ca2+,  Mg2+,  Al3+, and other cations (Saichek and 
Reddy 2003; Xiao et  al. 2013). The soil pH varied 
depending on the distance from the anode. The soil 
closer to the anode contained more  H+ ions, indicat-
ing a lower pH, while the soil closer to the cathode 
harboured more  OH− ions, indicating a higher pH.

The air-dried soil sample was passed through 
a 5-mm sieve before being placed in the reaction 
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chamber at a depth of 8  cm. Subsequently, purified 
water was added until the soil was saturated, and the 
two electrodes were inserted on each side of the reac-
tion chamber. The DC power supply was set to 220 V 
and run for 15  h. Purified water was added periodi-
cally to maintain soil saturation. After electrolysis, 
the soil was removed from the reaction chamber and 
divided into four parts according to its distance from 
the anode (0–10, 10–20, 20–30, and 30–40 cm). For 
each electrolysed soil sample, four replicates were 
prepared. The soil portions were air-dried and passed 
through a 2-mm sieve before subsequent incubation 
experiments (Xiao et al. 2013). To restore the micro-
bial diversity and abundance, 100  g of the original 
un-electrolysed soil (10%) was added to 1000  g of 
electrolysed soil and the mixture was incubated at 
25 °C with a 60% water content for 10 d. The soil pH 
in the four groups was successfully adjusted to 5.1, 
6.0, 6.5, and 7.6.

Plant cultivation

Maize seeds were germinated in Petri dishes in the 
dark for 2 d until the roots grew to 1–2 cm in length. 
Electrolysed soil (50  g) was placed in 50  mL cen-
trifuge tubes; a single germinated maize seed was 
placed in each tube and covered with 2 g soil. Then, 
2 mL pure water was added, and the tube was placed 
in an artificial climate chamber. The day/night tem-
peratures and relative humidity were 25/20  °C and 
60/40%, respectively. Water was added 2–3 times 
daily. After 20 d of cultivation, the tubes with maize 
seedlings were divided into two groups. Group A was 
used in the subsequent experiments on plant/micro-
bial competition for amino acids and the 13C-PLFA 
analysis (Sections 2.4 and 2.5). Group B was used in 
the subsequent experiments on organic N mineralisa-
tion and the gross  NH4

+/NO3
− production/consump-

tion analysis (Sections 2.6 and 2.7).

Amino acid uptake by maize roots and soil 
microorganisms

A 5  mL tracer solution was added to the samples 
from Group A. The soil water content was main-
tained at 30% to ensure that the tracers rapidly dif-
fused throughout the culture tube. The following 
solution combinations were used in various treat-
ments: 100  μM 99.0% 13C,15N-glycine +100  μM 

 NH4
+; 100 μM 99% 15NH4

+ + 100 μM glycine; and 
100 μM  NH4

+ + 100 μM glycine (unlabelled control). 
The glycine concentration used here reflects the typi-
cal free amino acid content associated with root and 
microbial cell lysis in agricultural soils (Jones et  al. 
2005a, b).

After 4  h of tracer uptake, the maize seedlings 
were removed from the tubes. The roots and soil were 
separated by gentle shaking. The soil samples were 
subjected to microbial amino acid uptake and PLFA 
analyses. The roots were washed thrice with 50 mM 
 CaCl2 and purified water to remove any residual 
13C/15N from the root surfaces. The seedlings were 
oven-dried at 90  °C and pulverised in a ball mill 
(Shanghai Jingxin Co. Ltd., Shanghai China). Two 
maize seedlings were combined in each replicate, 
with four replicates per treatment. The 13C/15N con-
tent in the maize seedlings was measured using ele-
ment analyser-stable isotope mass spectrometry (EA-
IRMS) (IsoPrime100; Isoprime Ltd., Cheadle Hulme, 
UK).

To detect the 13C and 15N in the microbial bio-
mass, 20 g soil sample from Group A (4 h after tracer 
addition) was fumigated with 3 mL alcohol-free chlo-
roform for 24  h. The chloroform was then removed 
using a vacuum desiccator, evacuating the vessel 
thrice (20  min each time). The soil was extracted 
by shaking in 0.01  M KCl at 180  rpm for 30  min. 
Another 20  g of soil from Group A remained unfu-
migated and was directly extracted under similar 
conditions. There were four replicates; the extracted 
samples were oven-dried at 45  °C and placed in tin 
capsules. The 13C/15N abundance in the soil microor-
ganisms was detected by EA-IRMS.

13C-PLFA analysis

Freeze-dried soil sample from Group A (1.5  g) that 
had received 13C,15N-glycine was extracted twice with 
7.6  mL chloroform/methanol/citrate (1:2:0.8 (v/v/v), 
0.15  M, pH  4.0) single-phase buffer mixture. The 
neutral lipids and glycolipids were removed using a 
silica column, while the phospholipids were retained. 
Thereafter, the collected phospholipids were dried 
with  N2, and 100 μL methyl nonadecanoate fatty acid 
(19:00) was added as an internal standard (Bobbie 
and White 1980). After phospholipid methylation, the 
PLFA methyl ester was separated with 60 μL hexane 
and identified using gas chromatography (GC 7890A; 
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Agilent Technologies, Santa Clara, CA, USA) and a 
MIDI Sherlock Microbial Identification System 6.2B 
(MIDI; Newark, DE, USA). 13C content in the PLFA 
compounds was detected using gas chromatogra-
phy combustion isotope ratio mass spectrometry in a 
Trace GC Isolink II gas chromatograph; it was fitted 
with a combustion column attached via a GC Com-
bustion III to a Delta V Advantage isotope ratio mass 
spectrometer (Thermo Fisher Scientific, Waltham, 
MA, USA) (Thornton et  al. 2011). Cyclopropyl 
and monounsaturated fatty acids are biomarkers of 
 G− while ante-iso- and iso-branched fatty acids are 
indicators of Gram-positive bacteria  (G+). The 10Me 
branched PLFA is an indicator of actinobacteria (Ge 
et  al. 2017). Saturated straight-chain fatty acids are 
considered nonspecific PLFAs (general FAMEs) 
present in various microorganisms. The 18:1ω9 is 
regarded as a  G− indicator in agricultural soil (Åsa 
et al. 2011).

Protein, peptide, and amino acid decomposition

To estimate organic compound decomposition rates, a 
5 g sample of soil sown with maize (Group B, with-
out glycine or  NH4

+ addition) was placed in a 50 mL 
gas culture bottle, and 0.5 mL protein (albumin from 
bovine serum albumin), peptide (L-triglycine), or 
L-amino acid (glycine) was added to the soil at a 
concentration equivalent to 1  mM  N, respectively. 
Each treatment had four replicates, and 0.5 mL puri-
fied water was used as the control. The bottles were 
incubated in the dark at 20 °C and  CO2 was collected 
from the bottles after 0.5, 1, 3, 9, 24, and 48 h (amino 
acids and peptides) and after 1, 3, 9, 24, 96, and 192 h 
(proteins), which were then detected using gas chro-
matography (Varian, Palo Alto, CA, USA). The  CO2 
sampling time point series was longer for the proteins 
as they decompose more slowly than amino acids and 
peptides.

Gross  NH4
+ and  NO3

− production and consumption

Using Group B samples, the gross  NH4
+ and 

 NO3
− production and consumption in soils after 

maize cultivation were detected following the 15N 
isotope pool dilution method with slight modifica-
tions (Wanek et  al. 2010). In brief, the  NH4

+ and 
 NO3

− pools were labelled with enriched 15N trac-
ers and the gross target pool influx and efflux rates 

were calculated according to the target pool size and 
the differences in the target pool 15N composition 
between two time points. Considering the stimulating 
effect of adding an 15N tracer on the immobilisation 
rate, inorganic 15N was added at <20% of the initial 
pool size. Soil (20  g) was combined with 2  mL of 
0.1  mM 20% atm 15NH4

+ or 15NO3
−. After 15  min 

and 24  h, the soils were extracted using 80  mL of 
0.5  M  K2SO4 solution and centrifuged at 1000  rpm 
for 1 min. The soil  NH4

+ or  NO3
− content was meas-

ured by microdetection colorimetry (Mariano et  al. 
2016) and the 15N isotope ratio of  NH4

+ or  NO3
− was 

detected using a modified diffusion method (Corre 
et  al. 2007). To induce the conversion of 15NH4

+ to 
15NH3, 0.2 g MgO was added to a 100 mL Duran bot-
tle containing 60 mL 0.5 M  K2SO4 extract. A 7 mm 
filter disc acidified with 2.5 M  KHSO4 was suspended 
below the cap before sealing the vessel. The bottles 
were shaken carefully twice daily, and the filter discs 
were removed after 6 d. For 15NO3

− detection, 0.2 g 
MgO was added to the extract, and the bottles were 
left open for 3 d to remove any residual 15NH4

+ and 
15NH3. Then, 0.2  g MgO and 0.4  g Devarda’s alloy 
were added to each bottle. The  KHSO4-impregnated 
filter discs were set inside the bottles as stated above, 
and the vessels were shaken twice daily. The filter 
discs were removed after 6 d. All filter discs were 
freeze-dried and their 15N content was analysed using 
the EA-IRMS.

Data processing and statistical analysis

The amino acid, peptide, and protein decomposition 
rates were calculated based on the amounts of  CO2 
produced at different time points (Orchard and Cook 
1983):

where  CT is the amount of  CO2 produced per gram 
soil,  Ct is the measured amount of  CO2,  VH is the 
headspace volume, and  Vt is the measuring volume.

The peptide and amino acid mineralisation was 
assessed using the two-process double-first-order 
kinetic decay model (Glanville et al. 2016). Relevant 
details are shown in the supplementary information.

The amount of 13C and 15N taken up by the maize 
from the labelled glycine was obtained by subtracting 
the amount of 13C or 15N detected in the control from 

(1)CT =
(

Ct × VH

)

∕
(

22.4 × Vt

)

∕ × 1000
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the corresponding amount detected in the labelled 
sample. This calculation was first presented by 
Sauheitl et al. (2009):

where  Cu is the uptake of 13C or 15N from the labelled 
glycine (μg),  CT-c is the total C or N in the maize, and 
 AS and  AC are the 13C or 15N atom% in the test and 
control samples, respectively.

The complete glycine uptake of the maize was cal-
culated from the percentage of 13C uptake (Ge et al. 
2017). The post-mineralisation 15N absorption was 
calculated from the total 15N absorption minus the 
intact 15N absorption. The 13C and 15N uptake by the 
microbial biomass was calculated from the difference 
in 13C or 15N between fumigated and unfumigated 
soil extracts, divided by 0.45 (Ganeteg et al. 2016):

Where  CM is the amount of 13C or 15N absorbed by 
the soil microorganisms, A is the 13C or 15N atom% 
in the soil extract, C is the total C or N content in 
the soil extract, and W is the soil sample weight. F, 
UF, L, and UL represent fumigated, unfumigated, 
labelled, and unlabelled samples, respectively.

The gross  NH4
+/NO3

− production (GP) and con-
sumption (GC) were calculated using the isotope 
dilution equation (Braun et al. 2018). The atom per-
cent excess (A) in the equation is the 15N atom% of 
the sample minus the natural 15N abundance in the 
unlabelled control samples.

where  Q1 and  Q2 are the  NH4
+/NO3

− concentra-
tions and  A1 and  A2 are the 15N atom% in  NH4

+/
NO3

− at times  t1 (3 h) and  t2 (24 h), respectively, after 
the  NH4

+/NO3
− pool was labelled.

Data were analysed using SAS v.8.2 (SAS Institute 
Inc., Cary, NC, USA). We performed analysis of vari-
ance (ANOVA) and a post hoc Tukey’s test (p < 0.05) 
to compare the differences between the treatments. 
The data are presented as the means ± standard 
error (SE). Principal component analysis (PCA) was 
applied to the data pertaining to the 13C ratios in 
the PLFA indicators at four different pH values to 

(2)Cu = CT−c

(

As − Ac

)

(3)CM =
[(

AF,L − AF,UL

)

× CF,L −
(

AUF,L − AUF,UL

)

× CUF,L

]

×W∕0.45

(4)
GP =

[(

Q1 − Q2

)

× ln
(

A1∕A2

)]

∕
[(

t1 − t2
)

× ln
(

Q1∕Q2

)]

(5)GC = GP −
(

Q2 − Q1

)

∕
(

t2–t1
)

determine the effects of pH on soil microbial commu-
nities. A redundancy analysis (RDA) was conducted 
using CANOCO v.5.0 (Microcomputer Power, Ithaca, 
NY, USA) to identify the effect of environmental fac-
tors (pH, total N, organic matter,  NH4

+,  NO3
−,  Mg2+, 

 Ca2+, and  Al3+) on N uptake by maize and microbes, 
including the 15N intact glycine, mineral 15N after 
glycine deamination, and 15NH4

+ uptake. Figures 
were plotted in Origin v.8.1 (OriginLab, Northamp-
ton, MA, USA).

Results

Effects of soil acidity on maize uptake of 13C and 15N 
derived from glycine or 15N-ammonium

After 20 d cultivation, the maize biomass was approx-
imately 30% larger in the 6.5 and 7.6 pH soil sam-
ples than in the soil samples with lower pH (Fig. S2). 
The amount of 13C reflects the proportion of glycine 
that bypassed microbial degradation and was directly 
taken up by the maize. Soil acidification increased 
the uptake of intact amino acid by maize (Fig. 1A). 
In contrast, 15N uptake by maize after glycine min-
eralisation was the highest at pH  6.5 (2.4% of 15N) 
(Fig. 1A).

Effects of soil pH on microbial uptake of 13C and 15N 
derived from glycine

Soil acidification from pH 7.6 to 5.1 caused a 5- and 
2.2-fold decrease in microbial biomass C and N, 
respectively (Table. S1). Microorganisms assimilated 
maximum glycine within 4 h at pH 6.5 (32% of the 
total) compared to other pH values (Fig. 1B). In con-
trast, microbial uptake of  NH4

+ was constant among 
pH values (Fig. 1B).

15N distribution in maize, microorganisms, and soil

After the addition of 13C,15N-glycine to the soil, the 
15N uptake by the microbial community was 10-fold 
higher than that of the maize (including glycine and 
15N after mineralisation) at pH 6.5 and 7.6. In contrast, 
the 15N-glycine uptake by the microbial community at 
pH 5.1 and 6.0 was similar to that of maize, both less 
than 5% (Fig. 2).
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Intact glycine uptake by maize increased with 
increasing SOM and  NH4

+, whereas it decreased with 
increasing pH, total N, and  NO3

−, as well as microbial 
biomass. Glycine uptake by microorganisms (MB-15N) 
increased by 10–15 folds with soil pH (Fig.  3A) and 
increased with increasing microbial biomass (Fig. S3).

The incorporation of 13C from glycine into PLFAs 
depends on soil acidity

The 13C-PLFA was used to identify the microbial 
groups competing with maize roots for glycine. The 
total 13C-PLFA was highest at pH  5.1.  G− bacte-
ria predominated at four pH and absorb the high-
est amount of amino acids in the entire microbial 

community at pH  6.5 (Fig.  4). The 16:1ω5c ratio, 
representing arbuscular mycorrhizal (AM) fungi, 
increased 9-fold with increasing pH. Anaerobes 
decreased from 7.0% to 2.9% with decreasing pH, 
while actinomycetes increased from 8.7% to 17.9%. 
Neither  G− nor  G+ bacteria were affected by soil 
acidification (Fig. 4).

The PCA of the 13C amount incorporated into 
PLFAs revealed differences in microbial community 
responses to acidification. The 13C-PLFA composi-
tion at pH 6.5 differed from that at pH 6.0 and 5.1, 
and the composition at pH  7.6 differed from that at 
pH 5.1 and 6.0 (Fig. 3B).

Effects of soil acidification on organic N 
decomposition

The decomposition of amino acids, peptides, and pro-
teins over 48 h was the highest at pH 6.5. The peptide 
decomposition rates at pH 5.1 and 6.0 were 72% and 
51% lower, respectively, than that at pH 6.5. The pro-
tein decomposition rates decreased with decreasing 
pH (Fig. 5).

The gross  NH4
+ production increased by 58% in 

soil at pH 7.6 compared to that at pH 5.1. In contrast, 
the gross  NH4

+ consumption remained unaffected by 
soil acidity (p > 0.05; one-way ANOVA). The gross 
 NO3

− production and consumption increased by 97% 

Fig. 1  Effects of soil pH on maize uptake of 13C,15N-labelled 
intact glycine, 15N after the mineralisation of glycine, and 
15NH4

+ (A), and microbial uptake of glycine and 15NH4
+ (B). 

Whiskers represent the means ± SEM of four replicates. Low-
ercase letters indicate significant differences in glycine uptake 
among soil with different pH (p < 0.05). Soil pH did not sig-
nificantly alter maize uptake of 15NH4

+ and 15N after miner-
alisation. Soil pH did not significantly alter microbial 15NH4

+ 
uptake

Fig. 2  Effects of soil pH on 15N distribution between maize, 
microorganisms, and soil. Colours represent the fractions of 
15N in maize by uptake of intact glycine and 15N uptake after 
glycine mineralisation; the fraction of 15N in microorganisms 
(MO); and the fraction of 15N remaining in the soil
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and 113%, respectively, when the pH increased from 
5.1 to 7.6, with the lowest production and consump-
tion rates observed at pH  5.1. The production and 

consumption rates of  NO3
− were higher than those of 

 NH4
+ (Fig. 6).

Discussion

Competition for glycine between maize and soil 
microorganisms

Owing to the high mineral N fertiliser input in agri-
cultural soils and intense competition from microor-
ganisms, organic N has a limited role in plant nutri-
tion (Kuzyakov and Xu 2013; Ganeteg et  al. 2016; 
Moran-Zuloaga et  al. 2015). Ma et  al. (2018) inves-
tigated in  situ uptake by adding 100  μM 13C,15N-
labelled glycine to the wheat rhizosphere for 4  h. 
They only recovered 6–21% of it from the roots, sug-
gesting that most of the glycine was incorporated 
by microorganisms. Our short-term (4  h) uptake 
test showed that 0.7–2.4% of the intact glycine and 
0.8–2.2% of the inorganic N after glycine mineralisa-
tion were taken up by maize. However, some of the 
glycine added to the soil might be rapidly converted 
to other organic substances, and then incorporated 
by the plants (Vranova et  al. 2012; Moran-Zuloaga 
et  al. 2015). Moreover, the ability of maize roots to 
absorb and utilise organic N may have been underes-
timated, as maize respiration releases 13CO2 (Jones 

Fig. 3  Redundancy analysis (RDA) of the effects of environ-
mental factors on glycine uptake by maize and soil microor-
ganisms (A), and principal component analysis (PCA) of 13C 
PLFA depending on soil pH (B). TN represents the total N; 
OM represents the organic matter; M-B represents the maize 
biomass; M-15N represents the percentage of 15N uptake by 
maize; M-15NH4

+ represents the percentage of 15NH4
+ uptake 

by maize; M-13C represents the percentage of 13C uptake by 
maize; MB-N represents the microbial biomass N; MB-C rep-
resents the microbial biomass C; MB-15N represents the per-
centage of 15N uptake by microorganisms; MB-15NH4

+ repre-
sents the percentage of 15NH4

+ uptake by microorganisms; and 
MB-13C represents the percentage of 13C uptake by microor-
ganisms

Fig. 4  Ratios of 13C in PLFA based on soil pH (% of total 
13C-PLFA). PLFAs are classified as  G+ bacteria, G− bacteria, 
general FAME, Anaerobes, Actinomycetes, and AM fungi. 
Lowercase letters indicate significant differences among soils 
of different pH values (p < 0.05). The lines represent the means 
± SEM of four replicates
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et al. 2005a, b; Rasmussen et al. 2010). Concurrently, 
part of the mineralised 13C remained as  H13CO3

− that 
could be taken up by maize under a high pH (Wu 
and Xing 2012). Thus, in the future,  H13CO3

− uptake 

concentration needs to be measured to better under-
stand the uptake of intact amino acids by maize.

The uptake of organic N by maize was primar-
ily restricted by competition with microorganisms. 
Soil acidification decreases plant N uptake and alters 
the microbial community structure (Reid and Hayes 
2003; Malik et  al. 2018). However, maize can take 
up more amino acids with soil acidification, refuting 
our first hypothesis. Soil acidification increased the 
intact glycine uptake of maize from 1.2 to 3.8% of 
the total added amount (Fig. 1A). Maize incorporates 
more amino acids at low pH, which may depend on 
 H+ cotransporters (Hawkins and Robbins 2010; Ma 
et al. 2016). The pH affects the  H+ concentration in 
the plasma membrane of root surface cells, which in 
turn affects the activity and efficiency of amino acid 
transporters, thereby modifying intact glycine uptake 

Fig. 5  Effects of soil pH on the decomposition of amino acids 
(A), peptides (B), and proteins (C), represented by  CO2 pro-
duction. The lines represent the means ± SEM of four repli-
cates

Fig. 6  Effects of soil pH on gross  NH4
+ (A) and  NO3

− (B) 
production and consumption. Lowercase letters indicate signif-
icant differences among different pH values in terms of gross 
 NH4

+/NO3
− production or consumption (p < 0.05). The lines 

represent the means ± SEM of four replicates
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(Guo et  al. 2021). Consequently, soil acidification 
may increase the activity of  H+ cotransporters on the 
surface of plant root cells, facilitating the uptake of 
more intact glycine by the plants (Fig. 7).

The intact glycine uptake by plants faces fierce 
competition from soil microorganisms (Hill et  al. 
2012; Moran-Zuloaga et al. 2015). The incorporation 
of glycine into microorganisms increased from 2.4 to 
32% with increasing pH, i.e., the glycine uptake by 
microorganisms was proportional to the pH (Fig. 3A). 
A lower pH decreased microbial biomass and respi-
ration, which reduced microbial glycine uptake and 
mineralisation, and decreased microbial competition, 
allowing the maize to take up more glycine. Con-
sequently, soil acidification increased amino acid 
uptake by maize but decreased that by microorgan-
isms (Fig. 7).

Effects of pH on microbial glycine uptake

The N uptake of glycine by microorganisms increased 
10-fold as the pH increased from 5.1 to 7.6, while 
the microbial biomass N increased 3-fold (Fig.  S3). 
High pH condition may be a suitable growth environ-
ment for microbes because their activity and enzyme 

secretions are maintained. Consequently, a higher 
pH would facilitate the decomposition of proteins, 
peptides, and amino acids. In our study, higher soil 
pH decreased the concentration of  Al3+ (Table  S1), 
thereby reducing its toxic effects on microorganisms 
and ultimately increasing microbial biomass and 
amino acid absorption (Pietri and Brookes 2008). The 
plant biomass also increased at higher pH (Fig. S2), 
indicating that the roots could release more exudates 
(Zhao et al. 2021). As a result, more C was taken up 
by microorganisms, which may have increased their 
biomass and activity. Thus, the competition for gly-
cine between plants and microbes may have intensi-
fied at higher pH.

By determining how acidity affects soil microbial 
communities, it is possible to identify the microorgan-
isms that compete with plants for organic N (Singh 
et  al. 2009).  G− bacteria constituted approximately 
40% of the amino acid-absorbing microbial commu-
nity and remained stable regardless of the pH (Fig. 4). 
Thus,  G− bacteria dominated the microbial com-
munity and were presumed to be the main microbes 
competing with maize for organic N. The PCA 
showed significant differences between the microbial 
communities identified at pH  6.5 and 7.6 and those 

Fig. 7  Mechanisms underlying the effects of soil pH on the 
competition between maize and soil microorganisms for amino 
acid uptake, including the abilities of maize and microorgan-
isms to take up amino acids, and soil N cycling rates. The 
black lines represent soil N cycling processes. The red line 
indicates the processes affected by soil pH. The black dashed 
line represents peptides that may be utilised by microorgan-
isms directly. The red lines indicate that the microbial biomass, 

microbial community, plant uptake capacity, and gross  NH4
+/

NO3
− production and consumption are affected by soil acidi-

fication. The blue numbers represent the percentage of added 
15N recovered from maize plants or microorganisms. The green 
numbers refer to gross  NH4

+/NO3
− production or consumption 

rates. The purple numbers indicate organic N mineralisation 
rates
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at pH 5.1 and 6.0 (Fig. 3B). Certain PLFAs might be 
directly associated with pH changes. Soil pH strongly 
affected the PLFA components, especially for actin-
omycetes and anaerobes (Fig.  4). The 16:1ω5 refers 
to AM fungi and decreased from 1.3% to 0.23% with 
soil acidification (Hgberg et  al. 2007; Rousk et  al. 
2010). Owing to the decrease in microbial biomass 
and change of community composition with soil acid-
ification, organic N (proteins, peptides, and amino 
acids) mineralisation and the ability of microorgan-
isms to take up glycine decreased, allowing its uptake 
by maize. Consequently, the changes in soil micro-
bial biomass and community composition caused by 
changes in the pH directly influence plant–microbial 
competition for the amino acids (Fig. 7).

Effects of soil acidification on organic N 
mineralisation

Most organic N must be cleaved prior to being incor-
porated by plants (Greenfield et  al. 2020; Ma et  al. 
2020a; Moran-Zuloaga et  al. 2015). We found that 
the decomposition of amino acids, peptides, and 
proteins was affected by soil pH (Fig.  5). Microbial 
biomass C and microbial biomass N increased with 
increasing pH (Table S1). The rapid mineralisation of 
amino acid  (a1) increased 1.2-fold from pH 5.1 to 7.6 
(Table S2). Increasing pH shifted the bacterial com-
munity towards more  G− bacteria (Fig. 4), which may 
have accelerated microbial growth and turnover (Pie-
tri and Brookes 2009). Thus, more C and N uptake 
were needed to support microbial growth at high pH, 
and amino acids, as a low-molecular form of organic 
N, were rapidly utilised (Kuzyakov 2010; Hagerty 
et al. 2014).

Peptides have more complex structures than amino 
acids (Farrell et al. 2011a, b; Hill et al. 2011). War-
ren (2021) found that large amounts of small peptides 
and amino acids are produced when proteins depoly-
merise, and the production rate of peptides in soils is 
11–68 times faster than that of amino acids, indicat-
ing that small peptides can constitute an important 
source of organic N for microorganisms (Farrell et al. 
2011a, b). However, the rate at which peptides are 
depolymerised and utilised by microorganisms may 
be regulated by pH, which may indirectly affect the 
ability of microorganisms to utilise amino acids. Con-
sistent with previous findings (Ma et al. 2020b), pep-
tide and amino acid mineralisation  (t1/2) was similar at 

pH 6.5. At pH 5.1, however, the peptide decomposi-
tion rate reduced 2-fold compared with that at pH 6.5 
(Fig. 5; Table S2). We suggest that peptides may be 
directly utilised by microorganisms without first 
being decomposed by peptidases into amino acids 
(Hill et al. 2012; Hill and Jones 2019). This may, in 
turn, influence the competition for amino acids.

Protein hydrolysis is the rate-limiting step in 
amino acid production (Jan et  al. 2009; Yuntao 
et al. 2018), and protein decomposition rates rapidly 
decreased with decreasing pH (Fig.  5). A decrease 
in the protein decomposition rate may reduce amino 
acid production. Soil acidity is a major factor control-
ling microbial community composition, metabolism, 
and protease activity (Jones et al. 2019). We consid-
ered that increases in the protein mineralisation rate 
primarily depend on three mechanisms: (i) increased 
protection offered by soil particles, which involves 
the relationship between the soil pH and the protein 
isoelectric point, to make the proteins inaccessible to 
exoenzymes secreted by microorganisms (Ma et  al. 
2016; Greenfield et  al. 2020); (ii) increased ex  vivo 
modification of original compounds, as some proteins 
are more difficult for exoenzymes to decompose after 
modification (Liang et  al. 2017); and (iii) decreased 
microbial biomass and changes in microbial commu-
nity composition owing to acidification (Farrell et al. 
2011a, b; Giagnoni et  al. 2011). The protein miner-
alisation rate was considerably slower than those of 
amino acids and peptides; the  t1/2 of proteins was less 
than 7  h at pH  6.5, while those of amino acids and 
peptides were less than 5.8 and 4.5  h, respectively 
(Table S2). This suggests that protein decomposition 
occurred rapidly at high pH; hence, we predicted that 
the degradation of soluble low-molecular-weight pro-
teins by microorganisms would be much faster than 
that of insoluble high-molecular-weight proteins. In 
addition, the priming effect of pH on organic N min-
eralisation was not considered.

The rate of gross  NH4
+ production increased 1.5-

fold when pH decreased from 6.5 to 5.1 (Fig.  6), 
refuting our third hypothesis. Generally, the amount 
of organic N utilised by microorganisms depends pri-
marily on their growth and energy metabolism (Geis-
seler et al. 2010; Zhang et al. 2019; Ma et al. 2021b). 
If organic N decomposition decreases, then gross 
 NH4

+ production should also decrease. Soil surface 
charge may be one of the factors affecting gross  NH4

+ 
production. At a soil pH of 5.1,  H+ ions directly 
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participate in  NO3
− reduction and affect the adsorp-

tion of  NO3
− on reactive sites (soil corrosion prod-

ucts) (Huang and Zhang 2004). This may increase the 
gross  NH4

+ production. Furthermore, the increase in 
the gross  NO3

− production with increasing pH may 
be explained by pH-dependent alterations in the 
activity of acid-sensitive nitrifying bacteria (Cheng 
et al. 2013; Tang et al. 2021).

The decomposition rates of the proteins, peptides, 
and amino acids decreased with soil acidification, 
while the gross  NH4

+ content increased. We hypoth-
esised that the electrostatic adsorption of differently 
charged proteins, peptides, and amino acids on the 
soil stationary phase was affected by the solute charge 
induced by soil acidification. Microorganisms can 
utilise only specific organic substrates, and the high 
utilisation of these substrates may increase the gross 
 NH4

+ production. Future studies are required to iden-
tify the specific organic substrates that are utilised by 
microorganisms under soil acidification.

Conclusions

Soil acidification reduced glycine uptake by micro-
organisms, while it increased uptake by maize. 
Decrease in the microbial biomass and changes in 
the community composition are the major factors 
affecting the competition between maize roots and 
microbes for amino acids. Soil acidification decreased 
organic N (amino acids, peptides, and proteins) min-
eralisation, but increased gross  NH4

+ production. 
Microbial activity declined because soil acidification 
not only reduced amino acid production (protein and 
peptide hydrolysis), but also affected processes asso-
ciated with amino acid consumption, such as ammon-
ification and subsequent nitrification  (NH4

+ and 
 NO3

− production). Enhanced amino acid uptake was 
observed in maize following soil acidification, owing 
to the decreases in the microbial biomass and changes 
in the community composition. However, this amino 
acid uptake remained insufficient to induce a corre-
sponding increase of N nutrition in the plants.
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